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Abstract 

A large part of musical enjoyment stems from the interplay between predictability and 

surprise that evolves throughout a melody and yet more extreme violation of musical 

predictions results in perception of an error. The aim of the present research was to investigate 

the relationship between liking and predictability in music and establish whether a relationship 

exists between the degree of unpredictability of a pitch and perception of an error. Moreover, 

we investigated whether certain individual differences between participants, or the musical 

style of the stimuli, affect these relationships between predictability and liking, surprise, or 

error perception. In the series of three experiments, participants were evaluated for musical 

background, personality traits, and creativity. They were then presented with classical or jazz 

melodies comprising varying degrees of predictability and reported liking, surprise and error 

perception after each melody. We manipulated the predictability of musical notes using a 

computational model as a way of introducing gradated unpredictability. The results showed 

that participants had a strong preference for the most predictable melodies. Very unpredictable 

melodies, as identified by the model, were more often perceived as containing errors but error 

perception was more forgiving in jazz compared to classical melodies. There was no evidence 

that individual differences such as creativity and openness to experience had any association 

with liking, surprise or error perception. These results suggest predictability is a strong factor 

in both liking and error perception in musical listening. 

 

Keywords: Music perception, unpredictability, surprise, liking, error perception.  
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Introduction 

Listening to music can bring an immense amount of pleasure, resulting in people 

returning to familiar pieces to hear them again and again. An especially pleasurable aspect of 

musical experience is innovation on familiar music such as an improvisation, variation on a 

theme, or an acoustic cover, which necessarily involves the introduction of unpredictable 

events. On the other hand, a single highly unexpected note (or “false” note in a musical context) 

can trigger an almost instantaneous reaction from a listener. Previous research has highlighted 

the importance of predictions based on statistical learning in music perception (Huron, 2006; 

Pearce, 2018) and shown that the pleasure of a listening experience is related to the 

predictability of the musical events (Cheung, Harrison, Koelsch, Pearce, Friederici & Meyer, 

2019; Gold, Pearce, Mas-Herrero, Dagher, & Zatorre, 2019; Huron, 2006). However, these 

findings have not been explicitly related to error perception. 

Prediction. Anticipatory psychological and neural processes such as prediction or 

expectation are thought to be fundamental to both perception and action (Friston, 2010; Clark, 

2013). Predictive coding theory posits a hierarchical predictive system which learns the 

structure of the environment and generates top-down predictions that disambiguate sensory 

input. A discrepancy between predicted and actual input is known as a prediction error, which 

is generally thought to vary continuously. Prediction errors allow for efficient propagation of 

input through the hierarchy and provide a loss function for learning. Prediction is also used to 

guide action towards sensory objects and these actions can, in turn, disambiguate sensory input. 

In music perception, expectations are thought to play an important role both in perception and 

in appreciation of music (Huron, 2006; Pearce, 2018). In particular, research has shown that 

perceptual expectations during musical listening are well simulated by information-theoretic 

measures of unpredictability such as information content (Cheung, Harrison, Koelsch, Pearce, 
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Friederici & Meyer, 2023; Hansen & Pearce, 2014; Hansen, Vuust & Pearce, 2016; Sears, 

Pearce, Spitzer, Caplin & McAdams, 2019) which also predicts perception of complexity 

(Clemente et al., 2020; Sauvé & Pearce, 2019).  

In the present context, we use information content (discussed in more detail below) as 

an indicator of the unpredictability of musical events. Information content is compared to 

subjective ratings of surprise to assess perception of unpredictability, such as one might 

experience when hearing unexpected notes in a musical improvisation. Ultimately, we are 

interested in how this measure of unpredictability influences liking and error perception. 

Liking. The relationship between liking and prediction has been the subject of debate. 

One of the most longstanding theories proposes an inverted-U shaped relationship (or Wundt 

curve) between hedonic response (liking) and perceived complexity (Berlyne, 1960). In other 

words, the theory asserts a general tendency in human aesthetic preference to prefer an optimal 

intermediate level of arousal (neither too arousing/stimulating nor too boring), associated with 

an intermediate level of a collative variable such as complexity, familiarity, uncertainty, 

interestingness, or ambiguity. Lower or higher levels result in reduced liking. A meta-analysis 

by Chmiel and Schubert (2017) found that out of 57 studies which measured liking for varying 

degrees of familiarity or complexity, 15 showed strong support in replicating the full inverted-

U while 35 were compatible in showing increasing or decreasing linear relationships between 

liking and complexity/familiarity, thereby replicating one or other half of the full inverted-U.  

Evidence for the theory has focused on either familiarity or perceived complexity with 

experimental studies using an objective measure of stimulus complexity less common 

(McMullen & Arnold, 1976; Crozier, 1974; Vitz, 1966). Recent experimental investigations of 

this theory have used information content as a measure of complexity, finding support for the 

Wundt curve (Cheung et al., 2019; Gold et al., 2019). For example, Gold et al., (2019) showed 

that participants exhibited a consistent preference for melodies with intermediate 
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unpredictability but also found that this was modulated by predictive uncertainty (entropy) 

such that when the entropy of a melody was higher, meaning that the musical context was more 

uncertain, participants gave a higher liking rating to melodies with more predictable notes, and 

vice versa. Similar results were observed for chord sequences by Cheung et al., (2019).  

In the present study, we collect subjective liking ratings for musical stimuli which are 

related to information content as a measure of the collative variable unpredictability.  

Error perception. Although the evidence reviewed above suggests that moderate 

degrees of unpredictability are experienced as pleasurable, highly unpredictable musical events 

are likely to be perceived as errors. Major violations of musical predictions result in perception 

of an error (Halpern et al., 2017; Huron, 2006). David Huron (2006) proposed a theoretical 

framework to understand the different ways in which expectations can be violated when an 

unexpected note is perceived. Schematic expectations are violated when a note diverges from 

the stylistic norms or conventions of a piece of music, veridical expectations are violated when 

a previously known melody diverges from its expected path, and dynamic expectations are 

violated when a note diverges from short-term statistical patterns that a listener updates in real 

time while listening to a piece of music. A low probability note can become acceptable to a 

listener through manipulation of dynamic expectations by an improvising musician (Huron, 

2006) or even simply repeated exposure to the same error, for example in a recording (Sheldon, 

2004). However, in many situations such as the performance of a well-known piece, a violation 

of a veridical expectation cannot be recovered. It remains unknown if there is a statistical 

threshold in the unpredictability of a musical note which determines whether or not it will be 

perceived as an error.  

Repetition. When a listener recognises a piece of music as having been heard before, 

veridical memory mechanisms are invoked as the present stimulus is compared to a memory 

representation of its previous occurrence(s) (Crowder, 1992). Research comparing 
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experimental measures of schematic and veridical expectations has generally found that 

schematic expectations override veridical expectations (Justus & Bharucha, 2001; Tillmann & 

Bigand, 2010). On the other hand, musical stimuli that have been heard before are generally 

liked more than otherwise equivalent novel stimuli (Ara & Marco-Pallarés, 2021; Peretz et al., 

1998). However, the fine-grained timescale and number of repetitions required is not clear and 

effects of repetition on liking have not been combined with measures of unpredictability and 

error perception. 

Individual differences. An aspect of musical prediction that is under-represented in 

the literature is the impact of the personality and creative qualities of the listener. Research has 

shown that individuals who were better at learning a new music grammar displayed higher 

musical creativity using this grammar, suggesting that musical creativity relies on learning 

(Zioga, Harrison, Pearce, Bhattacharya, & Luft, 2019, 2024). However, it could be that the 

individuals who learned better were more open to new experiences and more capable of 

overlooking previously held musical expectations from their own musical culture when 

learning a new style. Openness to experience is understood to be related to creativity (Mccrae, 

1987; Puryear, Kettler, & Rinn, 2017), which means that it may be an important factor in 

understanding the way that creativity interacts with perception of unpredictable musical events. 

Furthermore, openness to experience is related (albeit weakly) to a greater preference for 

musical styles categorized as sophisticated or intense (Schäfer & Mehlhorn, 2017; Vella & 

Mills, 2017).  

Another potentially relevant dimension is musical expertise. Research on the effects of 

musical expertise on error perception are mixed. Studies have found musical expertise to have 

no effect on the identification of errors in recordings (Brand & Burnsed, 1981), whereas 

musical experience has also been found to increase participants’ ability to classify low-

probability notes as violations of specific musical rules (Besson & Faïta, 1995). Given evidence 
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that musicians use their knowledge to generate sharper, more focused expectations (i.e., greater 

discrimination between expected and unexpected events), such that they find unpredictable 

notes more unexpected than non-musicians (Hansen & Pearce, 2014; Hansen et al., 2016), we 

hypothesise that greater musical sophistication would result in a lower threshold for error 

perception. 

Finally, we included a measure of musical hedonia, the Barcelona Music Reward 

Questionnaire or BMRQ (Mas-Herrero, Marco-Pallares, Lorenzo-Seva, Zatorre, & Rodriguez-

Fornells, 2013), as an indicator of the tendency to take pleasure in listening to music. Although 

often used to detect musically anhedonic individuals, the BMRQ has been used in non-

musically-anhedonic individuals for whom it correlates with the tendency to immerse oneself 

or become absorbed in music (Cardona, Ferreri, Lorenzo-Seva, Russo, & Rodriguez-Fornells, 

2022). Given this, we reasoned that individuals with greater BMRQ score might be more 

sensitive to unpredictable notes that interrupted their listening (i.e., state of absorption) whereas 

individuals with lower BMRQ might be less sensitive to such interruptions. 

Musical style. As well as varying between individuals, the relationships between 

unpredictability, liking and error perception may be affected by musical style. In other words, 

it may be that listeners have different conceptions of the degree of unpredictability that is 

appropriate in different styles which could influence both their liking and their error perception. 

To our knowledge, this question has not been investigated directly. However, there is good 

evidence for framing effects, whereby contextual information affects perceptual interpretation 

and liking for visual and auditory stimuli. For example, it has been shown that liking for music 

is affected by whether it is introduced as human or computer generated (Shank, Stefanik, 

Stuhlsatz, Kacirek, & Belfi, 2023) or the desirability of the alternative option if a choice is 

given (Lopez-Persem, Domenech, & Pessiglione, 2016) while similar effects have been 

observed for visual art (Kirk, Skov, Hulme, Christensen, & Zeki, 2009). Here, we compare 
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responses to stimuli in the style of classical music (Experiments 1 and 2) with stimuli in the 

style of jazz (Experiment 3), hypothesising that when listening to jazz music, where 

improvisatory variation is a regular characteristic of the musical style, participants would be 

more open to unpredictability, showing greater liking and a higher error perception threshold 

for unpredictable notes. 

Experiments. In the following experiments, we build on existing research to attempt 

to establish a more detailed understanding of responses to unpredictability in music through a 

triangulation of its effects on liking, surprise, and error perception. We use information-

theoretic unpredictability as an operational definition of the conformity of a note to the stylistic 

norms and conventions of Western tonal music. Specifically, a computational model known as 

IDyOM (Conklin & Witten, 1995; Pearce, 2005, 2018) is used to characterise the 

unpredictability of each note in a melody based on its learning of the statistical structure of a 

corpus of training melodies (the long-term model or LTM) and repeated structure learned 

dynamically within a given piece of music (the short-term model or STM). IDyOM is a 

variable-order Markov model that computes the unpredictability of musical events in terms of 

information content (IC), the negative log probability of the event conditional on the 

immediately preceding musical context, where the conditional probabilities are derived from 

the model’s training.  

For the present experiments, IDyOM’s LTM was trained on a corpus of Western tonal 

music, consisting of 903 melodies including Nova Scotian folk songs (Creighton, 1966), 

German folk songs (Essen folk song collection, Schaffrath, 1995), and Bach chorales 

(Riemenschneider, 1941). This combination of melodies has been used in previous applications 

of IDyOM to construct a statistical model which has proved capable of simulating perception 

of listeners with Western musical enculturation (see Pearce, 2018, for a review) and was used 

here for consistency. Although two musical styles are used (classical in Experiments 1 and 2; 
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jazz in Experiment 3), the listeners were sampled in exactly the same way across experiments 

without consideration of musical experience, so we used the same training set to provide a 

consistent and comparable simulation across experiments.  

In the experiments, we introduce a paradigm in which participants are presented with 

variations of a set of melodies with one note (the target note) altered in pitch such that the set 

of variations reflects a gradated scale of pitch predictability for the target note. We refer to this 

as the progressive digression paradigm as it allows us to analyse progressive digression from 

the original melody in terms of increasing unpredictability of the target note. We use this 

paradigm to observe shifts in liking and surprise with increasing unpredictability, as well as 

establish the threshold of unpredictability at which a listener perceives the novel note as an 

error. 

In all experiments, information content from IDyOM reflects both schematic (via the 

LTM) and dynamic (via the STM) influences on unpredictability. In Experiment 1, short 

classical melodies are presented to participants in an exposure phase to establish veridical 

memories in the subsequent experimental phase. In Experiment 2, half of the stimuli have prior 

exposure, as in Experiment 1, and half do not, to test effects of veridical memory. Orthogonally, 

whereas in Experiment 1 the target note was always the most predictable option according to 

IDyOM, in Experiment 2 this is compared with a condition in which the target note is the 

second most predictable option, to assess a potential effect of the composer’s original choice 

of note. Finally, Experiment 3 applies the same paradigm to bebop jazz melodies, some of 

which are repeated (either immediately or with delay) to examine whether perception of 

unpredictability and its relationship with liking and error perception are affected by musical 

style and repetition at a shorter timescale than in Experiment 1.  
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Experiment 1 

This experiment was designed to familiarise participants with a set of melodies and 

then, by altering those melodies, examine how liking, surprise, and error perception are 

impacted by changing the pitch of a note, varying its predictability. We hypothesised that liking 

of the melodies would show an inverted-U shaped relationship with unpredictability, initially 

increasing to a peak and then decreasing with increasing unpredictability. With respect to the 

context dependency of musical preference (as observed in Gold et al., 2019) we predicted that 

our relatively simple stimuli should promote liking of more adventurous or unexpected melodic 

variations. We expected that participants who were more creative and open to experiences 

would be more likely to favour surprising pitches. Our hypothesis regarding error perception 

was that the relationship between unpredictability and error perception would be described by 

a logistic curve, meaning that we expected several possible note variants to sound acceptable, 

and that participants would stop liking the pitch variants and begin to perceive them as errors 

relatively quickly once they passed a certain threshold. Furthermore, we predicted that the 

midpoint of the logistic error perception curve would vary between individuals in a way that 

would correlate with participant characteristics, such that higher openness to experience and 

creativity would be associated with higher thresholds for error perception while greater musical 

sophistication and BMRQ would be associated with lower thresholds for error perception.  

Methods 

Participants. Data were collected from 220 participants who were recruited via Prolific 

(www.prolific.co). Only 182 of the participants (104 female, aged 18-65 years, mean = 33.08, 

SD = 11.44) were retained in accordance with the exclusion criteria described below. The 

sample size was based on that found in the literature for similar experiment types which has 

employed sample sizes of 44 to 48 participants (e.g., Clemente, Pearce, Skov & Nadal, 2021; 
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Clemente, Pearce & Nadal, 2022; Gold et al., 2019). Following recommendations for online 

studies (Sauter, Draschkow, & Mack, 2020; Stewart, Chandler, & Paolacci, 2017), we doubled 

this sample size as our minimum for all experiments. A power analysis for a small effect size 

of .2 in a linear regression model with 2 degrees of freedom yields a sample size of 48 to 

achieve 80% power at an alpha level of 0.05. All participants were United Kingdom residents 

at the time of participation. All data were collected using the Gorilla Experiment Builder 

platform (www.gorilla.sc). Ethical approval for all experiments was given by the Joint 

Research Management Office (JRMO) for Barts Health NHS Trust and Queen Mary University 

of London. Participants provided informed consent and were paid at a rate of £7/hour for 

participation in the experiment.  

Stimuli. Stimuli with varying predictability were created for this experiment using the 

MUST stimulus set (Clemente et al., 2020). This stimulus set consists of short melodies in a 

familiar Western tonal style which were specially composed, thereby ensuring that they would 

be unfamiliar to participants. The stimuli are all stylistically stereotypical with some variation 

in internal complexity (length and variation of pitch and duration). This provides a concrete 

basis for introducing unpredictable notes. To achieve this, the Information Dynamics of Music 

(IDyOM) model (Pearce, 2005, 2018) was used to select note replacements varying 

continuously in predictability. IDyOM was configured to predict chromatic pitch using linked 

representations of chromatic pitch interval and scale degree, following previous research (Gold 

et al., 2019; Pearce, 2018; Quiroga-Martinez et al., 2019). Once trained, IDyOM calculated the 

conditional probabilities of each note in the 200 MUST melodies, using its BOTH 

configuration: combining long-term models (trained on the corpus) and short-term models 

(trained individually on each stimulus). 

A target note was identified in each stimulus by selecting one pitch from the last half 

of the melody (excluding the last note) with an IC value closest to the median IC value of all 
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the notes in the melody. At each target note location, IDyOM provided the probabilities of the 

48 possible pitches, intended to cover the full range of predictability to reduce the likelihood 

that the resulting error thresholds might reflect floor or ceiling effects given a limited range of 

variation. Of the 200 melodies in the MUST set, melodies were selected for this experiment if 

the pitch of the target note corresponded with the most likely pitch at that location (e.g., if the 

target note was a middle C and IDyOM had identified middle C as the most likely note at that 

point in the melody). To standardise target note length across the stimuli, the selected melodies 

were further filtered to include only those in which the target note was a quarter note. To retain 

the shortest stimuli, the selected melodies were ordered with respect to note count and the 10 

melodies with the fewest notes were retained for use in the experiment. This was to ensure that 

the melodies would be easy to commit to memory. 

The 10 selected melodies were then reproduced with 20 variations each (including the 

original), resulting in 200 melodies with notes of varying probability. In each variation the 

target note was replaced by a decreasingly probable pitch (see Figure 1). The resulting two 

hundred melodies were broken up into two counterbalanced subsets with 10 IC balanced 

variants of each melody so that participants could be tested on 100 at a time. The stimuli were 

rendered from MIDI to audio using a piano timbre. 

Procedure. Participants completed a headphone screening test (Woods, Siegel, Traer, 

& McDermott, 2017) assessing ability to differentiate subtle changes in tones presented in 

phase and with a 180° phase difference. In each of the 6 trials, three tones were played in 

random order, and the participant clicked a button on screen to identify the quietest tone. 

Participants listening on speakers should not be able to differentiate between the tones, as the 

out-of-phase tones cancel each other out. Those who made two or more errors (threshold as 

recommended by the original authors) were offered a second chance to take the test. 
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Participants who failed the test a second time were compensated for their time and did not 

proceed to the next stage.  

Following the headphone test, participants completed two questionnaires. The first was 

the musical training subscale of the Goldsmiths Musical Sophistication Index (Müllensiefen, 

Gingras, Musil, & Stewart, 2014). This survey assesses the participant’s experience playing a 

musical instrument or studying music theory. The second was the openness to experience 

questionnaire from the International Personality Item Pool (https://ipip.ori.org/). 

During the exposure stage of the experiment, participants listened to the 10 original 

melodies 3 times each, presented randomly. Eight memory tasks were interspersed among the 

melodies in pseudo random order (every 5 melodies ± 2) in which participants signalled 

whether they recognised the exposure melodies. Three previously unheard melodies from the 

MUST collection were used as foils to ensure that both familiar and unfamiliar melodies 

appeared in the memory task. During this exposure period, participants also completed 4 free 

association tasks with the prompts “soap”, “balloon”, “lens”, and “clock” (Beaty, Kenett, & 

Hass, 2019). In these tasks, participants read the prompt and then typed 5 associated words into 

a text box. Participants who responded correctly to at least 6 of the 8 melody retention tasks 

continued to the next phase. Those participants who did not pass the exposure phase (N = 38) 

were compensated for their time and did not proceed. The motivation for the retention task was 

to ensure that changes to the melodies would elicit veridical surprise. 

In the testing phase, participants were informed that they would be listening to the 

exposure melodies again, however, this time they would be performed by a “student 

improviser” and may contain errors. The instructions explained that there were no right answers 

to the questions in this part of the experiment, and that they should base their responses on their 

own feelings. They were then presented with one of the two subsets of 100 modified melodies 
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and asked to rate their liking (1-100), their surprise (1-100), and tick “yes” or “no” to signal 

whether they thought the melody contained an error. 

Analysis. The SemDis platform (http://semdis.wlu.psu.edu/) was used to analyse the 

free association task data. As recommended by Beaty and Johnson (2020), data were first 

checked for spelling errors and to make sure that participants did not put random, task-

unrelated words. Word associations were analysed using the GloVe semantic space 

(Pennington, Socher, & Manning, 2014) as it has been shown to correlate strongly with human 

creativity ratings (Dumas, Organisciak, & Doherty, 2020). Gold MSI and openness to 

experience scores were calculated based on the validated rubrics. 

The dependent variables collected in the experiment were the liking and surprise ratings 

as well as the binary report of error perception. The independent predictor variable was the 

target note IC of the melody variants. The variables which we expected to have a modulatory 

effect on relationships between independent and dependent variables were the creativity (or 

divergent thinking, as measured by the free association task), openness to experience, and 

musical sophistication scores. The question of how liking and surprise are affected by 

predictability was addressed using multiple regression analyses, comparing linear and 

quadratic models. Ratings for liking and surprise were normalised separately for each 

participant to remove bias from participants who generally did or did not like the corpus as a 

whole and instead examine relationships between relative liking and surprise for each 

participant. Goodness of fit was evaluated with Akaike’s Information Criteria (AIC) and 

Bayesian Information Criterion (BIC).  

The relationship between predictability and error perception was analysed by 

computing a decision boundary: the unpredictability (IC) threshold at which a note had a 50% 

chance of being judged as an error, according to a Generalised Linear Mixed Model (GLMM) 

fitted to the data. Since the error data were binary (yes/no), the GLMM was configured to use 
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logistic regression (i.e., binomial family with a logit link function) with participant included as 

a random effect (both slopes and intercepts). Error decision boundaries were estimated both at 

the group level and for individual participants, using the fixed and random effects respectively. 

The overall model was compared for significance with a null model containing intercept-only 

fixed effects plus the random effect of participant.  

Modulatory effects of creativity, openness and musical sophistication were analysed 

with Pearson correlations between the individual scores with individual slopes from linear 

mixed-effect models relating liking and surprise with unpredictability (IC) as well as the 

individual decision boundaries for error described above. Mixed-effects models for liking and 

surprise used raw scores for the dependent variables with random intercepts and slopes for 

participants and random intercepts for stimuli. P-values were Bonferroni corrected for the 

number of correlations computed. 

[Figure 1 about here.] 

Results and Discussion 

The questions we sought to answer were 1) how liking and surprise are influenced by 

pitch predictability; 2) how error perception is related to pitch predictability; and 3) whether 

liking, surprise, and error perception threshold are influenced by individual differences in 

openness to experience, musical background, or creativity. 

Liking and surprise are strongly linked to predictability. The comparison of linear 

and quadratic regression models (see Table 1) shows that quadratic regression models provided 

better fit for the effect of IC on both liking and surprise. Significant relationships were found 

between liking and IC, R2 = .61, F(2, 197) = 154, p > .001, and also between surprise and IC, 

R2 = .53, F(2,197) = 111, p > .001. The effect size for IC was large both for liking, η² = .60, 



SURPRISE, LIKING AND ERROR PERCEPTION IN MUSICAL LISTENING 

16 

 

and surprise, η² = .48, while the effect size for the quadratic effect of IC was small to moderate 

both for liking, η² = .07, and surprise, η² = .16.  

[Table 1 about here.] 

[Figure 2 about here] 

As hypothesised, surprise increased with increasing unpredictability providing 

validation of the use of information content as an operational measure of perceived 

unpredictability. However, contrary to our hypothesis, these results do not suggest the presence 

of an inverted-U curve with respect to the relationship between unpredictability and liking. The 

average liking and surprise of the exposure melodies (see Figure 2, a and b, grey points) show 

that the original melodies experienced in the exposure phase were most liked and, among the 

melody variants (black points), greater deviation in unpredictability from the original melodies 

resulted in greater surprise and reduced liking.  

A limitation of these findings is that because the original melodies were used in the 

exposure phase of the experiment to acclimate participants to the style and set a primary 

expectation, we are unable to tell whether liking of the original melody is due to veridical 

familiarity per se or because it is the most probable note as appearing in the original melody 

(see Figure 1). To address this, Experiment 2 varies the presence of prior familiarisation with 

the original melody, and whether the selected target note is the most probable note.  

Error perception is related to predictability. Logistic regression showed a significant 

relationship between unpredictability (IC) and error perception, χ2 (1) = 380.34, p < .01, with 

coefficients of determination of 0.23 (marginal, fixed effects only) and .38 (conditional, fixed 

and random effects). The overall odds ratio for the model is 1.46 (95% CI: [1.43, 1.49]). Figure 

3 plots the individual curves as well as the fitted fixed effect which produced a decision 

boundary of 6.83. The significant variation across participants shows differences both in terms 
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of sensitivity to unpredictable notes (i.e., slope) but also in terms of the threshold of IC at which 

they became more likely to perceive an error (decision boundary), with some participants 

showing greater tolerance of unpredictability than others.  

[Figure 3 about here] 

Individual differences in creativity, openness and musical sophistication do not 

correlate with liking, surprise or error perception. None of the individual characteristics 

(creativity, openness, musical sophistication) were found to have any significant modulatory 

effect on individual error decision boundary or individual relationships between IC and liking 

or surprise (see Figure 4). The only significant relationship that emerged was a positive 

correlation between decision boundary and liking/IC slope, suggesting that participants who 

showed greater liking for more unpredictable melodies also showed a greater threshold of 

unpredictability for error perception.  

[Figure 4 about here] 

While this suggests a consistent variation in attitude towards unpredictability in terms 

of both liking and error perception across participants, the individual characteristics associated 

with these differences remain unclear. This motivates further investigation into the individual 

characteristics which may underlie these relationships between unpredictability, liking, and 

error perception. Furthermore, it raises questions about the methods of assessment of creativity 

used. The Free Association Task may have been sub-optimal in this context for measuring 

comfort or fluidity with extreme divergence as it stops at 5 words per prompt. It is also limited 

in its word choice as it provides prompts, limiting participants ability to exercise originality. 

We address these limitations in Experiment 2. 
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Experiment 2 

The results of Experiment 1 left unanswered questions regarding veridical familiarity, 

note predictability and modulatory effects of creativity. The second experiment was designed 

to investigate why the original melodies in Experiment 1 reliably scored so much higher in 

liking and lower in surprise than the new variants, even those variants that were not particularly 

unpredictable. In this experiment, the stimuli were reorganised, and new stimuli were 

introduced to understand the following questions. First, whether we would see a difference in 

liking between variants of melodies that were veridically familiar and those that were 

unfamiliar. Second, whether relative predictability of the original target note would have an 

impact on the liking and surprise of the melody variants. Third, whether error perception would 

be (more) affected by veridical familiarity or relative predictability. Fourth, whether more 

creative participants would have a different perception of the melodies than other participants, 

using a different measure of creativity. 

We hypothesised that when melodies were unfamiliar (not presented in the exposure 

phase), the most probable notes would still be considered enjoyable as there would be no 

veridical expectation for specific pitches based on previous experience of the melody. We also 

hypothesised that melodies in which the composer chosen note was considered to be more 

unpredictable by IDyOM (see methods below), meaning that the original melody should be 

slightly less predictable overall, would encourage participants to be more open to 

unpredictability, and therefore that relatively unpredictable melody variants would be liked 

more by listeners. In the same vein, we expected that the decision boundary for perception of 

error would happen at a higher IC value for less predictable (according to IDyOM) new 

melodies than for the melodies used in the exposure phase, which should be more veridically 

familiar. 
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Given the non-significant modulatory effects in Experiment 1, we expanded the battery 

of individual differences measures and creativity tasks to further investigate their effects on the 

relationship between unpredictability and surprise, liking and error perception. Specifically, 

we added the Divergent Association Task (DAT) which is less goal-directed measure of 

creativity than the free association task. We also replaced openness to experience with a 

measure of tendency to engage in and enjoy thinking (need for cognition) and a measure of 

tendency to find music rewarding to investigate whether these might underlie the relationships 

between unpredictability, liking and error perception observed in Experiment 1.  

 

Methods 

Participants. Data was collected via Prolific from 96 participants (71 female, 9 prefer 

not to say, aged 19-81, mean = 35.4, SD = 12.89). Three participants were excluded from the 

analysis because they gave the same answers for all trials. Prolific screening ensured that 

participants for this experiment had not participated in Experiment 1. 

Stimuli. The stimuli used in the experiment were developed using the same process as 

in Experiment 1. However, for the present experiment, only four randomly selected melodies 

from the earlier experiment were reserved in which the target note was the highest probability 

note (1HP) according to IDyOM, and four more were added which introduced new variables 

into the experiment. Selection of the new melodies was based on their having the target note 

chosen by the composer coincide with the second highest probability (2HP) note according to 

IDyOM (see Figure 5). Variants of these melodies were then generated in the same way as in 

Experiment 1 such that each of the eight melodies had 20 variants. Half of the melodies were 

used in the exposure phase of the experiment and half were not. The melodies were evenly split 
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among the conditions resulting in four groups: new/1HP, new/2HP, exposure/1HP, and 

exposure/2HP.  

[Figure 5 about here] 

As melody entropy has been shown to have an effect on perception (Gold et al., 2019; 

Hansen & Pearce, 2014), we sought to avoid potential confounding factors in the interpretation 

of the results by controlling IC and entropy across 1HP and 2HP melodies with regards to mean 

IC and entropy values across all notes of the melody as well as those of the target note. IC and 

entropy values of the original melody versions and each of the target notes were extracted and 

compared (see Table 2a). Two-sample t-tests of information content and entropy for all notes 

across the two melodies demonstrated that there was no significant difference between the two 

groups in either IC or entropy (see Table 2b). 

[Table 2 about here] 

Procedure. As in Experiment 1, participants completed a headphone test and 

responded to three questionnaires and one new task. The questionnaires included the Barcelona 

Music Reward Questionnaire (Mas-Herrero, Marco-Pallares, Lorenzo-Seva, Zatorre, & 

Rodriguez-Fornells, 2013), the Need for Cognition Scale (Cacioppo & Petty, 1982), and the 

same subset of the Goldsmiths Musical Sophistication Index (Müllensiefen, Gingras, Musil, & 

Stewart, 2014). A new creativity task was introduced after the exposure and before the testing 

phase. In the Divergent Association Task (DAT), participants produce 10 words which are as 

different from each other as possible (Olson, Nahas, Chmoulevitch, Cropper, & Webb, 2021). 

The words must be single words, not proper nouns or technical terms, and participants are 

encouraged to think of the words on their own as opposed to looking around their environment. 
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The Free association task was administered throughout the exposure phase as in the previous 

experiment. 

In the exposure phase, participants were presented with 4 different 4-second MUST set 

melodies (Clemente et al., 2020). These original melodies were played 4 times each and a 

memory test was administered as in Experiment 1. The main testing phase of the experiment 

was conducted as with Experiment 1, melodies were played to the participants, and they rated 

their liking (1-100), surprise (1-100), and error perception (y/n).  

Analysis. Analysis was as for Experiment 1. The online data analysis portal available 

at https://www.datcreativity.com was used to analyse the DAT data following Olson et al., 

(2021). In this analysis, seven of the ten words were conserved (words that do not fit the rules, 

i.e., nouns, etc., are removed). The words were then analysed using the GloVe semantic space. 

The Divergent Association score represents the semantic distance between the possible pairs 

of the seven remaining words which were then averaged and multiplied by 100 following 

standard practice.  

Effects of familiarity and composer-chosen note predictability (IHP vs 2HP) were 

analysed by adding predictors to the regression models for surprise and liking and the GLMM 

for error perception. These experimental conditions were also included in the mixed-effects 

models (as random effects with stimulus nested within condition) used to extract individual 

liking/IC and surprise/IC slopes for the individual differences analysis.  

 

Results and Discussion 

The key questions we sought to answer were 1) whether liking for a melody would 

change if the melody were familiar or unfamiliar, 2) whether there would be a difference in 

liking and surprise between 1HP and 2HP melodies, 3) whether familiarity or composer-chosen 
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note predictability (1HP/2HP) would influence error perception, and 4) whether using new 

measures of individual differences might provide insight into whether creative participants 

differ in their perception of the melodies. 

No effect of veridical familiarity but 2HP melodies are more surprising overall. 

The comparison of linear and quadratic models for each of the response and condition groups 

(liking/surprise, familiarity/target probability) shows that linear IC provided a better fit than 

the model containing an additional quadratic IC predictor (see Table 3). Effect sizes for IC 

were large for liking, η² = .47, and moderate for surprise, η² = .09, whereas those for the 

quadratic IC predictor were small, η² < .01. As in Experiment 1, liking was significantly 

negatively correlated with IC while surprise was positively correlated with IC across all 

conditions (see Table 3). There were no significant effects of any experimental conditions (see 

Table 3, η² < .01) except for an effect of composer-chosen note predictability (1HP vs 2HP) on 

surprise (with a moderate effect size, η² = .12). Specifically, 2HP melodies were associated 

with greater surprise than 1HP melodies across the entire IC range of pitches, as shown in 

Figure 6, collapsed across familiarity.  

These results suggest that the greater liking and lower surprise observed in Experiment 

1 were not due to the veridical familiarity arising from hearing them in the exposure session. 

Rather it seems that the effect was due to the lower unpredictability (IC) of the original notes 

and, as shown in the present experiment, their lower surprise relative to the 2HP notes. 

Although this did not translate into an effect on liking in the present experiment, it is possible 

that the difference in unpredictability (IC) between 1HP and 2HP was too subtle. In any case, 

the results suggest that the exposure session is unnecessary, so it is dropped in Experiment 3, 

which extends the approach to stimuli in an improvisatory musical style and repetitions of 

material over a shorter timescale within a session. 

[Table 3 about here] 
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[Figure 6 about here] 

Veridical familiarity and composer-chosen note predictability do not impact on 

error perception. Logistic regression showed a significant increasing relationship between 

error perception and unpredictability (IC), χ2 (1) = 198.13, p < .01, such that more unpredictable 

stimuli were more likely to be perceived as containing an error, with coefficients of 

determination of 0.18 (marginal, fixed effects only) and .30 (conditional, fixed and random 

effects). The overall odds ratio for the model is 1.38 (95% CI: [1.35, 1.42]) and the decision 

boundary (i.e., the IC value at which the fitted logistic curve reaches a 50% chance of a 

boundary being perceived across participants) is 8.58. This is slightly higher than the decision 

boundary from Experiment 1 (6.83). Adding to the basic logistic regression model (dependent 

variable: error perception; independent variable: IC) the experimental conditions familiarity 

(old, new) and composer-chosen note predictability (1HP, 2HP) as interactive fixed effects 

improved the fit of the model, χ2 (3) = 11.01, p = .01, with a significant effect of the latter, z = 

3.18, p < .01. However, a 2x2 ANOVA on the individual decision boundaries in each condition 

(see Table 4) showed no main effect of familiarity, F(1,392) = 1.36, p = .24, η² < .01, composer-

chosen note predictability, F(1,392) = 0.29, p = .59, η² < .01, or the interaction between the 

two, F(1,392) = 0.14, p = .71, η² < .01. These results suggest that familiarity had no effect on 

the relationship between unpredictability (IC) and error perception while composer-chosen 

note predictability did influence the shape of the fitted logistic curve relating error perception 

with IC but the effect was too subtle to produce significantly different decision boundaries 

between 1HP and 2HP melodies.  

[Table 4 about here] 
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DAT performance correlates with surprise/IC slope. Figure 7 shows correlations of 

participant scores on the individual differences and creativity measures with individual 

liking/IC slopes, surprise/IC slopes and decision boundaries. As in Experiment 1, the individual 

liking/IC slope was significantly correlated with the decision boundary, reinforcing the finding 

that participants who showed greater liking for improbable melodies had a higher threshold for 

error perception. Additionally, performance on the divergent association task was positively 

correlated with the surprise/IC slope such that more creative individuals showed greater 

surprise for improbable melodies. That this task produced a significant correlation where the 

free association did not may reflect the fact that it is less task oriented and more reflective of 

internal associative ability since target words are not supplied. Experiment 3 examines all the 

individual differences investigated in the present experiment along with openness to experience 

from Experiment 1 with an extension to stimuli in a musical style that may be more associated 

with creativity. 

[Figure 7 about here] 

Experiment 3 

It is possible that the negative relationship between unpredictability and liking found in 

Experiments 1 and 2 reflects listeners’ implicit association of classical music with relatively 

low levels of unpredictability. Experiment 3 applies the same experimental paradigm to a 

different style of music, bebop jazz, to understand the ways that expectation, liking and error 

perception operate in music where improvisatory variation is a regular characteristic of the 

musical style. We hypothesised that when listening to jazz music, participants would be more 

open to unpredictable musical events, showing greater liking for unpredictable notes and a 

higher threshold for error. We also investigated whether repetition would affect the 
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relationships between unpredictability, surprise, liking, and error perception given the adage: 

“Once is a mistake, twice is jazz.” We hypothesised that repetition would decrease surprise and 

increase liking. 

 

Methods 

Participants. Prolific was used to collect data from 107 participants (50 female, aged 

19-70, mean = 39.91, SD = 12.71). In line with the exclusion criteria outlined below, two 

participants were removed from the data analysis (N=105). Prolific screening ensured that 

participants for this experiment had not participated in Experiments 1 or 2.  

Stimuli. The stimuli came from the Charlie Parker dataset, comprised of bebop style 

improvisations encoded by Niels Chr. Hansen (Hansen et al., 2016). The original melodies are 

several minutes in total and therefore segments were selected for the experiment. Each melody 

in the dataset was analysed to select segments that matched the same criteria used in the 

previous experiments: segments must contain a quarter note in the second half of the melody; 

and each melody had to represent a musical phrase that was less than 6 seconds long. The 

manual selection process resulted in 110 melody segments in total. All segments were 

characterised by IDyOM using the same configuration and training schedule as the previous 

experiments. Given the IDyOM analysis, melodies were selected for use in the experiment if 

the note closest to the median IC in the second half of the melody (excluding the last note) was 

a quarter note. This was selected as the target note. The resulting segments were ordered in 

terms of the target note’s position in increasing order of information content according to 

IDyOM. Nine segments were selected in total with IDyOM predicting the target note as the 

first (N=1), second (N=3), third (N=2), or fourth choice (N=3). For each of these 9 base stimuli, 

20 variants were created with the target note replaced using IDyOM reflecting the same process 
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and a similar range of IC as in the previous experiments. The resulting stimuli were organised 

into three repetition conditions (not repeated, repeated sequentially, repeated non-sequentially 

– see details below), evenly distributed between target note IC and IDyOM choice. Given the 

shortness of the stimuli, they were rendered from MIDI files to audio in a saxophone timbre to 

further imply the jazz style. 

Procedure. The Woods et al. (2017) headphone test was administered in the first 

instance. During the exposure phase participants were presented with 15 melody samples. After 

each sample they were asked if they recognised it from outside of the experiment. Participants 

who recognised one or more melodies were excluded automatically from the experiment and 

paid for their time. Four trials of the Free Association task were administered randomly during 

the exposure phase with the prompts “soap,” “balloon,” “lens,” and “clock” (Beaty, Kenett, & 

Hass, 2019). The Divergent Association task was administered at the end of the exposure 

phase. Following the testing phase the participants completed the same subset of the Gold MSI 

as used in the previous experiments as well as the Barcelona Music Reward, Need for 

Cognition, and Openness to Experience questionnaires. 

The instructions for the testing phase of the experiment informed the participants that 

they would hear multiple melodies and that some may contain errors. After each melody 

participants rated their liking (1-100), surprise (1-100), and error judgement (y/n). To 

understand whether perception of melodies changed with repetition, stimuli fell into three 

categories. First, where melodies were not repeated, second where melodies were repeated 3 

times sequentially, and third where melodies were presented three different times but 

distributed randomly among the other stimuli. Given the larger number of stimuli compared to 

Experiments 1 and 2, participants could optionally take a self-paced break every 22 trials. 

Statistical analysis. Analyses were prepared and conducted in the same way as the first 

and second experiments.  
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Results and Discussion 

In this experiment we sought to understand: (1) whether style would influence liking 

and surprise of variant melodies by comparing responses between Experiments 2 (classical) 

and 3 (Jazz) and especially whether predictable (low IC) notes would elicit lower liking ratings 

in a Wundt effect for this more improvisatory musical style; (2) whether repetition would 

increase liking; (3) whether the decision boundary would be higher for jazz (Experiment 3) 

than classical (Experiment 2), signalling that listeners are more tolerant in making error 

judgements in a style where improvisation and unpredictability is expected; (4) and finally 

whether the individual difference measures from Experiments 1 and 2 would correlate with 

effects of IC on liking, surprise and error perception for this more improvisatory style. 

Liking and surprise are not significantly impacted by style. The comparison of 

linear and quadratic models for each of the response and condition groups (liking/surprise, 

familiarity/relative probability group) shows that linear IC predictor provided a better fit than 

the quadratic predictor (see Table 5). The effect sizes for IC were large for both liking, η² = 

.27, and surprise, η² = .17, while the effect sizes for the quadratic effect of IC were small, η² 

<= .01.  

[Table 5 about here] 

Regression analysis was used to compare the effect of unpredictability on liking and 

surprise between Experiments 2 and 3 to evaluate differences between jazz and classical music 

stimuli. Responses to repeated melodies from Experiment 3 were removed to replicate the 

conditions of Experiment 2. As shown in Table 6, the results demonstrate a significant main 

effect of IC as in the previous experiments (with a large effect size for both liking,  η² = .37, 

and surprise, η² = .13), no main effect of style but a significant interaction for surprise only 
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(with a small effect size, η² = .01), such that participants were more surprised by high IC notes 

in jazz than in classical music (see Figure 8). These results are generally consistent with the 

relationships observed in Experiments 1 and 2: surprise increases and liking decreases with 

increasing unpredictability, while the effect of unpredictability on surprise is stronger for the 

jazz stimuli in Experiment 3 than the classical stimuli in Experiment 2. 

 

[Figure 8 about here] 

[Table 6 about here] 

Repetition reduced surprise but did not affect liking. Liking and surprise were 

analysed for each repetition condition (1, 2 or 3 occurrences, immediate or delayed). 

Regression analyses were conducted separately for liking and surprise in the immediate and 

delayed conditions with IC and repetition (three levels) as the predictors. The results are shown 

in Table 7. All conditions showed significant effects of IC as expected. In the immediate 

repetition condition, there was a significant effect of repetition on surprise (with a medium to 

large effect size, η² < .15) but not liking, such that surprise decreased for each repetition (see 

Figure 9). In the delayed repetition group, neither liking nor surprise showed any significant 

effect of repetition.  

Contrary to our expectations and findings in the literature (Madison & Schiölde, 2017; 

Margulis, 2013), repetition did not increase liking in spite of the fact that surprise did decrease 

with immediate repetition. It is possible that effects on liking might depend on the repetition 

(perhaps with some variation) occurring in the context of the thematic development of a melody 

rather than exact repetition on the next trial. This might also account for the null effects of 

delayed repetition, which also may have introduced too long a time interval for a strong 

memory representation to form and allow subsequent recognition. Alternatively, it is possible 
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that a greater number of repetitions would be required for a significant effect to be observed. 

Finally, it is possible that effects of repetition on liking are critically dependent on conditions 

such as veridical familiarity, style preferences or current emotional state that were not 

replicated in the experimental context. 

[Figure 9 about here] 

[Table 7 about here] 

Error perception threshold increased in comparison to classical stimuli but was 

not impacted by repetition. Logistic regression showed a significant relationship between 

unpredictability (IC) and error perception, χ2 (1) = 172.4, p < .01, with coefficients of 

determination of 0.06 (marginal, fixed effects only) and .22 (conditional, fixed and random 

effects). The overall odds ratio for IC is 1.2 (95% CI: [1.18, 1.22]) and the decision boundary 

is 10.49. A two-sample t-test between the decision boundaries for jazz (no repetition condition 

only) and classical music across individuals revealed a significant difference, t(191.65) = 2.04, 

p = .042, Cohen’s d = 0.28, such that jazz music had a higher mean decision boundary (M = 

10.14) than classical music (M = 8.58) as illustrated in Figure 10. This suggests that individuals 

are less likely to judge an unpredictable note as an error in the jazz than in the classical stimuli. 

In other words, they are more tolerant of unpredictability when listening to the jazz stimuli in 

Experiment 3 than the classical stimuli in Experiment 2.  

One-way ANOVAs on the individual decision boundaries in each condition showed no 

main effect of repetition for either the immediate, F(2, 312) = 0.17, p = 0.84, η² < .01, or 

delayed repetition conditions, F(2, 312) = 0.19, p = 0.83, η² < .01. 

[Figure 10 about here] 
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No impact of creativity, musical experience or personality. Figure 11 shows 

correlations of participant scores on the individual differences and creativity measures with 

individual liking/IC slopes, surprise/IC slopes and decision boundaries. None of the significant 

relationships from Experiments 1 and 2 were replicated here. However, there was a significant 

negative correlation between liking/IC slope and surprise/IC slope suggesting that participants 

whose surprise was less positively correlated with IC showed a more positive (or less negative) 

relationship between liking and IC. This might be interpreted as indicating that participants 

who found unpredictable notes less surprising also tended to like them more. In contrast with 

both previous experiments, there was no significant correlation between slope of liking/IC and 

decision boundary. 

[Figure 11 about here] 

Relationships between individual difference measures across experiments. Across 

the three experiments, the results in general show a striking lack of significant relationships 

between the experimental measures and individual differences in creativity, musical 

sophistication, musical reward, need for cognition and openness to experience. These data also 

permit an exploratory investigation of the relationships between these individual differences 

themselves. Thus, the individual characteristics data (Openness to Experience, Need for 

Cognition, Barcelona Music Reward, Gold MSI, Free Association Task, and Divergent 

Association Task) were compiled across the three experiments. A further 50 participants were 

added from a pilot version of Experiment 2 in which the participants engaged in the same 

surveys resulting in a sample of 453 participants. Not all participants had been presented with 

every survey or creativity task since they had participated in slightly different experiments. 

However, the overall results provide a relatively large-scale picture of how these different 

metrics relate to one another. A correlation plot for this analysis is shown in Figure 12. 
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[Figure 12 about here] 

Across all participants in all experiments, significant correlations were found between all of 

openness to experience, music sophistication, and need for cognition. Additionally, music 

reward correlated significantly with music sophistication and openness to experience but not 

need for cognition. Divergent association and free association showed no significant 

correlations with any other variable including each other, which is surprising given that both 

are measures of creativity. 

Correlations between openness to experience and need for cognition have been 

previously reported (Woo, Harms, & Kuncel, 2007). In fact, openness to experience is 

generally correlated with increased interest in music which might explain why it is also 

correlated with music reward and music sophistication (Schäfer & Mehlhorn, 2017). The 

surprising absence of a correlation between the divergent and free association tasks suggests 

that these probe different dimensions of creativity, possibly based on task-based application of 

creativity (Beaty & Kennett, 2023) which is more strongly emphasised in the free association 

task.  

 

General Discussion 

Through the progressive digression paradigm, these experiments established a 

spectrum of unpredictability in melodies allowing observation of the resulting changes in 

listeners’ perception of liking, surprise, and error. In addition, several experimental conditions 

were compared to examine effects of veridical familiarity, composer-chosen note, style and 

repetition. Throughout the series of experiments, modulatory effects of individual creativity, 

personality (openness to experience) and musical experience (sophistication and reward 
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sensitivity) were assessed to understand individual factors influencing perception of events 

varying in unpredictability. 

Liking and Surprise 

In these experiments, reported surprise was very reliably and consistently correlated 

with IC, which confirmed our expectation that increasingly unpredictable notes would elicit 

corresponding levels of increasing surprise. This finding serves to validate the use of IDyOM 

in this novel experimental paradigm. However, liking showed a consistent negative linear 

relationship with IC, conflicting with the hypothesised Wundt curve reported by Gold et al. 

(2019), Cheung et al., (2019) as well as other empirical results (see Chmiel and Schubert, 2017, 

for a review). One explanation for this, offered by Chmiel and Schubert, is that the stimuli are 

too complex, so that the results only reveal the right-hand descending portion of the inverted-

U. However, it seems unlikely that these short melodies are sufficiently complex to cover only 

that portion of the inverted-U. In fact, the converse may be true; it may be that the stimuli are 

sufficiently simple that the variations on the target note stand out even when unpredictability 

is increased only by a small degree. In the second experiment, we tested whether the negative 

association between liking and IC observed in the first experiment resulted from the use of 

familiar melodies where the pitch of the target note (and thus the exposure note) was also the 

most predictable option for that note. Our hypothesis that introducing more unfamiliar and 

unpredictable melodies would increase the liking of higher IC variants was not supported.  

Another explanation is that the stimuli are too abstract or artificial, or the manipulations 

too limited. Generally, within a real musical experience, listeners would encounter changes in 

several collative variables (e.g., complexity, tension, uncertainty), across several musical 

parameters (e.g., melody, rhythm, harmony) simultaneously and repeatedly, which might 

provide the conditions necessary for an inverted-U curve to emerge (Chmiel & Schubert, 2017, 
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2019). One way to address this in the future would be to use longer, more complex real-world 

stimuli and change multiple notes instead of just one, thereby introducing a more complex 

version of the paradigm, which could also be extended to rhythm, harmony and other musical 

parameters. Also if the experience of listening to music involves processing multiple collative 

variables at once, the interaction of these variables may be required to observe the inverted-U 

shaped relationship. Finally, it is possible that this finding reflects contamination between 

ratings, which were presented on a single page (e.g., a rating for high surprise may have 

negatively influenced the liking rating). While this seems unlikely to have had such a strong 

effect, it is a possibility that future research should take steps to avoid. 

Overall, the results suggest that regardless of exposure, for these short and relatively 

simple melodies, listeners consistently gravitate towards highly predictable pitches, regarding 

deviations from these as surprising and displeasurable. 

Error 

The results strongly suggest a relationship between error perception and 

unpredictability, following a logistic function such that meaningful decision boundaries could 

be identified. The results of Experiments 1 and 2 also highlighted a relationship between liking 

and error perception such that participants who showed greater liking for unpredictable 

melodies also showed a greater threshold for error perception. It would be an interesting 

extension to investigate whether these boundaries correspond to principles of musical 

composition or analysis. 

Another striking finding with respect to error perception was the difference between 

decision boundaries in classical and jazz music. This result suggests that the participants 

attuned their expectations to the musical style, being more restrictive when judging the MUST 

stimuli in terms of Western tonal functional syntax and less restrictive when judging the jazz 
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stimuli. This is consistent with framing effects previously observed whereby liking is sensitive 

to contextual information surrounding a piece of music or visual art rather than the work itself 

(Ara & Marco-Pallarés, 2021; Kirk et al., 2009; Shank et al., 2023). While the empirical 

literature generally focuses on observing expectation violations in isolation (Koelsch & 

Jentschke, 2010; Ruiz, Koelsch, & Bhattacharya, 2009), Huron (2006) suggested that listeners 

form different internal predictive models for the musical styles with which they are familiar, 

much as bilingual speakers do for natural language, and choose an appropriate model 

depending on sensory input. The present results suggest that this idea should be extended to 

style-specific framing effects.  

If such differences can be observed between styles, this begs the question of what other 

factors may modulate error perception. Cultural difference seems an interesting path for 

investigation (Klarlund, Brattico, Pearce, Wu, Vuust, Overgaard, & Du, 2023). Further 

research could apply the tasks in these experiments to jazz musicians or participants who listen 

to contemporary noise styles or participants from non-Western musical cultures and observe 

variations in error thresholds for different musical styles and cultures. Investigations along 

these lines have already shown that jazz musicians have different expectations when listening 

to jazz music than do classical musicians or non-musicians (Hansen et al., 2016) but have not 

been conducted for error perception. Given observed effects of predictive entropy (uncertainty) 

on both perception (Hansen, Kragness, Vuust, Trainor, & Pearce, 2021) and liking (Gold et al., 

2019; Cheung et al., 2019), future research should examine the effects of entropy on musical 

error perception, both in isolation and in interaction with information content.  

There are some limitations to the present investigation of musical error perception. 

First, it remains possible that genre differences in error perception reflected lower stylistic 

familiarity and hence confidence in classifying errors for jazz than classical stimuli. Future 

research should assess participants’ stylistic familiarity with the musical styles involved and 
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take confidence ratings for the error perception task. Second, although a difference in error 

decision boundary was observed between jazz and classical stimuli, the effect size was small 

and a within-participant style comparison would be more powerful. Finally, error decision 

boundaries were computed by fitting a GLMM and taking the IC value corresponding to a 50% 

chance of an error being perceived. While this method proved useful, it does not take into 

account the slope which, given the nonlinear relationship between error perception and IC, 

differs at different levels of IC. A more sophisticated measure might also consider the slope or 

changes in slope as well as the absolute threshold. 

Creativity 

Based on the literature, we hypothesised that individual characteristics related to 

creativity, personality (openness to experience, need for cognition) and musical experience 

(musical reward sensitivity, musical sophistication) would provide modulatory influences on 

the relationship between liking and unpredictability (IC) but the results of these experiments 

did not in general support this hypothesis. While there was a correlation between the divergent 

association test of creativity in Experiment 2, this was not replicated in Experiment 3, 

warranting a cautious assessment of its reliability.  

We did however find that the measurements of those characteristics correlated with 

each other in ways which were consistent with the literature. For example, studies have shown 

that openness to experience is often correlated with other musical characteristics (Schäfer & 

Mehlhorn, 2017) and we found this to be reliable across experiments. However, the lack of 

correlation between the free association and divergent association tasks was surprising. This 

may be because the two measures assess different aspects of creativity, with the free association 

task being more task-directed in providing prompt words whereas the divergent association 
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task is less task-directed in asking for spontaneous production of words which are as different 

from each other as possible (see Beaty & Kennett, 2023). 

Testing creativity is difficult and can be done in many ways, and the present results 

may reflect in some part the creativity measures employed. Neither of the semantic association 

tasks showed reliable correlations with task performance across all three experiments which 

may have been due to a several factors. First, we did not ask participants to “be creative” in 

their answers, as literature has shown that this type of instruction can lead to a significant 

increase in the desired behaviour (Christensen, Guilford, & Wilson, 1957). Second, there are 

arguably many varieties of creativity, and it may be that the linguistic tasks that we used did 

not account for a more musical or auditory kind of creativity. Third, the free association task 

was shortened to 5 responses per cue in order to fit within the experimental constraints. 

Considering that the original version of this task asks for 19 associations, it could be that we 

did not capture a sufficient number of associations. Finally, it may be that perception of 

unpredictability and its effect on liking and error perception are not in fact mediated by 

individual creativity which would be consistent with the failure of openness to experience to 

predict task performance in any way, since the two measures are somewhat related (Jauk, 

Benedek, & Neubauer, 2014; Puryear et al., 2017). Considering these limitations, future studies 

could adopt more comprehensive and multidimensional measures of creativity to clarify 

whether the perceptual factors associated with perception of unpredictability in music are in 

fact associated with creative production.  

Conclusion 

In conclusion, this series of experiments sheds light on the complicated relationship 

between perception of musical unpredictability, liking, error perception, and individual factors 

(creativity, personality and musical experience). The findings demonstrate a meaningful 
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relationship between error perception and unpredictability, question the notion that creativity 

influences error perception and highlight the significance of contextual factors such as music 

style. This research introduces a useful paradigm for systematically investigating effects of 

unpredictability on error perception and paves the way for further investigations into the role 

of expectation in aesthetic experience of music. 
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Table 1 

 

Liking ~ IC   

 Linear Quadratic 

Effect Regression coeff Regression coeff 

Intercept .892*** 1.27*** 

Variant IC -.131*** -.27*** 

Variant IC (quadratic)  .0096*** 

R2 .58 .61 

AIC 181.54 168.39 

BIC 191.44 181.59 

Residual sum of sq. 28.17 26.11 

Sum of sq  2.05 

F  15.5*** 

   

Surprise ~ IC   

 Linear Quadratic 

Effect Regression coeff Regression coeff 

Intercept -.352*** -.658*** 

Variant IC .0537*** .164*** 

Variant IC (quadratic)  -.008*** 

R2 .44 .53 

AIC -62.6 -95.1 

BIC -52.7 -81.9 

Residual sum of sq. 8.31 6.99 

Sum of sq  1.32 

F  37.03*** 

* p < .05, ** p < .01, *** 

p < .001 
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Figure 2 (a) 

 

 

 

Figure 2 (b) 
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Figure 3 
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Figure 4 
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Figure 5 
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Table 2 

 

(a) Comparison of IC and entropy for target note and across full melody 

Melod

y 

Conditio

n 
Target note Melody 

  IC 
Entrop

y 

Mea

n IC 

Mea

n Entropy 

C30 
Untraine

d, 1HP 

1.7

5 
2.98 2.7 3.15 

B15 
Untraine

d, 1HP 

1.1

4 
2.41 2.81 3.04 

C43 
Trained, 

1HP 

1.9

7 
3.03 2.49 3.08 

B24 
Trained, 

1HP 

2.1

1 
2.83 2.36 3.03 

K16 
Untraine

d, 2HP 

2.2

8 
3.06 3.07 2.65 

B8 
Untraine

d, 2HP 

1.8

2 
2.56 2.22 2.87 

B45 
Trained, 

2HP 
2.7 2.63 3.55 2.82 

C31 
Trained, 

2HP 

2.0

1 
2.64 2.15 2.97 
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(b) Two-sample t-tests of IC and entropy for all note values across 

1HP and 2HP melodies 

Measur

e 

1

HP 

 2

HP 

 t D

F 

p 

 M S

D 

M S

D 

   

Mean 

IC 

2

.59 

1

.64 

2

.86 

1

.98 

-

.64 

6

7.91 

.

53 

Mean 

Entropy 

.

07 

1

.056 

2

.8 

1

.05 

1

.05 

6

2.62 

.

3 

Target 

IC 

.

74 

.

43 

2

.20 

.

38 

-

1.6 

5

.92 

.

16 

Target 

Entropy 

2

.81 

.

28 

2

.72 

.

23 

.

51 

5

.76 

.

63 
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Table 3 

 

Liking ~ IC    

Effect Fam

iliarity 

 Predic

tability 

 

 Line

ar 

Quadra

tic 

Linea

r 

Qua

dratic 

Intercept .632

*** 

.73*** .6016

*** 

.701

*** 

Variant IC -

.093*** 

-.13*** -

.093*** 

-

.129*** 

Variant IC (quadratic)  .003  .003 

Condition .02 .032 .082 .086 

     

R2 .512 .515 .52 .523 

AIC 90.4 91.2 87.8 88.6 

BIC 102.

7 

106.6 100.1 103.

9 

RSS 15.6

78 

15.562 15.42

4 

15.3

07 

Sum of Sq.  .116  .117 

F  1.162  1.19

6 

     

     

Surprise ~ IC    

Effect Fam

iliarity 

 Predic

tability 

 

 Line

ar 

Quadra

tic 

Linea

r 

Qua

dratic 

Intercept -

.133** 

-.235** -

.279*** 

-

.334*** 
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Variant IC .023

*** 

.062* .024*

** 

.045 

Variant IC (quadratic)  -.00275  -

.001 

Condition -

.043 

-.05598 .225*

** 

.223

*** 

     

R2 .107 .119 .293 .297 

AIC 8.1 7.9 -29.3 -

28.1 

BIC 20.4 23.3 -17.0 -

12.7 

RSS 9.37

59 

9.245 7.419 7.38

2 

Sum of Sq.  .131  .036 

F  2.208  .769 

* p < .05, ** p < .01, *** p < .001 
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Figure 6 
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Table 4 

 

 

  

Distribution of Decision Boundaries across conditions 

Condition Gran

d Average 

Individual 

 Mean 

DB 

Mea

n DB 

S 

Dev 

Mi

n 

Max 

Unfamiliar

, 2HP 

8.75 8.66 1.8

8 

3.8

7 

13.1

3 

Unfamiliar

, 1HP 

8.02 8.61 3 3.8

7 

20.2

9 

Familiar, 

2HP  

9 9.1 3.3

1 

.18  18.0

3 

Familiar, 

1HP 

8.36 8.84 2.9

1 

3.8

4  

19.2

6 
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Figure 7 
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Table 5 

 

Liking ~ IC   

Effect Linear Quadratic 

 Regression 

coeff 

Regression 

coeff 

Intercept .45774*** .4551*** 

Variant IC -.07163*** -.0707 

Variant IC (quadratic)  -.0006 

   

R2 .265 .265 

AIC 157.7 159.7 

BIC 167.3 172.5 

Residual sum of sq. 24.487 24.487 

Sum of sq  .00007 

F  .00005 

   

Surprise ~ IC   

Effect Linear Quadratic 

 Regression 

coeff 

Regression 

coeff 

Intercept -.2232*** -.3481*** 

Variant IC .0375*** .0828** 

Variant IC (quadratic)  -.0033 

   

R2 .171 .182 

AIC 26.8 26.3 

BIC 36.4 39.1 

Residual sum of sq. 11.83 11.669 

Sum of sq  .161 

F  2.45 
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* p < .05, ** p < .01, *** p < .001 
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Figure 8 
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Table 6 

 

Effect Liking ~ IC Surprise ~ 

IC 

 Regression 

coeff 

Regression 

coeff 

Intercept .645*** -.159** 

IC -.093*** .024*** 

Style -.161 -.045 

Style : 

IC 

.020 .017* 

   

R2 .384 .156 

F 70.87*** 20.88*** 

* p < .05, ** p < .01, *** p < .001 
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Figure 9  
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Table 7 

 

 Liking ~ IC Surprise ~ IC 

Immediate repetition 

Effect Regression coeff Regression 

coeff 

Intercept .63*** -.136* 

IC -.09*** .052*** 

Repetition -.025 -.123*** 

   

R2 .376 .383 

F 53.32*** 54.9*** 

 

Delayed Repetition 

Effect Regression coeff Regression 

coeff 

Intercept .445*** -.18*** 

IC -.077*** .037*** 

Repetition .006 -.007 

   

R2 .297  

F 39.32  

* p < .05, ** p < .01, *** p < .001 
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Figure 10 
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Figure 11 
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Figure 12 
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Captions 

Figures 

Figure 1: Stimulus variation. A sample of one of the MUST melodies used for the experiment (B24) as well as the variations 

produced by the IDyOM analysis. The first row shows the melody as it was originally composed. In the second row, the 

original target note pitch (D) has been replaced with the second most probable pitch (C). This continues to the last row in 

which the 20th most probable pitch has replaced the target note (F). 

Figure 2: Liking and surprise. Quadratic modelling of normalised liking and surprise ratings as a function of IC. Grey points 

represent the originally composed melodies which were used in training and testing, black points represent variant melodies 

used only in testing, confidence intervals are represented in grey. (a) Average normalised liking scores are plotted against the 

IC of the variant note. A quadratic regression suggests that enjoyment dropped rapidly with the increase in variant note IC. (b) 

Average normalised surprise is plotted against the IC of the variant note. Surprise increased with variant note IC. 

Figure 3: Error perception across all participants. The fine grey lines represent the error perception of individual 

participants. Across all participants the tendency to perceive an error increased with IC. The black line shows the GLMM of 

error perception as a function of IC. The model suggests that the predicted mean decision boundary (or 50% likelihood 

threshold) is crossed at an IC value of 6.83 (dotted line). 

Figure 4: Correlations between task responses and individual differences. Bonferroni corrected Pearson’s correlations 

between individual characteristics with correlation coefficients and p-values (in parentheses). Shading indicates p < .05. 

Figure 5: New stimulus selection method. Stimuli for the second experiment included 4 melodies in which the composer 

chosen note was the second highest probability (2HP) note in the target position according to IDyOM. An example of one of 

these 2HP melodies is B8. The grey box signifies the target note and its variants. Note that there is one note (variation 1) which 

is more predictable than the note selected by the composer. 

Figure 6: Surprise and relative predictability.  Modelling of normalised surprise ratings as a function of IC for melody 

conditions collapsed across familiarity, the lines represent 1HP and 2HP melody conditions and confidence intervals are in 

grey. 

Figure 7: Individual characteristics and task performance. Bonferroni corrected Pearson’s correlations between individual 

characteristics (scores on creativity tasks and personality questionnaires) and comparison with individual slopes of liking/IC, 

and surprise/IC, as well as individual decision boundaries. Shading indicates p < .05. 
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Figure 8: Comparisons of liking and surprise ratings for jazz and classical music. Modelling of normalised surprise 

ratings as a function of IC for classical and jazz music with confidence intervals in grey. Unpredictable notes in jazz music 

elicit greater surprise than classical music.  

Figure 9: Liking and surprise across conditions. Linear modelling of normalised surprise as a function of IC in the 

immediate repetition condition.  

Figure 10: Error perception between genres and repetition conditions. GLMMs of error perception as a function of IC for 

classical (solid) and jazz music (dashed). The mean predicted decisions boundaries for each genre are highlighted with dotted 

lines.  

Figure 11: Individual differences and responses to jazz music stimuli. Bonferroni corrected Pearson’s correlation between 

individual characteristics and responses to the testing portion of the task including the correlation coefficient and p-value in 

parentheses. Shading indicates p < .05. 

Figure 12: Correlations of individual differences measures across experiments. Bonferroni corrected Pearson’s 

corelations between individual characteristics for all participants. Significant correlations were found among several variables 

with correlation coefficients and p-values (in parentheses) displayed. Because this data was collected across multiple 

experiments, the number of participants for each correlation is displayed below the p-value. Light grey shading indicates p < 

.05. 

 

Tables 

Table 1: Model comparisons. Regression coefficients and significance for liking and surprise responses. ANOVA comparing 

the significance of model fit have a grey background. 

Table 2: Melody characteristics. (a) The stimuli used in the second experiment are presented here with the mean entropy 

and IC of each melody and each target note in its original configuration. (b) The results of two-sample t-tests on IC and entropy 

for all notes across the 1HP and 1HP stimuli melodies showing no statistically significant differences between the two groups. 

Table 3: Model comparisons with conditions. Linear and quadratic models for each condition are displayed with the results 

of ANOVAs confirming that the linear models are best fits for all conditions (grey background). The only significant difference 

between conditions is surprise for the predictability condition (bold). Variations of 2HP melodies were consistently perceived 

as more surprising by participants than 1HP melodies.  

Table 4: Comparison of decision boundaries across conditions. Characteristics of error perception for each condition.  
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Table 5: Comparison of linear and quadratic regressions for liking/IC and surprise/IC in Experiment 3.  A comparison 

of linear and quadratic regression models in predicting liking and, separately, surprise as a function of information content 

(IC).  For both response types (liking and surprise), linear models provided the best fit. 

Table 6: Results of linear regressions testing for liking and surprise in jazz and classical music. This analysis identifies 

significant differences between participant responses to novel IC variants in classical and jazz music genres. IC has a 

significant effect on all conditions, however the interaction between genre and IC was only significant in the surprise condition.  

Table 7: Results of linear regressions testing for liking and surprise across repetition conditions. Linear regression 

outcomes showed that only surprise and IC in the immediate repetition condition was significant.  
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