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Abstract 

Music, as a hierarchically organized art form, profoundly influences perception and mood through 

its rich information and intense emotion. While previous research has demonstrated that music 

can shape visual perception, its influences on visual awareness in aesthetic scenes remain 

largely unclear. In a series of five experiments involving 138 participants, we used the binocular 

rivalry paradigm to investigate how sad or lively Chinese folk music influences the perception of 

traditional Chinese paintings with varying aesthetic emotion (bleak vs. vivid). Paintings were 

presented in upright or inverted orientations or replaced by patches. Results revealed that sad 

music significantly increased both the average dominance duration and the predominance score 

of bleak paintings. Conversely, lively music with a faster tempo accelerated the switch rate of 

both paintings and patches. These effects were interdependent, exclusively for meaningful 

(upright) paintings, and correlated with individual sensitivity to musical reward. Our findings 

support the hierarchical predictive coding model of binocular rivalry, demonstrating that musical 

aesthetic emotion exerts top-down modulation, while musical tempo provides bottom-up 

entrainment, jointly shaping visual awareness of paintings.  
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Introduction 

Music, a ubiquitous art form, conveys rich emotions and meanings (1), influencing our 

perception and behavior (2,3). It affects our eye movements (4,5) and aesthetic experience (6) in 

natural scenes, and even disambiguates visual perception (7). But can music also shape our 

appreciation and perception of visual art? Imagine visiting a gallery, confronted with a dazzling, 

abstract painting: could background music guide your interpretation of the scene? The question 

remains unanswered, largely due to limited research on music's role in multisensory aesthetic 

experiences, which may stem from the abstract and hierarchical nature of musical meaning.  

The meaning of music operates on multiple levels: iconic meaning, derived from low-level 

properties like pitch, rhythm, and timbre, and indexical meaning, associated with musical emotion. 

Unlike discrete basic emotions (e.g., happiness, anger, fear), music emotions are considered as 

more “aesthetic” rather than “utilitarian” (8). Aesthetic emotions are complex and often 

inexpressible, triggered by the instinct of knowledge acquisition in higher animals, thus making 

them central to art (9). These emotions span a broader semantic range (10), and are represented 

at higher levels of mental representation (9). However, the interaction of aesthetic emotions 

between visual and auditory art forms remains largely underexplored. 

Recent studies have attempted to examine the effect of music on visual perception using 

binocular rivalry, where conflicting monocular images are presented to each eye, causing 

spontaneously alternates in perceptual awareness between the two images (11). This paradigm 

allows researchers to separate visual input from perceptual awareness (12). Evidence has 

accumulated that visual features, such as stimulus frequency (13,14), orientation (13,15,16), and 

semantic content (17-19) can be cross-modally biased. However, previous research has primarily 

focused on the effects of concrete musical elements, such as basic emotions (20,21) and 

symbolic representation (22,23), on non-aesthetic aspects of visual perception. For instance, 

emotional music prolonges the perceived duration of congruent (happy) face compared to 

incongruent or neutral faces (20). Additionally, only individuals capable of read music (22) or 

those with absolute pitch (23) could recognize the congruence between melodic sound and 

musical scores.  

So far, the influence of abstract, hierarchical representations of music on visual art 

perception in binocular rivalry remains unexplored, leaving the underlying mechanism unclear. 

We hypothesized that music modulates rivalry dynamics through both top-down and bottom-up 

processes. Aesthetic emotion of music may evoke specific feelings, serving as a contextual factor 

that biases the perceived content of paintings (top-down modulation), while musical tempo may 

drive visual fluctuations through bottom-up entrainment. Moreover, these top-down and bottom-

up effects are likely to be interdependent. Additionally, aesthetic emotion elicited by artworks 

recruit the neural circuitry involved in reward (9). Although musical sensitivity has not been shown 

to differentiate aesthetic judgments of visual art and music (24), individuals with higher musical 
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reward sensitivity are likely to exhibit a greater musical impact on binocular rivalry.  

To test these hypotheses, we conducted five experiments. In Experiments 1 and 2, we 

created an artistic environment combining music and paintings to investigate the top-down effect 

of music’s aesthetic emotion on visual perception. In Experiment 3, we presented inverted 

paintings, whose aesthetic emotions are harder to recognize, alongside the upright paintings to 

further validate the top-down effect. Participants listened to traditional Chinese music (lively or 

sad) played by different instruments (erhu or bamboo flute) or no music at all, while viewing 

traditional Chinese paintings (vivid vs bleak) in a binocular rivalry task (see Figure 1a and 

Procedure in Materials and Methods for details). Participants confirmed the aesthetic emotions 

of music and paintings both in the pretest and after the binocular rivalry task (see Figure 1c and 

Subjective assessments in Materials and Methods for details). To elucidate the bottom-up 

effect, we transformed the paintings into patches and manipulated the musical tempo in 

Experiments 4 and 5. We also explored the correlations between the observed musical effects in 

binocular rivalry and their relationships with individuals’ sensitivity to musical reward. 

 

Results 

Sad music enhanced the perceptual dominance of paintings with congruent aesthetic 

emotion  

We calculated the average dominance duration (ADD) and predominance scores (PS) of 

each painting, as well as the switch rate (SR) during binocular rivalry. ADD indicates the average 

dominance duration, while PS refers to the proportion of accumulated dominance duration without 

fusion perception. SR represents the alternation rate between the two rival stimuli. We first 

calculated the ADD and PS for each painting type on raw data, under both background music and 

no music conditions. In both Experiments 1 and 2, vivid paintings exhibited significantly higher 

dominance than bleak paintings, as indexed by both ADD and PS scores. This effect was 

observed regardless of the presence of music or its aesthetic emotion and timbre (all ts > 2.23, 

FDR-corrected p < .031, Cohen’s d > 0.34, see Figure S2 in SI). This consistent perceptual 

dominance of vivid paintings, even in the absence of music, indicates a general perceptual bias 

towards positive emotions. To address this, we normalized the data in subsequent analyses (see 

Formula in Materials and Methods) and equalized the baseline (no music condition) ADD and 

PS for both painting types by adjusting the luminance in Experiment 3. 

 As indicated by the normalized PS and ADD, sad music significantly enhanced the 

perceptual dominance of bleak paintings. In Experiment 1, sad music significantly increased the 

normalized ADD of the bleak painting compared to lively music, regardless of music timbre (erhu: 

t(39) = 2.62, FDR-corrected p = .006, Cohen’s d = 0.41, 95% CI for the mean difference = [0.04, 

∞]; flute: t(39) = 3.05, FDR-corrected p =. 002, Cohen’s d = 0.48, 95% CI for the mean difference 
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= [0.04, ∞], Figure 2a). This effect was replicated in Experiment 2 (t(42) = 2.10, FDR-corrected p 

= .021, Cohen’s d = 0.32, 95% CI for the mean difference = [0.02, ∞], Figure 2b) and in the 

upright but not the inverted condition of Experiment 3 (t(25) = 2.09, FDR-corrected p = .024, 

Cohen’s d = 0.41, 95% CI for the mean difference = [0.02, ∞], Figure 2c) when the music timbre 

was erhu. Moreover, in Experiment 1, when participants listened to sad music (regardless of 

timbre), the normalized ADD of the bleak painting significantly increased compared to the vivid 

painting (erhu: t(39) = 2.49, FDR-corrected p = .009, Cohen’s d = 0.39, 95% CI for the mean 

difference = [0.03, ∞]; flute: t(39) = 1.82, FDR-corrected p = .038, Cohen’s d = 0.29, 95% CI for 

the mean difference = [0.01, ∞ ], Figure 2a). However, this effect was not observed when 

participants listened to lively music, where the normalized ADD was equivalent between the two 

painting types (erhu: t(39) = 0.02, uncorrected p = .492; flute: t(39) = 1.04, uncorrected p = .152). 

This effect was also replicated in the upright but not the inverted condition of Experiment 3 when 

the music timbre was flute (t(25) = 1.85, FDR-corrected p = .038, Cohen’s d = 0.36, 95% CI for 

the mean difference = [0.01, ∞], Figure 2c, 2d). These results indicate a significant top-down 

cross-modal congruent effect of sad music on bleak paintings. 

Similarly, this congruent effect was observed in the normalized PS scores. In Experiment 1, 

listening to sad music significantly increased the normalized PS of the bleak painting compared to 

the vivid painting (erhu: t(37) = 1.83, FDR-corrected p = .037, Cohen’s d = 0.30, 95% CI for the 

mean difference = [0.01, ∞]; flute: t(37) = 1.83, FDR-corrected p = .038, Cohen’s d = 0.30, 95% CI 

for the mean difference = [0.01, ∞], Figure 2a). In Experiment 3, this effect persisted for upright 

but not inverted paintings in (Figure 2c, d). Specifically, when listening to sad flute music, the 

normalized PS of the bleak painting was significantly longer than that of the vivid painting (t(28) = 

2.20, FDR-corrected p = .018, Cohen’s d = 0.41, 95% CI for the mean difference = [0.02, ∞]), and 

the normalized PS of the bleak painting was significantly longer when listening to sad flute music 

compared to lively flute music (t(28) = 2.05, FDR-corrected p = .025, Cohen’s d = 0.38, 95% CI 

for the mean difference = [0.01, ∞]).  

Musical tempo influenced the switch rate of both complex paintings and simple patches 

We also found a significant effect of music tempo on the normalized SR in binocular rivalry. 

In Experiment 1, the normalized SR was significantly higher than zero when lively flute music was 

played (t(40) = 2.82, FDR-corrected p = .007, Cohen’s d = 0.44, 95% CI for the mean difference = 

[0.05, 0.27], Figure 3a), indicating that lively flute music increased the SR compared to the no-

music baseline. However, sad flute music did not affect the normalized SR relative to the no-
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music baseline (t(40) = 0.83, p = .412, 95% CI for the mean difference = [-0.05, 0.12]). The 

normalized SR was also significantly faster with lively flute music compared to sad flute music 

(t(40) = 2.11, p = .041, Cohen’s d = 0.33, 95% CI for the mean difference = [0.01, 0.24]), 

suggesting that faster-tempo music accelerated the SR. This pattern was consistent in 

Experiment 2 (Figure 3b) and for upright but not inverted painting in Experiment 3 (Figure 3c, d), 

regardless of timbre. In Experiment 2, the normalized SR was significantly faster in the lively 

music condition than the no-music condition (erhu: t(46) = 2.84, FDR-corrected p = .007, Cohen’s 

d = 0.41, 95% CI for the mean difference = [0.05, 0.30]; flute: t(46) = 2.05, FDR-corrected p 

= .046, Cohen’s d = 0.30, 95% CI for the mean difference = [0.003, 0.29]), and in the lively music 

condition than the sad music condition (erhu: t(46) = 3.11, FDR-corrected p = .003, Cohen’s d = 

0.45, 95% CI for the mean difference = [0.05, 0.30]; flute: t(46) = 2.62, FDR-corrected p = .012, 

Cohen’s d = 0.38, 95% CI for the mean difference = [0.04, 0.28]). In Experiment 3, the normalized 

SR of upright paintings was significantly faster with lively flute music compared to no music (t(25) 

= 3.61, FDR-corrected p = .001, Cohen’s d = 0.71, 95% CI for the mean difference = [0.07,0.25]), 

and also in the lively music condition compared to the sad music condition (erhu: t(25) = 2.31, 

FDR-corrected p = .030, Cohen’s d = 0.45, 95% CI for the mean difference = [0.01,0.18]; flute: 

t(25) = 3.11, FDR-corrected p = .005, Cohen’s d = 0.61, 95% CI for the mean difference = 

[0.04,0.20]). 

To further elucidate the bottom-up property of this effect, we simplified the complex paintings 

into basic patches and manipulated the musical tempo in Experiments 4 and 5. In Experiment 4, 

to maximize the modulation of music with distinct rhythms, we chose only flute music due to its 

consistent modulation on the normalized SR across Experiments 1-3. With 20 new participants, 

we found that compared to sad flute music (38 beats per minute, bpm), lively flute music with a 

faster tempo (172 bpm) significantly accelerated the normalized SR of red-green patches (t(19) = 

2.65, p = .016, Cohen’s d = 0.59, 95% CI for the mean difference = [0.02, 0.17], Figure 3e). In 

Experiment 5 with additional 20 participants, the original version of the lively flute music (172 bpm) 

significantly increased the normalized SR of patches compared to the no-music condition (t(19) = 

2.38, FDR-corrected p = .028, Cohen’s d = 0.53, 95% CI for the mean difference = [0.02, 0.25], 

Figure 3f), whereas the tempo-adjusted slow version (60 bpm) did not. Furthermore, the 

normalized SR was significantly faster when participant listened to the original lively music 

compared to its slower version (t(19) = 2.29, p = .034, Cohen’s d = 0.59, 95% CI for the mean 

difference = [0.03, 0.17]). These findings indicate that musical tempo, rather than other musical 

features, influenced the speed of the two rivals alternated, regardless of visual complexity. 

Different correlation patterns between top-down modulation and bottom-up entrainment in 

sad and lively music 

Having found that sad music significantly impacted top-down modulation while lively music 

more strongly influenced bottom-up entrainment, we further investigated the relationship of these 
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two mechanisms, whether they are interdependent or independent. To address this, we 

calculated Pearson’s correlations between the normalized dominant differences (i.e. PS, ADD) of 

rival paintings (i.e. congruent - incongruent) and the normalized SR when listening to each music 

excerpt in Experiments 1-3. As shown in Figure S3 in SI, when listening to sad music, the 

normalized SR was positively correlated with the difference in normalized PS between bleak and 

vivid paintings in both Experiments 1 and 2 (Exp.1: sad erhu music, r = 0.421, FDR-corrected p = 

0.029; Exp.2: sad flute music, r = 0.403, FDR-corrected p = 0.030). However, under lively music, 

a significant correlation was only found in Experiment 1, and it showed a reversed pattern. 

Specifically, the normalized SR was negatively correlated with the difference in normalized PS 

between vivid and bleak paintings when listening to lively erhu music (r = -0.539, FDR-corrected 

p = 0.005), and with the difference in normalized ADD between vivid and bleak paintings when 

listening to lively flute music (r = -0.385, FDR-corrected p = 0.039). A similar correlation between 

the normalized SR and normalized PS between vivid and bleak paintings under lively flute music 

was found but did not survive FDR correction (r = -0.371, uncorrected p = .034). No other 

significant correlations were found. 

Music reward sensitivity was correlated with the modulation effect of music on binocular 

rivalry 

Finally, we examined the relationship between these musical effects on binocular rivalry and 

individuals’ sensitivity to musical reward. As shown in Table 1, significant correlations were found 

with the social reward score from the Barcelona Music Reward Questionnaire (BMRQ) subsets. 

Specifically, the social reward score was positively correlated with the difference in normalized 

PS between bleak and vivid paintings when listening to sad flute music (r = 0.398, FDR-corrected 

p = .033), the difference in normalized ADD between vivid and bleak paintings when listening to 

lively erhu music (r = 0.407, FDR-corrected p = 0.027), and the difference in normalized ADD of 

the bleak painting between sad and lively erhu music (r = 0.537, FDR-corrected p < .001) in 

Experiment 2. Moreover, a higher social reward score was correlated with faster normalized SR 

under lively flute music (Exp. 2: r = 0.355, FDR-corrected p = .028; Exp. 1: r = 0.322, uncorrected 

p = .040) and sad flute music (Exp. 2: r = 0.394, FDR-corrected p = .025). These results suggest 

that individuals with higher sensitivity to music social reward exhibited stronger cross-modal effect 

of music on binocular rivalry. 

In addition, the sensory-motor subset score of BMRQ was positively correlated with the 

normalized PS difference between bleak and vivid paintings under sad flute music in Experiment 

2 (r = 0.417, FDR-corrected p = .022). There were also significant correlations before FDR 

corrections between the BMRQ total score and the PS and SR effects, between the sensory-

motor subset score and the ADD and SR effects, and between the music seeking subset score 

and the ADD effect. No other significant correlations were found. 
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Discussion 

In this study, we investigated how music influenced the visual perception of paintings during 

binocular rivalry. Our findings align with and extend previous research showing that perceptual 

awareness in binocular rivalry can be top-down modulated by cross-modal, higher-level mental 

representations (17-19). Specifically, we found that sad music facilitated the perceptual 

dominance of bleak paintings with congruent aesthetic emotion through top-down modulation, a 

process evident for upright but not inverted paintings. At a lower level of the musical hierarchy, 

we observed that musical tempo modulated the switch rate of visual awareness for both 

sophisticated paintings and simple patches in a bottom-up manner. Moreover, these top-down 

and bottom-up effects were interdependent and correlated with individual sensitivity to musical 

reward. Our findings provide evidence for predictive coding models of binocular rivalry, 

suggesting that music casts a hierarchical influence on the selection and alternation of visual 

perception in the context of visual art. 

Consistent with previous studies in both experimental and real-world settings(13-15,17-23), 

we confirmed a cross-modal congruency effect in binocular rivalry within a novel context of artistic 

aesthetics. The impact of music on the perceptual awareness of paintings appears to stem from 

the alignment of their respective aesthetic emotions, shaped by individual prior experiences and 

fitting within the predictive coding framework. In this context, binocular rivalry is considered as a 

Bayesian perceptual inference process, where the brain chooses the hypothesis with the highest 

posterior probability through top-down predictions and minimizes the prediction errors from 

bottom-up inputs. In our study, the aesthetic emotion conveyed by music acted as a prior in 

shaping context and enhancing the likelihood of emotionally congruent paintings through top-

down processing. This explains the prolonged dominance of congruent paintings, as they entailed 

less prediction errors, thus taking longer for the posterior to be destabilized and update the 

hypothesis. This advantage has been demonstrated in various visual forms, such as upright faces 

and words, even when the images are not consciously perceived (25). Notably, when the Chinese 

paintings were inverted, the top-down congruent effect disappeared, suggesting that this 

modulation relies on holistic processing, affected by the aesthetic meaning of the paintings rather 

than individual elements or low-level noise.  

Another possible explanation is that sad music evokes a sorrowful feeling and imagery of 

desolate landscapes, resonating with the themes in bleak paintings. Music can evoke visual 

imagery and generate similar mental images among listeners from the same culture, suggesting 

its semantic affordances in inducing conscious congruent mental images (26,27). However, the 

observed musical effect cannot be fully explained at the semantic level, given the hierarchical 

nature of mental representations of music (9). Aesthetic emotion encompasses not only meaning 

but also emotional arousal and mood evocation. Therefore, the cross-modal congruency effect in 

binocular rivalry likely reflects a complicated top-down modulation from aesthetic emotion-related 
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semantic representations, visual imagery and emotional arousal within a unified framework of 

cascaded predictive processing.  

Note that the cross-modal top-down modulation was observed exclusively for sad music. The 

aesthetic emotion of sadness plays a dominant role in the encoding of visual mental imagery (28), 

which contradicts the valence-general facilitation effect found in positive and negative musical 

emotions (20). This discrepancy may arise from the distinction between aesthetic emotions and 

basic emotions in the context of art (8,26). While negative emotions are perceived as life-

threatening in basic emotions (29), they are considered rewarding in aesthetic emotions (30,31). 

The aesthetic experience of sad music is associated with trait empathy(32), suggesting the 

specific role of sad music in fostering shared aesthetic emotion across modalities. Moreover, vivid 

paintings were more dominant than bleak ones in all conditions in Experiments 1 and 2 (see 

Figure S2), suggesting a ceiling effect where a perceptual bias driven by positive valence and 

high arousal persisted irrespectively of the presence of music. This bias can be partially explained 

by traditional interocular competition theory, which suggests that rivalry dynamics are affected by 

the valence and arousal of image through early bottom-up processing. The difference in visual 

complexity between the two types of paintings might also contribute to this effect. Notably, even 

after controlling for the baseline perceptual bias toward vivid paintings in Experiment 3, we still 

only observed the top-down modulation effect by sad music on bleak paintings. Considering that 

the bleak painting and sad flute music were more difficult to identify than the vivid painting and 

lively flute music (Figure 1c), respectively, the observed congruency effect for sad music but not 

for lively music supports the inverse effectiveness principle in multimodal integration (33).  

Moreover, we uncovered a bottom-up modulation of musical tempo on the temporal 

alternations of binocular rivalry, a phenomenon not previously documented. While it could be 

contended that the effects of musical rhythm and aesthetic emotion on visual perception may 

coexist due to the hierarchical organization of music, our results revealed that, for patches, the 

accelerating effect of lively music on the normalized SR persisted when compared to sad music 

(Experiment 4) or a slower tempo version of lively music (Experiment 5). These findings solidify 

the independent role of musical tempo in influencing rivalry dynamics through bottom-up 

entrainment. Given the propensity of our intrinsic neural oscillations to synchronize with external 

rhythmic stimuli, thereby inducing subsequent perceptual oscillations (34,35), it is plausible that 

the oscillations of visual awareness are coupled with musical tempo, perceived as an “external” 

influence. Specifically, compared with sad music (0.63 Hz), lively flute music with a significantly 

faster tempo (2.87 Hz) has a significantly higher frequency than the frequency of visual switching 

in Experiments 1 to 5 (baseline SR: 0.21 Hz, 0.20 Hz, 0.25 Hz, 0.32 Hz, and 0.43 Hz, respectively, 

ps < .001, Cohen’s ds > 1.22, one sample t-tests), indicating audio-visual oscillation alignment. 

However, no visual entrainment was observed with the manipulated “lively” music with a slower 

tempo (1 Hz), possibly due to the restriction of intrinsic oscillations in primary auditory and visual 
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cortices to specific δ-θ bands (2–7 Hz) in humans (36). Surprisingly, this bottom-up effect also 

disappeared for inverted paintings. One possible explanation is that while top-down modulation 

needs to act on global and meaning visual information, bottom-up entrainment may rely more on 

local and non-meaning information. Inverted paintings may fall between the two, resulting in a 

suboptimal bottom-up effect. 

Additionally, we delved into the interplay between the top-down and bottom-up mechanisms 

unveiled in this study. Contrary to Intaitė et al. (37), who suggested that top-down and bottom-up 

processes independently influenced the perception of ambiguous figures, our findings revealed 

significant, albeit distinct, interaction patterns between these two mechanisms when participants 

listened to music with different aesthetic emotions. This divergence in interaction pattern may be 

attributed to the increased difficulty in identifying the aesthetic emotion of bleak paintings 

compared to vivid ones. Consequently, tracking the musical tempo became relatively easier for 

sad music, enabling individuals to effectively capture the hierarchical information of the music, 

thus facilitating the top-down congruency effect. Conversely, enhanced entrainment to lively 

music resulted in a reduced cross-modal congruency effect in Experiment 1. This can be 

explained by the inherent perceptual dominance advantage of vivid paintings, whereby better 

synchronization with lively music led to faster switching, ultimately diminishing the cross-modal 

congruency effect. 

Interestingly, the top-down modulation and bottom-up entrainment mechanisms were not 

only interdependent but also associated with individual music reward sensitivity, especially in the 

social reward sub-dimension. This finding is consistent with previous studies showing that social 

interaction ability was correlated with the perceptual switch of red and green checkerboards (38) 

but did not affect the awareness of rival gratings in a clock-wise rotating predictive context (39). It 

is plausible that as individuals experience greater social bonding through music, the capacity of 

music to forge connections with the visual world and foster shared aesthetic perception becomes 

more pronounced. The lack of correlations between top-down and bottom-up mechanisms and 

their relationships with music reward sensitivity in Experiment 3 may be caused by the relatively 

small sample size. 

The limitations of the current study include imperfect control over the visual complexity of 

paintings and auditory complexity of music. Due to the limited numbers of paintings and pieces of 

music used, and slightly inconsistent result patterns across stimuli and experiments, the 

generalization of our findings needs further investigations with larger sample sizes. Additionally, 

although aesthetic emotion is a universal term in art, we cannot isolate the independent roles of 

musical emotion and semantics in binocular rivalry of paintings. It is also unclear at which level 

the interaction of aesthetic emotions in music and painting occurs. Future studies should 

determine the specific level and corresponding neural mechanisms underlying cross-modal 

interactions in audio-visual art scenes. 
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In conclusion, our study revealed two noteworthy cross-modal mechanisms on binocular 

rivalry in an artistic context. The hierarchical organization of music, specifically its aesthetic 

emotion and tempo, modulated the selection and alternation of visual awareness of paintings, 

respectively. Notably, these two mechanisms were interdependent and correlated with individual 

sensitivity to music social reward. These findings support the predictive coding models in 

explaining binocular rivalry (40,41) and deepen our understanding of the complex cognitive 

processes underlying multisensory perception. By revealing how music can enhance the 

appreciation and perception of abstract visual works in an immersive and multisensory manner, 

our findings pave the way for future research aimed at exploring the potential applications of 

music in art education and therapy. 

 

Materials and Methods 

Participants. A total of 138 naïve observers participated in the 5 main experiments. Forty-five 

subjects participated in Experiment 1 (26 females, mean age = 22.7 ± 3.0 years), 49 participated 

in Experiment 2 (28 females, mean age = 23.2 ± 2.7 years), 32 participated in Experiment 3 (19 

females, mean age = 24.4 ± 2.8 years), 20 participated in Experiment 4 (10 females, mean age = 

22.5 ± 3.1 years) and the other 20 participated in Experiment 5 (11 females, mean age = 25.3 ± 

3.5 years), with 28 (14 females, mean age = 22.5 ± 2.5 years) participated in both Experiments 1 

and 2. A power analysis using G*Power (42) revealed that a sample size of at least 25 

participants and 14 participants could ensure sufficient power (one-tailed; Cohen’s d = 0.7; α = 

0.05; 1-β = 0.99) to detect a congruency effect in cross-modal binocular rivalry using images (17) 

and patches (16), respectively. Given that the traditional Chinese paintings used in Experiments 

1-3 were complex images which were never addressed in previous studies, we increased the 

sample size to over thirty. All participants were screened using the Beck Depression Inventory—

Second Edition (BDI-II) (43) to exclude those with potential impact of depression (BDI score < 4), 

and completed the Chinese version of Barcelona Music Reward Questionnaire (BMRQ) (44) to 

assess music reward sensitivity. All participants had normal hearing (binaural pure tone average 

< 25 dB hearing level at 250-8000 Hz), normal or corrected-to-normal vision, normal stereoacuity, 

and no strong eye dominance as defined by the binocular rivalry calibration before the formal 

experiments. Neither color blindness nor color weakness were reported from all participants. The 

research was approved by the Ethics Committee of the Institute of Psychology, Chinese 

Academy of Sciences. All participants provided written informed consent before the study and 

were paid 50 RMB per hour for their participation. 

Apparatus. The rival stimuli were presented using Psychtoolbox-3 (http://psychtoolbox.org/) in 

MATLAB R2016a (MathWorks) on a 17-inch CRT monitor (Lenovo LXB-HF769A, 1024×768 

resolution, 85-Hz refresh rate) at a distance of 60 cm in all experiments. After the participants 
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pressed the space button of the keyboard, two rival stimuli were displayed side by side on the 

CRT monitor and fused with a mirror stereoscope. A chinrest mounted to the electric lifting 

platform was used to maintain the head position. The auditory stimuli were initialized by 

PsychPortAudio and presented binaurally through a Sennheiser HD650 Pro headphone. 

Visual Stimuli. In Experiments 1-3, the visual stimuli were paintings selected from a database for 

emotion and aesthetic analysis of traditional Chinese paintings which was validated by 20 

participants without professional art training (45). These Chinese paintings were cropped into 

squares with good picture clarity, suitable size, and arrangement, sharing the same size and 

resolution (100*100 pixel for pretest and 354*354 pixel for binocular rivalry tasks). To minimize 

the “semantic loss” caused by cropping, only the seals, inscription or other blank areas were 

cropped. The color of each painting was rescaled into gray and other low-level properties such as 

luminance and contrast were controlled. An exception is that, in Experiment 3, the luminance of 

the bleak painting was increased to eliminate the perceptual advantage of the vivid painting, 

ensuring an equal predominance score under the no-music baseline condition. All image editing 

operations were conducted using Adobe Photoshop CC 2017 (Adobe Systems Incorporated). 

The final five Chinese traditional paintings (2 vivid and 3 bleak, one vivid painting was replicated 

in Experiment 3, see Figure 2) were selected by matching the aesthetic emotion (vivid or bleak) 

with chosen music excerpts (see Figure S1 and Pretest for details). The aesthetic emotion of 

paintings was confirmed by participants after the binocular rivalry task (see Figure 1c and 

Subjective assessments for details). As shown in Figure 1b, the vivid and bleak paintings 

differed significantly on the level of pleasure (t(93) = 11.92, p < .001, Cohen’s d = 1.23, 95% 

confidence interval (CI) for the mean difference = [1.04,1.45]), and arousal (t(93) = 4.82, p < .001, 

Cohen’s d = 0.50, 95% CI for the mean difference = [0.36,0.86]). To minimize binocular fusion 

perception, the tone of the paintings was adjusted to red or green, and the tone was 

counterbalanced across trials for each pair of paintings. In Experiments 4 and 5, the visual stimuli 

were one red and one green Gabor patches of sine-wave gratings (5 cycles/deg) with orthogonal 

orientations (±45° from vertical), smoothed at the edges with a Gaussian filter. 

Auditory Stimuli. The auditory stimuli were four 1-minute Chinese folk music clips with 

combinations of aesthetic emotions (sad or lively) and timbres (flute or erhu), chosen from 8 

music excerpts through an audio-visual matching pretest (Figure S1, see Pretest for details). 

The two chosen sad music clips are “Performing with an only string” 《独弦操》 (sad erhu music), 

“Solitary Orchid Greeting the Spring” 《幽兰逢春》 (sad flue music), and the two lively music clips 

are “Birds Are Singing in Tranquil Valley”《空山鸟语》 (lively erhu music), “Spring Visiting Xiang 

Jiang River”《春到湘江》 (lively flute music). The aesthetic emotions of music were confirmed by 

participants in Experiments 1-3 after the binocular rivalry task (see Figure 1c and Subjective 
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assessments for details). As shown in Figure 1b, the lively and sad music differed significantly 

on pleasure (t(123) = 28.29, p < .001, Cohen’s d = 2.54, 95% CI for mean difference = [0.78, 

1.21]) and arousal (t(123) = 3.70, p < .001, Cohen’s d = 0.33, 95% CI for mean difference = [0.19, 

0.64]). The average tempo of music excerpts was 39 beats per minute (bpm) for sad erhu music, 

38 bpm for sad flute music, 126 bpm for lively erhu music, and 172 bpm for lively flute music. In 

Experiment 5, the lively flute music (172 bpm) was modified into a slower version by only 

changing the musical tempo into 60 bpm. The music excerpts were 32-bit at a sample rate of 

44,100 Hz and matched in terms of average root mean square sound pressure level (SPL). The 

intensity levels of auditory stimuli were calibrated in the experimental environment using a 

Larson-Davis sound level meter (Model 831, Depew, NY), and fixed at 65 dB SPL in all 

experiments. 

Procedure. In Experiments 1-3, the five auditory conditions (no music baseline, lively flute, sad 

flute, lively erhu, sad erhu) were randomly presented in a total of 40 trials, with 8 trials for each 

condition (In Experiment 3, upright and inverted paintings were presented for 4 trials each). In 

each experiment, only one pair of the rival (vivid and bleak) paintings was presented, with 

counterbalanced tone (red and green) and left-right visual field across trials within subject. Before 

the task, calibration was completed after participants adjusted the stereoscope to ensure that the 

two images were perfectly fused and no strong dominance of one eye was reported. In each one-

minute trial, participants started by pressing the ‘space’ key on the computer keyboard, and then 

two rival paintings were presented to each eye field while background music played. They were 

instructed to press the left, right or down key (see Figure 1a) to report the color (red, green or 

mixed) of painting they perceived, and release the key immediately after pressing it to record their 

rivalry fluctuations. The order of keys was counterbalanced across participants. 

In Experiments 4 and 5, participants completed 24 one-minute trials with three randomly 

played auditory conditions (no music baseline, lively flute, sad flute in Experiment 4; no music 

baseline, original lively flute, slower tempo lively flute in Experiment 5). The procedure was the 

same as that in Experiments 1-3, and participants were asked to track their perception of gratings’ 

color (red or green).  

Pretest. To select the music excerpts and paintings with the best matched aesthetic emotions, 

additional 17 subjects (10 females, mean age = 23.1 ± 2.0 years) who have not participated any 

main experiment took part in the pretest for stimuli selection. Specifically, a circular arena with a 

dot in the center position was displayed on a computer screen. Initially, 23 traditional Chinese 

paintings (see Figure S1a in SI) from a validated Chinese paintings database (45)  were randomly 

presented outside and around the arena (see Figure S1b in SI). Participants were informed that 

the distance between the final position of painting and the center of arena indicates the 

congruence of aesthetic emotion between the painting and the music. While listening to music, 

they were instructed to move any item to the proper position by “dragging-and-dropping” it and 
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click the “Done” button to confirm their final decision to turn to the next trial. In each trial, the 

same music was played in a loop until the participant completed the final arrangement. To 

increase the consistency of evaluation, the same song was played three times consecutively. 

This method was established to obtain similarity data from multiple item arrangements (46,47) 

and recently has been widely used to get the similarity of the object features (48) , semantic 

distance (49) and social distance (50).  

The similarity of aesthetic emotion between music and painting was calculated using 

Euclidean distance. We averaged the distances between the center of arena and the positions of 

paintings across the three trials under the same music to ensure the stability of the evaluation 

results. For each music, the four paintings with the smallest distance were considered as the 

best-matched. The final four paintings that were most frequently selected as the best-matched 

ones by all participants were used in the rivalry tasks. As shown in Figure S1c in SI, for sad music, 

58.8% , 41.2% and 52.9% of participants chose the final three bleak paintings for “Performing 

with an only string”, and 41.2%, 47.1% and 41.2% of participants chose the final three bleak 

paintings for “Solitary Orchid Greeting the Spring”. For lively music, 88.2% and 11.8% of 

participants chose the final two vivid paintings for “Birds Are Singing in Tranquil Valley”, and 52.9% 

and 88.2% of participants chosen the final two vivid paintings for “Spring Visiting Xiang Jiang 

River”. Notably, although only 11.8% of participants matched one of the vivid paintings with “Birds 

Are Singing in Tranquil Valley”, we decided to include it in the main experiments as it shares 

elements (i.e. birds and trees) and spatial layout with the other vivid painting. This allowed us to 

maintain the consistency in the semantic content of diverse visual stimuli and minimize fusion 

perception. 

Subjective assessments. After the binocular rivalry task in Experiments 1-3, participants further 

assessed the music and paintings they already heard and seen in the rivalry task. They were 

asked to rate the pleasure (from 1 “negative” to 5 “positive”) and arousal (from 1 “calm” to 5 

“aroused”) as well as choose one of five alternatives to represent the given aesthetic emotion. For 

paintings, the alternatives were “vivid”(“生机”), “elegant”(“雅致”), “magnificent”(“气势”), “quiet”(“清

幽”) and “bleak”(“萧瑟”), while the options for music were “lively” (“灵动”), “excited” (“激扬”), “soft” 

(“轻柔”), “deep” (“深沉”) and “sad” (“悲伤”). All participants expressed their agreement on the 

given aesthetic emotion using a Likert scale ranging from 1 “totally disagree” to 5 “totally agree”, 

regardless of whether they could accurately identify the aesthetic emotion.  

We focused on the identification accuracy, agreement of given aesthetic emotion, and the 

pleasure-arousal rating for each music and painting. The identification accuracy was considered 

as the proportion of people that successfully identified the given aesthetic emotion among all 

participants. One-sample t-tests were performed to examine if the identification accuracy was 
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substantially different from the chance level (20%). The agreement of a specific aesthetic emotion 

was averaged across subjects for each painting and music piece, with the higher agreement 

indicating stronger participant consistency for that aesthetic emotion. For each pair of paintings or 

each pair of music, paired t test was utilized to compare the identification accuracy, agreement 

and pleasure-arousal rating between diverse aesthetic emotions.  

For paintings, as illustrated in Figure 1c (left), the identification accuracy of the vivid and 

bleak paintings was significantly higher than chance level (20%) in Experiments 1 and 2 (ps 

< .001, Cohen’s ds> 0.76, by one-tail one sample t-test, 0.80 ± 0.40 and 0.77 ± 0.42 for the two 

vivid paintings, 0.51 ± 0.50 and 0.64 ± 0.48 for the two bleak paintings). However, in Experiment 

3, only the vivid painting utilized in Experiment 1 was significantly identifiable (0.59 ± 0.50, t(44) = 

9.95, p < .001, Cohen’s d = 1.48, 95% CI for the mean difference = [0.70, ∞]), while the 

identification accuracy of the bleak painting did not differ significantly from the chance level (0.28 

± 0.46, t(31) = 1.01, p = .161). Compared with vivid aesthetic emotion, participants found it harder 

to discriminate bleak aesthetic emotion from other four alternatives for the first pair of paintings in 

Experiments 1 (t(44) = 2.79, p = .008, Cohen’s d = 0.42, by two-tailed paired t-test, 95% CI for the 

mean difference = [0.08, 0.50]) and 3 (t(31) = 2.40, p = .023, Cohen’s d = 0.42, 95% CI for the 

mean difference = [0.05, 0.58]) , with no difference between the second pair of paintings in 

Experiment 2 (t(46) = 1.43, p = .160, Cohen’s d = 0.21, 95% CI for the mean difference = [-

0.05,0.31]). There was no significant difference in degree of agreement on the given aesthetic 

emotion (bleak or vivid) between the two groups of participants in Experiments 1 and 2 (ps > .05, 

Cohen’s ds < 0.20). However, the degree of agreement was significantly higher in vivid paintings 

than in bleak ones in both Experiments 1 (t(44) = 4.11, p < .001, Cohen’s d = 0.61, 95% CI for 

mean difference = [0.34,0.99]), 2 (t(46) = 2.70, p = .010, Cohen’s d = 0.39, 95% CI for mean 

difference = [0.09,0.63]) and 3 (t(31) = 3.54, p = .001, Cohen’s d = 0.63, 95% CI for the mean 

difference = [0.36, 1.33]). 

For music, as shown in Figure 1c (right), the identification accuracy of lively and sad music 

was significantly higher than chance level (20%) (ps < .01, 0.67 ± 0.47 and 0.62 ± 0.49 for two 

lively music, 0.80 ± 0.40 and 0.35 ± 0.48 for two sad music in Experiment 1-3). In Experiment 1-3, 

when the timbre was erhu, there was no significant difference between the identification accuracy 

of lively music and sad music, whereas sad aesthetic emotion was more difficult to be perceived 

than lively aesthetic emotion when the timbre was flute (t(93) = -3.91, p < .001, Cohen’s d = 0.40, 

95% CI for mean difference = [-0.40, -0.13]). Consistently, the degree of agreement was 

significant lower in sad music than in lively music regardless of timbre (flute: t(93) = -3.13, p 

= .002, Cohen’s d = 0.32, 95% CI for mean difference = [-0.56, -0.12]); erhu: t(93) = -2.59, p 

= .011, Cohen’s d = 0.27, 95% CI for mean difference = [-0.53, -0.06]).  

Data analysis. We calculated the predominance scores (PS) and average dominance duration 

(ADD) of each painting, as well as the switch rate (SR) during binocular rivalry. To uncover the 
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specific effects of musical, all measures were normalized to the no-music baseline using the 

formula below. 

The PS, ADD and SR in binocular rivalry were normalized using the following formula: 

Normalized index �  
musical condition � no music baseline

no music baseline
 

PS refers to the proportion of cumulate dominance duration (d) of each painting in the total 

duration without fusion perception during rivalry. In each trial, the bleak painting and vivid painting 

were calculated separately using the following formula: 
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ADD indicates the average duration across the total number (N) perceived by the participant, 

and calculated in each trial as: 
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SR represents the alternative rate between the two paintings in Experiments 1 and 2 or 

between the two patches in Experiments 3 and 4, and this index was calculated across trials as: 
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For each normalized measure in each musical condition, outliers (2.5 standard deviation away 

from the mean) were first excluded, and one-sample t-tests were first performed to examine the 

specific musical effect. Then one-tailed paired t-tests were performed on the normalized PS and 

ADD between congruent and incongruent music-painting pairs to test the facilitating effect of 

cross-modal congruency effect in Experiments 1-3. Furthermore, two-tailed paired t-tests were 

performed in all experiments to compare the normalized SR under each musical condition. 

Pearson’s correlation was used to test the relationship between the top-down (normalized PS and 

ADD) and bottom-up (normalized SR) effects within the same musical condition. 

Finally,  Pearson’s correlations were calculated between the BMRQ score and normalized 

measures to test the relationship between musical reward sensitivity and musical effects on 

binocular rivalry. False discovery rate (FDR) correction was used for multiple comparisons. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 21, 2024. ; https://doi.org/10.1101/2024.09.17.613593doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.17.613593
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

17 

 

Acknowledgments 

This research was supported by grants from the STI 2030-Major Projects 2021ZD0201500 (Y.D.) 

and 2021ZD0203800 (Y.J.), the National Natural Science Foundation of China 32430043 (Y.J.), 

and the Strategic Priority Research Program of Chinese Academy of Sciences XDB32010300 

(Y.D. and Y.J.). The authors would like to thank Yan Gao for providing the painting dataset, 

Baishen Liang and Xiaonan Li for help with pretest preparation, and Peijun Yuan and Tian Yuan 

for setting up binocular rivalry task. 

 

References 

 
1. Koelsch, S., Kasper, E., Sammler, D., Schulze, K., Gunter, T., & Friederici, A. D. (2004). Music, 

language and meaning: brain signatures of semantic processing. Nature neuroscience, 
7(3), 302-307. https://doi.org/10.1038/nn1197  

2. Koelsch, S. (2011). Towards a neural basis of processing musical semantics. Physics of Life 

Reviews. https://doi.org/10.1016/j.plrev.2011.04.004  
3. Meyer, L. (1956). Emotion and meaning in music. Chicago:University of Chicago Press.  
4. Kim, J., & Kim, J. Y. (2020). Fixation Differences in Spatial Visual Perception During Multi-

sensory Stimulation. Frontiers in Psychology, 11, 132. 
https://doi.org/10.3389/fpsyg.2020.00132  

5. Krasich, K., Kim, J., Huffman, G., Klaffehn, A. L., & Brockmole, J. R. (2021). Does task-irrelevant 
music affect gaze allocation during real-world scene viewing? Psychonomic bulletin & 

review, 28(6), 1944-1960. https://doi.org/10.3758/s13423-021-01947-4  
6. Braun Janzen, T., de Oliveira, B., Ventorim Ferreira, G., Sato, J. R., Feitosa-Santana, C., & 

Vanzella, P. (2022). The effect of background music on the aesthetic experience of a 
visual artwork in a naturalistic environment. Psychology of Music. 
https://doi.org/10.1177/03057356221079866  

7. Gori, M., Burr, D., & Campus, C. (2024). Disambiguating vision with sound. Current Biology, 
34(6), R235-R236. https://doi.org/10.1016/j.cub.2024.01.043  

8. Trost, W., Ethofer, T., Zentner, M., & Vuilleumier, P. (2012). Mapping Aesthetic Musical 
Emotions in the Brain. Cerebral Cortex, 22(12), 2769-2783. 
https://doi.org/10.1093/cercor/bhr353  

9. Menninghaus, W., Wagner, V., Wassiliwizky, E., Schindler, I., Hanich, J., Jacobsen, T., & 
Koelsch, S. (2019). What are aesthetic emotions? Psychological Review, 126(2), 171-195. 
https://doi.org/10.1037/rev0000135  

10. Cowen, A. S., Fang, X., Sauter, D., & Keltner, D. (2020). What music makes us feel: At least 13 
dimensions organize subjective experiences associated with music across different 
cultures. Proceedings of the National Academy of Sciences, 117(4), 1924-1934. 
https://doi.org/10.1073/pnas.1910704117  

11. Alais, D., & Blake, R. (2005). Binocular rivalry. MIT Press.  
12. Bressler, D. W., Denison, R. N., & Silver, M. A. (2013). High-level modulations of binocular 

rivalry: Effects of stimulus configuration, spatial and temporal context, and observer 
state. In M. S. M (Ed.), The constitution of visual consciousness: Lessons from binocular 

rivalry (pp. 253-280). John Benjamins.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 21, 2024. ; https://doi.org/10.1101/2024.09.17.613593doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.17.613593
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

18 

 

13. Lunghi, C., Morrone, M. C., & Alais, D. (2014). Auditory and tactile signals combine to 
influence vision during binocular rivalry. Journal of Neuroscience, 34(3), 784-792. 
https://doi.org/10.1523/JNEUROSCI.2732-13.2014  

14. Davidson, M. J., Alais, D., van Boxtel, J. J., & Tsuchiya, N. (2018). Attention periodically 
samples competing stimuli during binocular rivalry. Elife, 7. 
https://doi.org/10.7554/eLife.40868  

15. Lunghi, C., Binda, P., & Morrone, M. C. (2010). Touch disambiguates rivalrous perception at 
early stages of visual analysis. Current Biology, 20(4), R143-144. 
https://doi.org/10.1016/j.cub.2009.12.015  

16. van der Groen, O., van der Burg, E., Lunghi, C., & Alais, D. (2013). Touch influences visual 
perception with a tight orientation-tuning. PLoS One, 8(11), e79558. 
https://doi.org/10.1371/journal.pone.0079558  

17. Zhou, W., Jiang, Y., He, S., & Chen, D. (2010). Olfaction modulates visual perception in 
binocular rivalry. Current Biology, 20(15), 1356-1358. 
https://doi.org/10.1016/j.cub.2010.05.059  

18. Chen, Y. C., Yeh, S. L., & Spence, C. (2011). Crossmodal constraints on human perceptual 
awareness: auditory semantic modulation of binocular rivalry. Frontiers in Psychology, 2, 
212. https://doi.org/10.3389/fpsyg.2011.00212  

19. Zhou, W., Zhang, X., Chen, J., Wang, L., & Chen, D. (2012). Nostril-specific olfactory 
modulation of visual perception in binocular rivalry. Journal of Neuroscience, 32(48), 
17225-17229. https://doi.org/10.1523/JNEUROSCI.2649-12.2012  

20. Jertberg, R., Levitan, C. A., & Sherman, A. (2019). Multisensory processing of facial 
expressions in binocular rivalry. Emotion, 19(7), 1214-1223. 
https://doi.org/10.1037/emo0000522  

21. Sun, Y., Lu, X., Williams, M., & Thompson, W. F. (2019). Implicit violent imagery processing 
among fans and non-fans of music with violent themes. Royal Society open science, 6(3), 
181580. https://doi.org/10.1098/rsos.181580  

22. Lee, M., Blake, R., Kim, S., & Kim, C. Y. (2015). Melodic sound enhances visual awareness of 
congruent musical notes, but only if you can read music. Proceedings of the National 

Academy of Sciences of the United States of America, 112(27), 8493-8498. 
https://doi.org/10.1073/pnas.1509529112  

23. Kim, S., Blake, R., Lee, M., & Kim, C. Y. (2017). Audio-visual interactions uniquely contribute 
to resolution of visual conflict in people possessing absolute pitch. PLoS One, 12(4), 
e0175103. https://doi.org/10.1371/journal.pone.0175103  

24. Mas-Herrero, E., Karhulahti, M., Marco-Pallares, J., Zatorre, R. J., & Rodriguez-Fornells, A. 
(2018). The impact of visual art and emotional sounds in specific musical anhedonia. 
Progress in brain research, 237, 399-413. https://doi.org/10.1016/bs.pbr.2018.03.017  

25. Jiang, Y., Costello, P., & He, S. (2007). Processing of Invisible Stimuli: Advantage of Upright 
Faces and Recognizable Words in Overcoming Interocular Suppression. Psychological 

Science, 18(4), 349-355. https://doi.org/10.1111/j.1467-9280.2007.01902.x  
26. Juslin, P. N. (2013). From everyday emotions to aesthetic emotions: Towards a unified 

theory of musical emotions. Physics of Life Reviews, 10(3), 235-266. 
https://doi.org/10.1016/j.plrev.2013.05.008  

27. Margulis, E. H., Wong, P. C. M., Turnbull, C., Kubit, B. M., & McAuley, J. D. (2022). Narratives 
imagined in response to instrumental music reveal culture-bounded intersubjectivity. 
Proceedings of the National Academy of Sciences, 119(4). 
https://doi.org/10.1073/pnas.2110406119  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 21, 2024. ; https://doi.org/10.1101/2024.09.17.613593doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.17.613593
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

19 

 

28. Taruffi, L., Skouras, S., Pehrs, C., & Koelsch, S. (2021). Trait Empathy Shapes Neural 
Responses Toward Sad Music. Cognitive, Affective, & Behavioral Neuroscience, 21(1), 
231-241. https://doi.org/10.3758/s13415-020-00861-x  

29. Liu, D., Wang, L., Wang, Y., & Jiang, Y. (2016). Conscious Access to Suppressed Threatening 
Information Is Modulated by Working Memory. Psychological Science, 27(11), 1419-
1427. https://doi.org/10.1177/0956797616660680  

30. Hanich, J., Wagner, V., Shah, M., Jacobsen, T., & Menninghaus, W. (2014). Why we like to 
watch sad films. The pleasure of being moved in aesthetic experiences. Psychology of 

Aesthetics, Creativity, and the Arts, 8(2), 130.  
31. Vuoskoski, J. K., & Eerola, T. (2017). The Pleasure Evoked by Sad Music Is Mediated by 

Feelings of Being Moved. Frontiers in Psychology, 8. 
https://doi.org/10.3389/fpsyg.2017.00439  

32. Eerola, T., Vuoskoski, J. K., Kautiainen, H., Peltola, H. R., Putkinen, V., & Schäfer, K. (2021). 

Being moved by listening to unfamiliar sad music induces reward‐related hormonal 

changes in empathic listeners. Annals of the New York Academy of Sciences, 1502(1), 
121-131. https://doi.org/10.1111/nyas.14660  

33. Meredith, M. A., & Stein, B. E. (1986). Spatial factors determine the activity of multisensory 
neurons in cat superior colliculus. Brain research(2), 350-354.  

34. Hickok, G., Farahbod, H., & Saberi, K. (2015). The Rhythm of Perception: Entrainment to 
Acoustic Rhythms Induces Subsequent Perceptual Oscillation. Psychological Science, 
26(7), 1006-1013. https://doi.org/10.1177/0956797615576533  

35. Howard, M. F., & Poeppel, D. (2010). Discrimination of speech stimuli based on neuronal 
response phase patterns depends on acoustics but not comprehension. Journal of 

neurophysiology, 104(5), 2500-2511. https://doi.org/10.1152/jn.00251.2010  
36. Luo, H., Liu, Z., & Poeppel, D. (2010). Auditory Cortex Tracks Both Auditory and Visual 

Stimulus Dynamics Using Low-Frequency Neuronal Phase Modulation. PLoS Biology, 
8(8). https://doi.org/10.1371/journal.pbio.1000445  

37. Intaitė, M., Noreika, V., Šoliūnas, A., & Falter, C. M. (2013). Interaction of bottom-up and 
top-down processes in the perception of ambiguous figures. Vision research, 89, 24-31. 
https://doi.org/10.1016/j.visres.2013.06.011  

38. Spiegel, A., Mentch, J., Haskins, A. J., & Robertson, C. E. (2019). Slower Binocular Rivalry in 
the Autistic Brain. Current Biology, 29(17), 2948-2953.e2943. 
https://doi.org/10.1016/j.cub.2019.07.026  

39. Valuch, C., & Kulke, L. (2020). Predictive context biases binocular rivalry in children and 
adults with no positive relation to two measures of social cognition. Scientific Reports, 
10(1), 2059. https://doi.org/10.1038/s41598-020-58921-8  

40. Hohwy, J., Roepstorff, A., & Friston, K. (2008). Predictive coding explains binocular rivalry: an 
epistemological review. Cognition, 108(3), 687-701. 
https://doi.org/10.1016/j.cognition.2008.05.010  

41. Jack, B. N., & Hacker, G. (2014). Predictive coding explains auditory and tactile influences on 
vision during binocular rivalry. Journal of Neuroscience, 34(19), 6423-6424. 
https://doi.org/10.1523/JNEUROSCI.1040-14.2014  

42. Faul, F., Erdfelder, E., Buchner, A., & Lang, A. G. (2009). Statistical power analyses using 
G*Power 3.1: tests for correlation and regression analyses. Behavior Research Methods, 

Instruments, & Computers, 41(4), 1149–1160. https://doi.org/10.3758/BRM.41.4.1149  
43. Beck, A. T., Steer, R. A. , & Brown, G. K. (1996). Beck depression inventory (2nd ed.). 

Psychological Corporation.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 21, 2024. ; https://doi.org/10.1101/2024.09.17.613593doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.17.613593
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

20 

 

44. Mas-Herrero, E., Marco-Pallares, J., Lorenzo-Seva, U., Zatorre, R. J., & Rodriguez-Fornells, A. 
(2013). Individual Differences in Music Reward Experiences. Music Perception, 31(2), 
118-138. https://doi.org/10.1525/mp.2013.31.2.118  

45. Zhan, Y., Gao, Y., & Xie, L. Y. (2019). Database for emotion and aesthetic analysis of 
traditional Chinese paintings. Journal of Image and Graphics, 24(12), 2267-2278.  

46. Goldstone, R. (1994). An efficient method for obtaining similarity data. Behavior Research 

Methods, Instruments, & Computers, 26, 381–386. 
https://doi.org/https://doi.org/10.3758/BF03204653  

47. Kriegeskorte, N., & Mur, M. (2012). Inverse MDS: Inferring Dissimilarity Structure from 
Multiple Item Arrangements. Frontiers in Psychology, 3, 245. 
https://doi.org/10.3389/fpsyg.2012.00245  

48. Morgenstern, Y., Hartmann, F., Schmidt, F., Tiedemann, H., Prokott, E., Maiello, G., & 
Fleming, R. W. (2021). An image-computable model of human visual shape similarity. 
PLoS computational biology, 17(6), e1008981. 
https://doi.org/10.1371/journal.pcbi.1008981  

49. Nishida, S., Blanc, A., Maeda, N., Kado, M., & Nishimoto, S. (2021). Behavioral correlates of 
cortical semantic representations modeled by word vectors. PLoS computational 

biology, 17(6), e1009138. https://doi.org/10.1371/journal.pcbi.1009138  
50. Son, J. Y., Bhandari, A., & FeldmanHall, O. (2021). Cognitive maps of social features enable 

flexible inference in social networks. Proceedings of the National Academy of Sciences of 

the United States of America, 118(39). https://doi.org/10.1073/pnas.2021699118  
 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 21, 2024. ; https://doi.org/10.1101/2024.09.17.613593doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.17.613593
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

21 

 

Figures and Tables 

Table 1. The total score and subset scores of music reward sensitivity correlated with the 
difference of the normalized PS and ADD between congruent and incongruent conditions 
and the normalized SR in binocular rivalry. 
 

 

Normalized PS Normalized ADD Normalized SR 

Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2 
BMRQ  
total score 

n.s. Sad flute 
(bleak-vivid) 

0.303 

n.s. n.s. Sad flute 
0.312 

Sad flute 
0.328 

     Lively flute 
0.344 

 

Social 
Reward 

n.s. Sad flute 
(bleak-vivid) 

0.398* 

n.s. Lively erhu 

（vivid-bleak） 
0.407* 

Lively flute 
0.322 

Lively flute 
0.355* 

   Bleak painting 

（sad-lively erhu） 
0.537** 

 Sad flute 
0.394* 

Sensory-
Motor 

n.s. Sad flute 
(bleak-vivid) 

0.417* 

Bleak painting 

（sad-lively flute） 
0.352 

n.s. Sad flute 
0.340 

Sad flute 
0.344 

Music 
Seeking 

n.s. n.s. Lively erhu 

（vivid-bleak） 
0.324 

n.s. n.s. n.s. 

Emotional 
Evocation 

n.s. n.s. n.s. n.s. n.s. n.s. 

Mood 
Regulation 

n.s. n.s. n.s. n.s. n.s. n.s. 

Note: n.s., not significant. Coefficients not in bold are significant correlations without any 
corrections.  

** p < .01, * p < .05 after FDR correction. 
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Figure 1. Experimental setting and emotion evaluation of stimuli. a) The rivalry stimuli were 
presented on a Cathode Ray Tube (CRT) monitor at a distance of 60 cm, while participants 
viewed the stimuli through the stereoscope. Participants’ head was comfortably maintained on a 
chin rest mounted to the electric experiment lifting platform to keep a stable visual angle. They 
were asked to press ‘left arrow’, ‘right arrow’ or ‘down arrow’ to indicate the color of painting (red, 
green or fusion) they perceived in real time. The order of buttons was counterbalanced across 
participants and the color of paintings was counterbalanced across trials. b) Subjective ratings of 
paintings and music show a distribution of two categories along dimensions of arousal (horizontal 
axis, red) and pleasure (vertical axis, green). Orange color indicates vivid paintings (circles) or 
lively music (triangles), blue color indicates bleak paintings (circles) or sad music (triangles). The 
ratings for the same painting or piece of music were pooled across Experiments 1-3. c) Overall 
identification accuracy and agreement (1 to 5 from “totally disagree” to “totally agree”, indicated 
by the color of bars) of the aesthetic emotions for paintings and music among all participants in 
Experiments 1-3. Dashed lines indicate the chance level (20%). * p <�0.05, ** p <�0.01, *** p < 
0.001 by one-sample t-tests, indicating that the accuracy was significantly above chance level. 
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Figure 2. Sad music increased the normalized average dominance duration (ADD) and 
predominance score (PS) of upright bleak paintings. The normalized ADD and PS of upright 
bleak (blue) and vivid (orange) paintings were shown under sad or lively music background in 
Experiment 1 (a), Experiment 2 (b) and Experiment 3 (c), along with the inverted condition in 
Experiment 3 (d). Compared to vivid paintings, sad music significantly increased the normalized 
ADD and PS of bleak paintings in Experiment 1 (regardless of music timbre) and Experiment 3 
(especially for flute music). Compared to lively music, sad erhu music significantly increased the 
normalized ADD of upright bleak paintings across Experiments 1-3. These effects were not 
observed for inverted paintings. The valid sample sizes after excluding the outliers are shown on 
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top of each vertical axis for each dataset. * FDR-corrected p < 0.05, ** FDR-corrected p < 0.01 by 
one-tailed paired t-tests.  
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Figure 3. Musical tempo affected the switch rate (SR) of both paintings and patches in 
binocular rivalry. The normalized SR of original paintings in Experiments 1-3 (a, b, c), inverted 
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paintings in Experiment 3 (d) and red-green patches in Experiments 4 and 5 (e, f). Compared to 
the sad music, listening to the lively music significantly increased the normalized SR of original 
paintings in both Experiments 1-3, as well as the normalized SR of patches in Experiment 4. 
Similarly, in Experiment 5, compared to an adjusted version of the lively music with a slower 
tempo (bpm = 60), the original lively music with a faster tempo (bpm = 172) significantly speeded 
the normalized SR of patches. The valid sample sizes after excluding the outliers are shown on 
top of each vertical axis for each dataset, * FDR-corrected p < 0.05, ** FDR-corrected p < 0.01 by 
one-sample t-tests and one-tailed paired t-tests. 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 21, 2024. ; https://doi.org/10.1101/2024.09.17.613593doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.17.613593
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

27 

 

Supplemental Information (SI) 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 21, 2024. ; https://doi.org/10.1101/2024.09.17.613593doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.17.613593
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

28 

 

Figure S1. Music-painting matching pretest (N = 17). a) The original 23 traditional Chinese 
paintings used in the pretest. b) Procedure of the pretest. The paintings were initially presented 
randomly outside an arena with music playing (left panel). The participants were instructed to 
drag the paintings inside the arena according to the similarity of the aesthetic emotion they felt 
between the painting and the current music (closer to the center of the arena for more similarity). 
The right panel shows an example of the final arrangement when listening to sad erhu music. c) 
The proportion of each painting that was chosen as the closest four to each of the 8 music 
excerpts. In a) and c), the red borders indicate the final selected paintings used as the rivalry 
stimuli in the main experiments, and the pink borders indicate those with high similarity to the 
music excerpt but were not used because of their high rate of fusion or obvious perceptual 
dominance of vivid painting during binocular rivalry. 

 

 

 

 

Figure S2. Perceptual dominance of vivid paintings regardless of music in Experiments 1 
and 2, and equal dominance of bleak and vivid paintings in no music baseline in 
Experiment 3. In both sad and lively musical conditions and the no music baseline condition, the 
average dominance duration (a) and the predominance score (b) of the vivid painting were 
significantly higher than those of the bleak painting in both Experiments 1 and 2. (c) In no music 
baseline condition, there is no significant difference in the predominance score and the averaged 
dominance duration of bleak and vivid paintings. * p < 0.05, ** p < 0.01, *** p < 0.001 by paired t-
tests, FDR corrected.  
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Figure S3. Different correlation patterns between top-down modulation (indexed by PS and 
ADD) and bottom-up entrainment (indexed by SR) in sad and lively music. The correlations 
of the dominant difference (indexed by normalized PS) between bleak and vivid paintings and the 
normalized SR when listening to sad music (blue points) in Experiment 1(top left panel) and 2 
(top right panel). The correlations of the dominant difference (bottom left panel: indexed by 
normalized PS, bottom right panel: indexed by normalized ADD) between vivid and bleak 
paintings and the normalized SR when listening to lively music (orange points) in Experiment 1. 
When listening to sad music, the normalized SR was positively correlated with the difference of 
normalized PS of bleak and vivid painting. Reversely, when listening to lively music, the 
normalized SR was negatively correlated with the difference of normalized PS of bleak and vivid 
painting. The statistics were conducted using Pearson’s correlations, and fitted by linear model. * 
FDR-corrected p < 0.05, ** FDR-corrected p < 0.01. 
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