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Editorial on the Research Topic
 Crossmodal correspondence




Over the last decade or so, there has been an explosion of scientific research interest in the crossmodal correspondences, this the name given to the often surprising, yet consensual, associations that have been documented between a growing number of basic sensory features, attributes, and dimensions in different sensory modalities (see Spence, 2011, for a review). So, for example, people have been shown to match auditory pitch with visual elevation, size, lightness, etc. Over the years, several different mechanisms have been put forward to help explain the existence of such crossmodal correspondences, including the statistical account, the structural (or neurophysiological) account, a semantic/lexical account, and an account in terms of emotional-mediation. It is, however, important to note that these various explanations should not be treated as mutually exclusive. Indeed, several or perhaps all of them may help to explain a variable proportion of the various different correspondences that have been documented to date.

The 13 papers that were eventually accepted for this Research Topic effectively serve to highlight the global growth of research interest in this emerging phenomenon currently. What is also striking is how the articles collected together here range well-beyond the pitch-based audiovisual correspondences that attracted so much of the interest in correspondences research previously (see Spence and Sathian, 2020, for a review). Recently, researchers have increasingly started to investigate group differences in crossmodal correspondences as well as studying when in human development humans start to express a sensitivity to such crossmodal correspondences (see Spence, 2022, for a review). The latter approach is illustrated in this Research Topic by an exploratory study reported by Meng et al. in which crossmodal correspondences between visual features (such as shape/angularity and color) and tastes (e.g., bitter, sweet, sour, salty) were assessed in a group of pre-schoolers. Importantly, several important factors that have been suggested to affect/constrain the crossmodal correspondences include their context-dependence (Motoki and Velasco, 2021), their automaticity (Spence and Deroy, 2013b; Getz and Kubovy, 2018), and their bidirectionality (Motoki et al., 2023; Yang et al., 2023; Chen and Huang). These topics are addressed in several of the contributions here. Chen and Huang showed that the sound-shape correspondences are not completely automatic, but their modulation was bidirectionally symmetrical once it occurred. The bidirectionality of crossmodal correspondences means that effects on visual perception can be elicited by stimuli from other sensory modalities, such as gustatory and/or olfactory stimuli, as highlighted by a couple of the intriguing submissions in this Research Topic (e.g., Ward et al.; Yang et al., 2023). Ward et al. used an achromatic adjustment task to show that the presence of odors modulates color perception. Such crossmodal effects on vision are surprising inasmuch as vision is so often found to be the dominant sense in multisensory research (Hutmacher, 2019).

“Sonic seasoning”, the generic name for the modification of the taste and flavor based on listening to music that corresponds crossmodally to the dominant tastes/flavors of food and drink that have been documented between sound and the chemical senses also continues to attract much research interest. The experimental paper from Xu et al. investigates the role of self-construal priming on the effectiveness of sonic seasoning. Meanwhile, the paper from Mesz et al. investigates emotional associations with music-based crossmodal correspondences.

Historically, the role of crossmodal correspondences in helping to solve the crossmodal binding problem has occupied the attention of many researchers (Chen and Spence, 2017). At the same time, the paper by Yang et al. (2023) demonstrates that the crossmodal correspondence between color and taste influences performance on the well-established Stroop task. However, what is striking about so many of the articles that are collected together here is how they attempt to apply our growing understanding of the crossmodal correspondences to a range of real-world applications: this includes everything from a consideration of the potential facilitatory role of designing human augmentation systems based on the crossmodal correspondences (see Pinardi et al.), through to the use of crossmodal correspondences to help describe, communicate about, and market wine (Crichton-Fock, Spence, Mora, et al.; Crichton-Fock, Spence, and Pettersson). At the same time, the crossmodal correspondences clearly also help to provide guidelines for the design of multisensory experiential events (see Velasco and Spence, 2022, for a review). Meanwhile, the article from Ogata et al. reports some intriguing results concerning the impact of the shape of chocolate on taste ratings, based on the literature on shape-taste crossmodal correspondences (see Spence, 2014).

One other area of continuing research interest concerns the relationship between crossmodal correspondences, synaesthesia, and mental imagery (Rader and Tellegen, 1987; Martino and Marks, 2001; Spence and Deroy, 2013a; Nanay, 2020). Relevant here, the paper by Hitsuwari and Nomura details research validating a Japanese version of the Plymouth Sensory Imagery Questionnaire which provides researchers with a means of assessing the strength of mental imagery in each of the senses.

Extending the scope of crossmodal correspondences research, this Research Topic also includes a couple of papers that might best be classified as sensory-conceptual/categorical correspondence (Chen et al.) and intramodal visual correspondences (Zelazny et al.). The first of these two papers demonstrates that the color red biases sex categorization of human bodies. One theme that emerges from the latter study, as well as from several other studies that have been published recently (e.g., Velasco et al., 2023) highlights the importance of providing participants with a wide enough range of options if one's goal is to identify the strongest correspondences, given that older studies with a narrow range of colors, say, may merely have picked up the best color amongst the range of options provided to the participant. Such methodological developments should help ensure that future theorizing about the correspondences is based on firm empirical foundations.

Taken together, the research papers that have been gathered together in this Research Topic clearly highlight the vibrant state of crossmodal correspondences research in both the theoretical and applied arenas. One exciting area in correspondences research that is not represented here relates to the emergence of studies assessing the sensitivity of various animals to crossmodal correspondences. So, for example, Loconsole et al. (2021, 2022) have recently published several studies demonstrating audiovisual crossmodal correspondences in both chicks and the tortoise (Testudo hermanni; Loconsole et al., 2023).
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Introduction: “Sonic seasoning” is when music influences the real taste experiences of consumers. “Self-construal” is how individuals perceive, understand, and interpret themselves. Numerous studies have shown that independent and interdependent self-construal priming can affect a person's cognition and behavior; however, their moderating effect on the sonic seasoning effect remains unclear.

Methods: This experiment was a 2 (self-construal priming: independent self-construal or interdependent self-construal) × 2 (chocolate: milk chocolate or dark chocolate) × 2 (emotional music: positive emotional music or negative emotional music) mixed design, and explored the moderating role of self-construal priming and the effect of emotional music on taste by comparing participants' evaluations of chocolates while listening to positive or negative music after different levels of self-construal priming.

Results: After initiating independent self-construal, participants increased their ratings of milk chocolate sweetness when listening to music that elicited positive emotions, t(32) = 3.11, p = 0.004, Cohen's d = 0.54, 95% CI = [0.33, 1.61]. In contrast, interdependent self-construal priming led participants to perceive dark chocolate as sweeter when they heard positive music, t(29) = 3.63, p = 0.001, Cohen's d = 0.66, 95%CI = [0.44, 1.56].

Discussion: This study provides evidence for improving people's individual eating experience and enjoyment of food.

KEYWORDS
self-construal priming, emotional music, sensory marketing, sonic seasoning, tasting experience


Introduction

Researchers have been increasingly interested in sonic seasoning in recent decades (Knöferle and Spence, 2012; Spence, 2017; Spence et al., 2019; Spence and Di Stefano, 2022). This term refers to the deliberate matching of music with flavor to enhance the multisensory tasting experience (Sedacca, 2016). For instance, music has been composed for specific flavors such as “sweet,” “bitter,” or “salty” based on the flavors of the food (Crisinel and Spence, 2010). Wang et al. (2017) indicated that spiciness was associated with auditory attributes of high pitch, fast tempo, and high levels of distortion. Wang et al. (2021) further explored the acoustical/musical attributes that best match saltiness and found that auditory attributes based on emotional associations (negative valence, minor mode, and high arousal), long decay durations, regular rhythm, and a high degree of auditory roughness were associated most strongly with saltiness. These findings on sonic seasoning have been used in marketing-led activations (Spence et al., 2021) and further understanding of how music influences consumers' perceptions of food. Crisinel et al. (2012) demonstrated for the first time that individuals evaluate food differently based on the music they hear while tasting it. Participants were asked to rate the taste of several bittersweet toffees while listening to sweet or bitter music. It was found that when they listened to the sweet soundtrack, the sweetness of the toffee was evaluated higher than when listening to the bitter soundtrack. Wang et al. (2020) added that chocolate ratings could be affected only when participants listened to sweet or bitter music before or during a chocolate tasting.

Other previous literature also affirms that when music is playing in the background while people eat, the emotions that individuals experience from or associated with the music are transferred to the tasting experience itself, where these emotions are considered to act as an important mediator during sonic seasoning demonstrations (Kantono et al., 2016, 2019; Reinoso-Carvalho et al., 2019, 2020). For instance, North (2012) showed that emotional connotations associated with background music influenced consumers' taste perception of wine. In addition, Kantono et al. (2016) showed that music evoked positive emotions (satisfaction, happiness, and amusement) that influenced the perceived sweetness of gelati, while music evoked negative emotions (contempt, disappointment, and disgust) that influenced the perceived bitterness of gelati. Reinoso-Carvalho et al. (2019) discovered that compared to music associated with positive emotion when participants listened to music associated with negative emotion, they rated the same beer as more bitter, with higher alcohol content, and were willing to pay more for the beer. The music that evokes positive emotions is often performed with high intensity, a brighter timbre, staccato articulation, and a rapid tempo. Conversely, music that evokes negative emotions is often performed with low intensity, a duller timbre, legato articulation, and a slow tempo (Quinto and Thompson, 2013).

Research showed that auditory information like music could impact the subjective evaluation of the taste of food (Spence and Di Stefano, 2022). For example, Reinoso-Carvalho et al. (2020) discovered that emotional music (i.e., music that evokes positive or negative emotions), as opposed to crossmodal music (i.e., soft or hard music; the former means imaging the music is consistent with the smooth food texture, the latter refers to imaging the music is consistent with the rough food texture), had a more prominent effect on food flavor and purchase intention. Specifically, participants rated the chocolate as sweeter, and the purchase intention was higher when music judged to elicit positive valence was played compared to music that was judged to elicit negative valence. However, the same chocolate was judged to be more bitter when exposed to music that conveyed negative rather than positive emotions. The researchers proposed that the sweeter (bitter) taste of chocolate induced by positive (negative) music could be explained by a theory similar to the “attention-shifting or redirection effect” (Johnson and Proctor, 2004). That is music that transmits positive or negative emotions can allow participants to transfer their feelings to the flavor perception of chocolate, which in turn affects their purchase intention. An analogous conclusion was proposed in the study by Ziv (2018) that participants generally considered cookies to taste better when listening to pleasant music.

As described above, people's perception of food is affected by contextual factors. Moreover, a large number of studies have suggested that individuals from different cultural backgrounds are influenced by context to different degrees (Wan et al., 2014; Jeong and Lee, 2021), which may be attributed to differences in cognitive style (Henrich, 2014). As one of the important cultural characteristics, self-construal is often used to explain cultural differences in human behavior, cognition, and emotion. It is primarily about how individuals perceive, understand, and interpret themselves. Markus and Kitayama (1991) suggested that independent self-construal is more predominant in Western culture, which conceptualizes the self as an autonomous and bonded entity, emphasizing self-independence and uniqueness. By contrast, interdependent self-construal is more predominant in East Asian culture, which conceptualizes the self as interconnecting and overlapping with others, emphasizing the importance of living in harmony with other groups and individuals. In general, interdependent self-construal facilitates the spontaneous association of a focal object with context compared to independent self-construal (Goh et al., 2007). Moreover, interdependent self-construal consumers believe that a higher price means a higher quality than independent self-construal consumers because the former are more susceptible to perceiving the association between product elements (Lalwani and Shavitt, 2013).

While self-construal can be judged by scales (Singelis, 1994) or inferred based on an individual's ethnicity (Van Baaren et al., 2003), researchers prefer to manipulate self-construal through priming methods when studying it in a laboratory (Kühnen and Oyserman, 2002; Reinoso-Carvalho et al., 2020). In particular, participants were asked to search first-person pronouns such as “I” or “mine” in a story to represent independent self-construal, while “we” or “our” imply interdependent self-construal. Considering the container that holds the food as a background, Huang et al. (2021) suggested that self-construal priming could modulate the influence of receptacles on food perception. Compared to independent self-construal priming, interdependent self-construal priming elicited a greater influence of the size of the plate on participants' willingness to pay (WTP) for noodles and the pleasantness ratings of the noodles served on the red plate. Therefore, considering emotional music as a contextual factor, it is reasonable to expect that self-construal priming could moderate the effect of emotional music on food perception.

This study investigates whether self-construal can modulate the effects of emotional music on food perception. Owing to how interdependent self-construal can improve the connection between the target and the contextual background (Masuda and Nisbett, 2001; Goh et al., 2007) and influence object processing that is dependent on context (Kühnen and Oyserman, 2002), we hypothesized that the participants' perception of food flavor would not be influenced by the background music under independent self-construal priming. Conversely, different emotional music would affect participants' evaluation of food after initiating the interdependent self-construal.



Methods


Participants

To estimate the sample size, we used the Easypower package (McGarvey, 2015) in R.4.2.0 (R Core Team, 2022) to conduct an a priori power analysis. According to the mixed design of 2 (self-construal priming: independent self-construal or interdependent self-construal) × 2 (chocolate: milk chocolate or dark chocolate) × 2 (emotional music: positive emotional music or negative emotional music). The sample size should not be < 48 with an effect size of the quadruple interaction of 0.25, a statistical power of 0.95, and an alpha of 0.05. Considering the balance between different experimental conditions, a total of 141 college students from Soochow University took part in the experiment. However, we had to exclude the data of 13 participants from analyses because their answers to all the questions were the same. Therefore, 128 valid data were received (Mage = 20.12 years, SDage = 0.16 years, ranging from 18 to 26 years; 35 males). All participants were right-handed and had normal or corrected eyesight, without color blindness or color weakness. All participants were paid 10 Chinese yuan after completing the experiment.



Apparatus and materials

The experiment used a 27-inch monitor with a resolution of 2,560 × 1,440 pixels and a refresh rate of 60 Hz. The online questionnaire was based on the Qualtrics platform (https://www.qualtrics.com), including basic information (e.g., sex, age, and degree of hunger) and the priming of self-construal, which refers to the study by Sui and Han (2007). We measured the degree of hunger based on previous literature that focused on food and/or beverages (Biswas et al., 2021; Moss and McSweeney, 2021) because hunger could potentially influence taste perceptions (Hanci and Altun, 2016). Participants were asked to carefully read a travel story that was presented randomly and then click on all the personal pronouns in the story (Grossmann and Jowhari, 2018).

In line with Reinoso-Carvalho et al. (2020), our study used milk chocolate (Callebaut N. 823, containing milk and at least 33.6% cocoa solids) and dark chocolate (Callebaut N. 811, containing no milk and at least 54.5% cocoa solids), as well as positive and negative emotional music from https://tinyurl.com/music-emotions-xcultural. Specifically, the negative emotional music sample could evoke more negative valence, and the positive emotional music sample could evoke more positive valence. The chocolate rating task consisted of the following four questions (7-point Likert scale): “What do you think of the sweetness of the chocolate?” “What do you think of the bitterness of the chocolate?” “How much do you like the chocolate in the experiment?” and “How likely are you to purchase the chocolate?” In addition, they were required to answer how much they would be willing to pay for a bar of chocolate in RMB (Renminbi, Chinese Yuan). The Chinese revision of the Positive and Negative Affect Scale (PANAS; Watson et al., 1988) developed by Qiu et al. (2008) was applied to determine participants' emotions. Specifically, participants had to rate on a 5-point scale positive (e.g., gratitude, energetic, active, cheerful, excited, enthusiastic, proud, happy, and joyful) or negative emotional words (e.g., scared, afraid, guilty, ashamed, nervous, irritable, angry, jittery, and sad) that appeared randomly. Scores from 1 to 5 represent very slightly or not at all, a little, moderately, quite a bit, and extremely, respectively.

An online pretest was conducted to ensure that the emotional music samples were effective (the negative emotional music sample evoked more negative valence, and the positive emotional music sample evoked more positive valence). A total of 34 participants (eight men and 26 women) between the ages of 19 and 25 years (M = 21.26 years, SD = 1.58) were recruited. Participants were required to listen to the emotional music sample and complete the Chinese PANAS mentioned earlier. The number of participants who listened to the positive music emotional sample is equal to the number of participants who listened to the negative emotional music sample. The results showed that participants rated significantly higher on the Positive (M = 2.30, SD = 0.87) than Negative Affect Scale (M = 1.29, SD = 0.35) after listening to the positive emotional music sample, t(16) = 4.34, p = 0.001, Cohen's d = 1.05, 95% CI = [0.51, 1.50]. As expected, participants rated significantly higher on the Negative (M = 2.66, SD = 0.47) than Positive Affect Scale (M = 1.63, SD = 0.47) after listening to the negative emotional music sample, t(16) = 6.52, p < 0.001, Cohen's d = 1.58, 95% CI = [0.69, 1.36]. These results indicated that the positive emotional music sample we used in this experiment could evoke more positive valence while the negative emotional music sample could evoke significantly more negative valence.



Design

This experiment was a 2 (self-construal priming: independent self-construal or interdependent self-construal) × 2 (chocolate: milk chocolate or dark chocolate) × 2 (emotional music: positive emotional music or negative emotional music) mixed design. Self-construal priming and chocolate were between-subject variables, and emotional music was a within-subject variable. The type of chocolate was randomly matched with the two pieces of music. The dependent variables were the rating of the sweetness, bitterness, liking, WTP, and purchase intention of the chocolate that they ate. Each participant ate no more than two pieces of chocolate twice.



Procedure

Participants were first asked to fill in personal information and complete the self-construal priming task. Then they had to complete the PANAS as baseline emotion. After that, participants rinsed their mouths with water and put on headphones. It should be noted that although the duration of positive and negative music was inconsistent (69 vs. 60 s), the volume of the two kinds of music was controlled at 70 ± 6 dB. The experiment requested participants to taste a bar of chocolate on a plate we had prepared while listening to a random type of music played through headphones. Meanwhile, they were allowed to continue savoring a second of the same chocolate if they had finished tasting the first piece before the end of the music. Next, participants were required to evaluate the chocolate they ate in the five dimensions mentioned above and accomplish the PANAS again. After rinsing their mouths again with water, participants completed a similar task of matching another type of music with another type of chocolate. All the analysis data are publicly available from the Open Science Framework repository (OSF) at https://osf.io/qhdgz/.




Results

Before formal analysis, we first conducted a manipulation check on the emotional scores of the participants after listening to positive and negative emotional music. As expected, music that conveyed positive emotions induced significantly higher positive (M = 2.25, SD = 0.83) than negative feelings (M = 1.15, SD = 0.33), t(127) = 14.46, p < 0.001, Cohen's d = 1.28, 95% CI = [0.95, 1.25]. Surprisingly, the participants also scored significantly higher on the Positive (M = 1.86, SD = 0.77) than Negative Affect Scale (M = 1.44, SD = 0.51) after listening to negative emotional music, t(127) = 4.74, p < 0.001, Cohen's d = 0.42, 95% CI = [0.24, 0.59]. We further analyzed the emotional scores of the participants after listening to positive and negative emotional music. The results showed that positive emotional music (M = 2.25, SD = 0.83) evoked significantly more positive valence than negative emotional music (M = 1.86, SD = 0.77), t(127) = 6.02, p < 0.001, Cohen's d = 0.53, 95% CI = [0.27, 0.53], while negative emotional music (M = 1.44, SD = 0.51) scored significantly higher negative valence than positive emotional music (M = 1.15, SD = 0.33), t(127) = 6.50, p < 0.001, Cohen's d = 0.57, 95% CI = [0.20, 0.38].

We performed a 2 (self-construal priming: independent self-construal or interdependent self-construal) × 2 (chocolate: milk chocolate or dark chocolate) × 2 (emotional music: positive emotional music or negative emotional music) repeated-measures ANOVA on valid data. The results found that the main effect of emotional music was significant in all five aspects of chocolate evaluation [Fsweetness(1, 124) = 21.92, p < 0.001, [image: image] = 0.15; Fbitterness(1, 124) = 6.91, p = 0.010, [image: image] = 0.05; Fliking(1, 124) = 21.62, p < 0.001, [image: image] = 0.15; Fpurchaseintentions(1, 124) = 24.97, p < 0.001, [image: image] = 0.17; FWTP(1, 124) = 10.43, p = 0.002, [image: image] = 0.08]. As shown in Figure 1, compared to negative music, the participants rated the chocolate as having higher sweetness (M1 = 3.48, SD1 = 1.68; M2 = 4.16, SD2 = 1.54), liking (M1 = 4.19, SD1 = 1.72; M2 = 4.97, SD2 = 1.43), and lower bitterness (M1 = 2.91, SD1 = 1.80; M2 = 2.47, SD2 = 1.56) when the emotional music was positive. In addition, the purchase intentions (M1 = 4.19, SD1 = 1.67; M2 = 3.34, SD2 = 1.63) and WTP (M1 = 1.84, SD1 = 2.97; M2 = 1.20, SD2 = 1.93) for chocolate were further intensive when participants were exposed to positive rather than negative music. The experimental results also revealed that the type of chocolate had a significant main effect on the sweetness [F(1, 124) = 33.18, p < 0.001, [image: image] = 0.21], bitterness [F(1, 124) = 36.46, p < 0.001, [image: image] = 0.23], liking [F(1, 124) = 17.45, p < 0.001, [image: image] = 0.12], and purchase intention [F(1, 124) = 13.16, p < 0.001, [image: image] = 0.10] of chocolate (as shown in Figure 2). Specifically, participants considered milk chocolate to be sweeter (Mdark = 3.16, SDdark = 1.13; Mmilk = 4.43, SDmilk = 1.32) and less bitter (Mdark = 3.37, SDdark = 1.19; Mmilk = 2.07, SDmilk = 1.24) than dark chocolate. Then, they preferred milk chocolate (Mdark = 4.11, SDdark = 1.09; Mmilk = 5.00, SDmilk = 1.27) and more purchase intentions for it (Mdark = 3.33, SDdark = 1.15; Mmilk = 4.16, SDmilk = 1.39) compared to dark chocolate.


[image: Figure 1]
FIGURE 1
 The main effect of emotional music on the five dimensions. Note that error bars show the standard errors of the means, *p < 0.05, **p < 0.01. and ***p < 0.001.
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FIGURE 2
 The main effect of chocolate is on the five dimensions. Note that error bars show the standard errors of the means, ***p < 0.001.


The results demonstrated that there was a significant triple interaction among emotional music, self-construal priming, and chocolate on the sweetness of chocolate, F(1, 124) = 4.15, p = 0.04, [image: image] = 0.03. Based on this, we further analyzed the effects of self-construal priming and chocolate type on the evaluation of chocolate sweetness under two music conditions. As shown in Figure 3, positive music improved the sweetness of milk chocolate (M = 4.97, SD = 1.53) more than negative music (M = 4.00, SD = 1.75) when independent self-construal was primed, t(32) = 3.11, p = 0.004, Cohen's d = 0.54, 95% CI = [0.33, 1.61]. However, music with positive emotions increased the sweetness of dark chocolate (M = 3.53, SD = 1.57) more than music with negative emotions (M = 2.53, SD = 1.25) under the priming of interdependent self-construal, t(29) = 3.63, p = 0.001, Cohen's d = 0.66, 95% CI = [0.44, 1.56].


[image: Figure 3]
FIGURE 3
 Triple interaction effect among emotional music, self-construal priming, and chocolate on the sweetness of chocolate. Note that error bars show the standard errors of the means, **p < 0.01.




Discussion

This study aimed to explore the moderating role of different types of self-construal in the process of emotional music affecting food evaluation. The experimental results mainly suggested the following three points. First, positive music can improve participants' ratings of chocolate and purchase intention. Consistent with previous studies (Ziv, 2018; Kantono et al., 2019; Reinoso-Carvalho et al., 2019, 2020), our study elucidated that participants find chocolate to be sweeter after listening to positive music, which in turn increases their liking and purchase intention for it. Skaczkowski et al. (2016) argued that positive (negative) emotions evoked by positive (negative) music could be transferred to individuals' authentic tasting experience based on sensation transference effects.

Second, our results demonstrated that self-construal priming could modulate sonic seasoning. In particular, music with a positive emotion was more likely to enhance the participants' evaluation of the sweetness of milk chocolate under the priming of independent self-construal and dark chocolate under the priming of interdependent self-construal. However, independent self-construal priming did not influence participants' evaluation of dark chocolate sweetness. As researchers have suggested before, individuals with independent self-construal tend to adopt an analytic thinking style that emphasizes the independence of individual objects, whereas individuals with interdependent self-construal tend to adopt a holistic style of thinking emphasizing that the world is composed of interrelated elements (Nisbett et al., 2001; Monga and John, 2007, 2008). This may explain why different self-construal priming types have different influences on sonic seasoning. The self-construal of interdependence can guide the participants to adopt a holistic way of thinking to perceive the relationship between the background music and dark chocolate, which leads to the influence of positive music on the evaluation of dark chocolate's sweetness. However, an analysis of milk chocolate showed that the evaluation of the sweetness of milk chocolate was not affected by emotional music under the initiation of the self-construal of mutual dependence. The possible reason is that milk chocolate itself has been perceived as sweet, so there is no significant difference in the evaluation of sweetness between positive and negative music, even though the participants were under the priming of interdependent self-construal.

Previous studies have focused on the sonic seasoning of food by individuals from different countries (Reinoso-Carvalho et al., 2019, 2020) or on explaining the influence of self-construal priming on food perception (Hansen, 2019; Huang et al., 2021). The innovation of this study is to make a thorough inquiry into how self-construal priming impacts the relationship between music-evoked emotion and the perception of taste. Theoretically, by comparing independent and interdependent self-construal priming on food evaluations, the present study reveals the moderating role of self-construal priming types on the effect of emotional music on real food tasting, which could enrich the findings of sonic seasoning. For the marketing field, our study provides a certain theoretical reference for improving individual diet experience and boosting happiness in eating. In particular, marketers can control consumers' perception of flavors in food or beverage products by playing different styles of music according to their cultural background. In addition, it is a bright prospect for marketers to adopt words that represent different self-construals on the packaging of food to change consumers' cognition.

Like other studies, this study has unavoidable limitations. First, after listening to the negative music, participants did not report a higher negative valence than positive valence. There were several possible explanations. First, a previous study found that compared to an audio-only presentation, an audio-visual congruent presentation, which represented congruent audio and visual emotions (e.g., happy face and happy music), could lead to a more intense emotional response. This effect occurred in both positive and negative music, and the effect was larger for positive music (Pan et al., 2019). The baseline emotional score in our study showed that participants were significantly more positive before the experiment. Thus, it was possible that the negative emotional music was not capable of evoking a strong negative emotional response to make negative emotion dominant for the participants. Moreover, people listened to music while eating chocolate and then completed the PANAS, which might result in emotional scores that not only represent the valence evoked by the music but also the taste of chocolate. As a result, future experiments should measure participants' positive or negative valence to the music itself using the GEMS (Zentner et al., 2008) or GEMIAC questionnaire (Coutinho and Scherer, 2017) and evaluate the music with respect to different taste categories. In the current study, we focused on the effects of music that can induce positive or negative emotions on food perception. Although we can see the effects of the music on the five dimensions and between independent and interdependent self-construal priming we cannot gauge the extent to which these effects are significant because there was no control (i.e., a non-music condition) for comparison. As a result, future experiments could add a non-music condition.

Second, the participants in this study were university students aged ~20 and were Chinese. We are not sure whether the findings of the study apply to people of other ages and cultures. Reinoso-Carvalho et al. (2020) found that the sonic seasoning effects were different on people from LATAM and Asia. Moreover, previous studies have found that sex differences in self-construal vary across different nations (Costa et al., 2001; Schmitt et al., 2008). Future experiments could expand the sample to different cultures and ages.

Third, this study showed that self-construal could modulate the effects of emotional music on food perception. Previous research discovered that crossmodal congruency between music and food/beverage had effects on the tasting experience (Wang and Spence, 2015; Reinoso-Carvalho et al., 2020; Motoki et al., 2022). For example, Wang and Spence (2015) demonstrated that the music chosen to be congruent with each wine was indeed rated a better match than other pieces of music, and the music significantly influenced the perceived acidity and fruitiness of the wine. Future experiments could investigate whether self-construal could modulate the effects of crossmodally congruent music on food perception.

Finally, Mawad et al. (2015) found that field-independent and field-dependent tendencies affected the visual attention processing of yogurt label information. Individuals with an independent tendency would pay more attention to the health label information of yogurt. It is well-known that individuals with field-independent tendencies are more detached from their surroundings and less susceptible to external cues than field-dependent individuals. Likewise, individuals who have experienced independent self-construal were also more focused on themselves. Therefore, we can further explore the influence of music on the process of an individual's attention to food and whether self-construal still modulates this process in future studies. Moreover, Peng-Li et al. (2020) discovered through eye tracking that sweet music improved gaze time to sweet food, while salty music increased their fixation time on salty food. Notably, Peng-Li et al. (2020) demonstrated the influence of different music on food with different flavors based on the cross-modality association of music and flavor. In light of this, follow-up studies should further examine the moderating role of self-construal in the effect of emotional music on an individual's attention to sweet or bitter foods.



Conclusion

The results of this study suggest that self-construal priming has a moderating role in how emotional music affects the authentic flavor experience. For example, under independent self-construal priming, there was no difference in the evaluation of the sweetness of dark chocolate between positive and negative music. However, positive music significantly improved participants' evaluation of the sweetness of milk chocolate. In contrast, interdependent self-construal priming obtained the converse result. Compared with negative music, positive music can enhance the sweetness of dark chocolate, but neither kind of music influences the sweetness of milk chocolate. This study provides evidence that could improve an individual's eating experience by promoting happiness when eating.
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Since Kandinsky's claim for fundamental shape–color associations, several studies have revealed that those tendencies were not generalizable to the entire population and that different associations were more prevalent. Past studies, however, lacked a methodology that allowed participants to freely report their shape–color preferences. Here, we report data from 7,517 Danish individuals, using a free choice full color wheel for five different geometrical shapes. We find significant shape–hue associations for circle-red/yellow, triangle-green/yellow, square-blue, and pentagon/hexagon-magenta. The significant shape–hue associations are also more saturated than non-significant ones for the circle, triangle, and square. At the conceptual level, basic shapes, which show stronger associations, are linked to primary colors, and non-basic shapes to secondary colors. Shape-color associations seem indeed to follow the Berlin-Kay stages of entry into languages. This pattern had previously been described for graphemes and weekday–color associations. The methodology employed in our study can be repeated in different cultural contexts in the future. We also provide another instance of color associations for ordinal concepts that follow the stages of entry into languages.
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Introduction

Color perception begins with light waves entering the eye. Interestingly, in some cases, color perception can occur in the absence of color information entering the retina. Notably, when presented with black letters, individuals with grapheme–color synesthesia do experience colors (Cytowič, 1993; Ásgeirsson et al., 2015). Although synesthesia is a fascinating phenomenon, the general population seems to also make associations to categories across sensory modalities. Cross-modal correspondence [or association (Spence, 2011; Malfatti, 2014)] refers to this tendency for a large portion of the non-synesthete population to join features from different modalities together (Spence, 2011). For example, high-pitched sounds are commonly associated with brighter colors (Marks, 1987). Although sharing some aspects with synesthesia (e.g., mapping from one modality to another modality), the two phenomena differ on several accounts. Cross-modal correspondences are universal, with little variation across individuals, and unconscious (Deroy and Spence, 2013), contrary to synesthesia, where associations are idiosyncratic and conscious. Research on cross-modal correspondence became more and more prolific over the past couple of decades, with much interest geared toward auditory-visual correspondence [see Spence (2011) for a review]. Nevertheless, a large variety of modality pairs have been investigated, including smell–color (Gilbert et al., 1996; Demattè et al., 2006a), shape–smell (Hanson-Vaux et al., 2013), sound–taste (Knöferle and Spence, 2012), shape–taste (Velasco et al., 2015), taste–shape (Velasco et al., 2016), vision–touch (Martino and Marks, 2000), or smell–touch (Demattè et al., 2006b), to cite a few.

Among studies on color-related correspondences are those examining shape–color associations. These originate in the arts when Kandinsky (Kandinsky, 1912[1946]) famously postulated a fundamental link between shapes and colors, linking the triangle to yellow, the circle to blue, and the square to red. These associations were empirically examined using a priming paradigm (Kharkhurin, 2012) as well as with the Implicit Association Task (IAT; Makin and Wuerger, 2013). Both studies demonstrated that Kandinsky's original proposal is not generalizable to the entire population. Nevertheless, although Kandinsky's suggested associations were not supported, it is well-established that some shape-color associations are broadly available in the general population. Table 1 provides a summary of experimental results for the three shapes proposed by Kandinsky. These studies point to a general trend, namely, red/yellow circle, yellow/red triangle, and blue/red square. However, because these studies employed various paradigms, a direct comparison between them is challenging. Indeed, while some studies used an IAT paradigm (Makin and Wuerger, 2013; Chen et al., 2015b), others preferred a direct report method, i.e., asking participants to choose which color best fits various shape stimuli (Jacobsen, 2002; Jacobsen and Wolsdorff, 2007; Albertazzi et al., 2013; Chen et al., 2015a, 2016, 2019; Dreksler and Spence, 2019; Hanada, 2019). Comparison between these direct report studies is also difficult, given that they differed in the number of color options they offered as answers to their participants. The most restricted ones (Jacobsen, 2002; Jacobsen and Wolsdorff, 2007) only offered three possible color answers (red, yellow, and blue), and each of them could only be used once. Other studies (Chen et al., 2016, 2019) instead offered four color chips (red, yellow, blue, and green), which could be reused for several shapes. Hanada (2019) proposed 15 color chips (light blue, blue, cyan, green, light green, mint green, light yellow, yellow, orange, pink, red, magenta, purple, violet, and brown) consisting of eight Berlin–Kay color categories (Berlin and Kay, 1969), plus seven more precise colors, to bring variety. Dreksler and Spence (2019) selected 36 color chips at maximum saturation, consisting of 10 color categories featuring eight Berlin–Kay color categories (Berlin and Kay, 1969), plus two more varieties of blue (red, orange, yellow, green, aquamarine, sky, blue, purple, pink, and brown) in three different levels of lightness, plus a 6-step grayscale. Finally, Albertazzi et al. (2013) and Chen et al. (2015a) used 40 preselected color chips, taken from the Natural Color System (NCS) at maximum saturation.


TABLE 1 Summary of findings from previous shape–color association studies, compared to Kandinsky's proposal for the circle, triangle, and square.
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The use of pre-selected color chips, although facilitating data analysis, may in some cases have limited and potentially influenced the responses from the participants. In the case of three color options where participants were not allowed to reuse a color chip for two different shapes (Jacobsen, 2002; Jacobsen and Wolsdorff, 2007), it is possible that participants found themselves forced to report a shape–color association they did not experience due to the one-to-one pairing restriction.

The color chips proposed by Albertazzi et al. (2013) and Chen et al. (2015a) were based on the 40 hues of the NCS at maximum saturation, which failed to provide color categories such as cyan, brown, or pink. On the other hand, Dreksler and Spence (2019) provided a restricted version of the color wheel, covering the eight Berlin–Kay hue categories, plus a grayscale. It contained, however, an over-representation of blue chips (nine chips), compared to other color categories (three chips each). Furthermore, the provided chips had not been controlled for perceptual differences, resulting in chips, within and across hues, that are close to perceptual similarity (Robertson, 1977).

Colors are the sum of three components: hue, lightness, and saturation. Hue is the aspect that we commonly call “color”, such as red, blue, or green. Lightness refers to the amount of white or black in the color, while saturation refers to the degree of colorfulness of the hue, i.e., how much gray is contained in the color. In recent studies (Albertazzi et al., 2013; Chen et al., 2015a; Dreksler and Spence, 2019), the saturation aspect of colors was set to maximum, which did not allow the evaluation of the involvement of saturation in shape–color associations. Saturation and lightness seem though to play a role in cross-modal correspondences, as they were indeed found to highly influence the color-emotion associations (Schloss et al., 2020), saturation levels were related to haptic stimuli intensity (Slobodenyuk et al., 2015) and saturation differences reflected increases in loudness and frequency in sound-color associations (Hamilton-Fletcher et al., 2017).

Several explanations for the specific shape–color associations have been proposed. Shape–color associations have been hypothesized to be mediated by perceived temperatures, where shapes rated warmer were associated with warm colors, such as red and yellow, whereas shapes regarded as cold align more with the color blue (Albertazzi et al., 2013; Chen et al., 2015a). Malfatti et al. (2014), however, also found that emotions could as well mediate the shape–color associations, with angry shapes being associated with angry colors.

Prior research on color-related associations has found a tendency for ordinal concepts to be non-randomly associated with colors following Berlin and Kay (1969)'s six stages of entry into languages of color terms. Berlin and Kay (1969) established that color terms appear in languages following a precise order. Languages that only have two color terms will therefore feature words meaning “black” and “white”, but languages that have three terms will have words that designate the colors “black”, “white” and “red”. Berlin and Kay (1969) managed thus to define six stages of entry into languages for color terms.

Ordinal concepts, such as numbers and days of the week (Shanon, 1982), as well as numbers and letters in both English and Arabic (van Leeuwen et al., 2016), were found to be associated with colors that follow the six stages defined by Berlin and Kay (1969). These studies thus demonstrate the involvement of higher-level concept mapping in color associations.

Previous shape–color studies did not allow for investigation of this question, as intrinsic order was not possible to be derived from the stimuli list. To test this hypothesis, we selected five shapes, with increasing complexity, as denoted by their number of sides (circle, triangle, square, hexagon, and pentagon). The order is even more clear for our tested Danish population as the shape names are directly derived from the number of sides they contain [trekant (“three-edge”), firekant (“four-edge”), femkant (“five-edge”), and sekskant (“six-edge”)].

To investigate the shape–color associations in a direct report paradigm where we want to avoid the potential biases cited above, we performed a large-scale data collection in collaboration with the Trapholt Museum in Denmark (Zelazny and Sørensen, 2020), using a full color wheel inspired by work on synesthesia (Ásgeirsson et al., 2015) and work on color-related cross-modal associations involving various sensory modalities such as haptic (Lindborg, 2014; Slobodenyuk et al., 2015; Delazio et al., 2017) and sound (Hamilton-Fletcher et al., 2017). Museum visitors were invited to freely associate five pre-defined shapes (circle, triangle, square, hexagon, and pentagon) with the color they feel fits best. The full color spectrum, including the option to modify both lightness and saturation, was available for the participants. This method allows for a more thorough and genuine investigation of shape–color association tendencies without placing any restrictions on the participants' access to colors.



Methods

The study has been approved by Aalborg University and complies with the GDPR rules. The study falls under the Danish National Videnskabsetisk Komité Law (§ 14, part 2), by which behavioral studies not involving biological material are exempted from the regional ethics committee. The study was performed in accordance with the ethical standards of the Declaration of Helsinki (1964) and its subsequent amendments. Participants gave written informed consent to data collection.


Apparatus and stimuli

The experiment was part of a set-up containing four experiments, which were independent from each other. Only the results from one of the four experiments are used in the present study. The setup was designed to be self-explanatory and to be able to function without any supervision. The experiment was run on a Windows 10 Lenovo Miix 320 (10.1-inch screen) two-in-one computer, consisting of an FHD screen with a 1920 × 1200 resolution and a detachable keyboard, used in touchscreen mode. The set of experiments was run through a custom-made webpage, using Chrome in kiosk mode, coded using the Django web framework.

Three custom-made wooden frames were used to secure the computers in place and were attached to an adjacent wall, ~ 90 cm from the floor. The wooden frames were aligned along the wall, 20 cm apart. The setup consisted of a total of six computers, each wooden frame hosting two computers. A printer was also used, which was fixated between the two computers from the rightmost wooden frame (Figure 1).


[image: Figure 1]
FIGURE 1
 Experimental setup at the Trapholt Museum, Denmark. The experiment was part of a 4-experiment setup. The experiment described in this study was conducted at the station marked “1.” Visitors received a unique ID number at the “Start” station and could review their responses at the “Result” station.


Viewing distance could not precisely be controlled for, therefore display dimensions will be described in millimeters rather than in visual angle degrees. The stimuli consisted of five two-dimensional shapes (circle, triangle, square, pentagon, and hexagon) against a gray background [RGB (219, 219, 219), 266 cd/m2]. Each of the shapes was dimensioned as shown in Figure 2. The shapes were presented one after the other on the right-hand side of the screen and a full color wheel of 85 mm × 85 mm was displayed on the left-hand side. A lightness bar of 87 mm × 5 mm was positioned just below the color wheel. The color wheel and shape stimuli were separated by a 33-mm gap. Upon presentation, the outline of the shape stimulus was shown using a one-pixel black line and transparent filling. As soon as an area of the color wheel was touched, the shape was automatically filled in with the corresponding color and the black outline disappeared. Unlimited color changes were possible, and there was no time limit to respond. Once satisfied with the selected color, the participants had to press a 33 mm × 12 mm “Next” button displayed at the bottom right of the screen to see the next shape. A 20 mm × 10 mm counter was also inserted at the top right of the screen to maintain engagement. See Figure 3 for a screenshot of the experimental layout. Each shape was shown only once, and the presentation was randomized, resulting in five trials per participant. Only the CIELab values [i.e., the coordinates of the colors in the CIELab color space (International Organization for Standardization, 2018)] of the last selected color (i.e., the one displayed on the shape before pressing the “Next” button) were collected for each shape for each participant.


[image: Figure 2]
FIGURE 2
 Five shapes used as stimuli.



[image: Figure 3]
FIGURE 3
 Screenshot of an experimental trial.




Procedure

The data collection was performed at the Trapholt Museum (located in Kolding, Denmark) as part of the SENSEME exhibit, inviting visitors to explore their multisensory perceptions. The visitors could not be isolated to perform the experiment, nevertheless, particular attention was made to not place the setup close to any decoration or art elements that could remind the participants of any of the stimuli presented. As such, the setup was placed in a quiet area of the museum, facing a white wall to avoid distractions (see Figure 1). The setup was accessible without having to go through the various exhibition rooms and the experiment could also be performed as a first stop before entering the exhibition rooms. Furthermore, none of the art pieces presented at the SENSEME exhibit featured sensory responses to shapes and focused rather on multisensory responses to taste, touch, movement, and music.

The experiment reported here was part of a four-experiment set-up, the other three experiments asked participants to report their color experience to a set of nine graphemes (i.e., 1, 4, 8, A, D, N, 水, 竹, and 血), to report their color experience to seven different pure tones (i.e., ranging from C4 to B4) and to report their spatial representation of a year. The experiments could be performed in any order; nevertheless, the shape–color association experiment being the one placed the closest to the “Start” station (Figure 1, see below a description of data collected at the Start station), 68% of the visitors completed this experiment before any of the three others. Each experiment could be performed only once by each participant.

The museum context for data collection comes with some limitations. The experimental paradigm had to be brief to ensure that the participants completed the task. For this reason, we tried to keep the testing time to <5 min in total, to lower the dropout rate. Similarly, we only tested five shapes to remain within the time constraints. The number of shapes was determined based on the maximum time estimated to provide a color answer for each stimulus using a color wheel.

The museum's floor plan did not allow us to isolate the visitors during testing. Paradigms based on fast stimuli presentation and requiring an isolated environment were avoided, such as experiments based on priming or implicit experience. Direct measures, where the participants were asked to report their experience, were therefore used here. For the reasons cited above, no time limit was introduced for participants to deliver their responses either.

The visitors were provided with a unique ID number after having completed a demographic questionnaire (Station marked as “Start” in Figure 1) and could also select their preferred language (English or Danish). Upon entering their ID number to start the “shape-color” experiment (Station marked as “1” in Figure 1), an instruction screen appeared. It explained the task (“Pick the color that you feel fits each shape best, by pressing on the color wheel. When you are satisfied with the chosen color, press Next to see the next shape”) and featured a gif animation on how to perform it, using an illustrating example, a star, which was not used as a stimulus during the test. A “?” button was also there to provide a detailed step-by-step procedure. Upon pressing the “Begin” button, the visitors were brought to the experiment screen, starting the first of five trials.

After the test was completed, the visitors received some feedback, to try to maintain engagement in the experiments and lower the drop-off rate throughout the whole setup. The feedback consisted of a single screen featuring the five shapes each displayed in the color chosen by the visitor, along with reference results collected during the piloting session. The feedback was provided after task completion to avoid biasing the reports.



Participants

A total of 8,841 visitors completed the task. The data from 106 visitors presented issues (trials were not forwarded to the database) and were removed. An additional 196 participants were removed due to having reported colorblindness. Abnormal and not corrected-to-normal visual acuity were reported by 195 visitors, who were also removed from the analysis. Of the remaining 8,344 visitors, 7,550 reported to be of Danish nationality. Among those, 32 were removed due to reporting an age below 6 years, reflecting potentially a typo or parents performing the task for their child, and one was removed for reporting an aberrant age (i.e., 900 years). This resulted in a total of 7,517 visitors remaining for data analysis and comprised 5,186 women (mean age = 37.1; SD = 19.7; range: 6–89) and 2,331 men (mean age = 36; SD = 21.2; range: 6–100). Among the 7,517 visitors, a total of 993 reported having some type of synesthesia. These were nevertheless included in the analysis, as we could not formally validate their synesthesia and did not inquire about the type of synesthesia they had.




Results

The CIELab values allow measuring the three components of color: lightness, saturation, and hue. The CIELab color space is built around three axes: L, a, and b. Lightness is denoted by the value along the L axis. The a and b axes represent continua of colors ranging from green to red and blue to yellow, respectively. Saturation and hue are retrieved by converting the cartesian coordinates denoted by the a and b axes to polar coordinates, where the saturation is defined as the length S of the projection along the a and b axes, calculated using formula (1) and hue as the angle H relative to the positive pole of the a axis, calculated using formula (2).
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Hue analysis

The participants' answers were not evenly distributed along the hue wheel (Figure 4), with some hues concentrating larger portions of answers than others. To determine what areas of the hue wheel were more often associated with each of the five shapes, the CIELab space was divided into 180 bins of 2° angles each. Responses with a saturation value below 1 were excluded, as they denote a grayscale response. These represented 326 responses (0.87% of the data). A chi-square test of independence was carried out on the frequency of each bin for each shape (5 × 180) to examine shape–hue association tendencies. The chi-square test revealed a significant association between hue bins and shapes [χ2(716, N = 37,259) = 4937.7, p < 0.001, ϕ C = 0.18, CI.95 (0.163, 0.174)]. Post-hoc residual analysis, Bonferroni-corrected to the threshold z > 4.03 at p < 0.05 (Figure 5), showed that 50° to 63° hues [red hues; peaking at 52° (z = 12.7)], as well as 340° to 3°, plus 8° and 9° hues [yellow; peaking at 350° (z = 7.8)], were significantly more chosen for the circle. Hues corresponding to 310° to 317° [green; peaking at 314° (z = 14.5)] and 342° to 359° [yellow; peaking at 346° (z = 7.6)] were significantly more chosen for the triangle, and hues corresponding to 142° to 162°, plus 166°, 167°, 170° and 171° [blue; peaking at 144° (z = 21.7)] for the square. The pentagon was significantly more associated with hues corresponding to 128° and 129°, and 132° to 139° [magenta/purple; peaking at 128° (z = 5.7) and 136° (z = 5.3)]. The hexagon was significantly more associated with hues corresponding to 22° and 23° [orange (z = 4.2)], 114° and 115°, 118° to 121°, 124° and 125°, 128° to 133° [magenta/purple; peaking at 120° (z = 5.2) and 130° (z = 6.9)].


[image: Figure 4]
FIGURE 4
 Cumulative responses for each shape along the a and b coordinates of the CIELab space. The color of each bin is represented at maximum saturation. N = 7,517.



[image: Figure 5]
FIGURE 5
 X2-residuals for each hue bin and shape. The dashed line depicts the Bonferroni-corrected significance threshold. The colors displayed are the average color for each of the hue bins for the whole dataset.




Saturation analysis

Maximum saturation is not denoted by the same S value for every hue angle in the CIELab space (e.g., full saturation at a 255° hue angle (cyan) corresponds to a S value of 40, while at a 143° hue angle (blue), it corresponds to a S value of 133.8). To make sure that the saturation analysis was not confounded by saturation differences across hues, participant responses' S values were normalized to a 0–100 scale, where 0 denotes a S value of 0 (grayscale) and 100 the maximum saturation value possible at a given hue angle.

A one-way repeated measures ANOVA was run on the normalized saturation, as a function of shape. A significant main effect of shape was found, F(1, 3.85) = 21.58, p < 0.001, [image: image] = 0.003.

Post-hoc Bonferroni-corrected paired-sample t-tests were run to compare normalized saturation between shapes. The triangle was found to have a significantly higher saturation (MT = 85.2; SDT = 16.8) than all four other shapes (MC = 83.5; SDC = 20.2; MS = 83.7; SDS = 20.5; MP = 83.3; SDP = 17.9; MH = 83.1; SDH = 18.4), all ps <0.001.

This tendency for the triangle to be associated with more saturated colors may be because the hues significantly associated with the triangle (310° to 317° and 342° to 359°) have a higher saturation. To test this, the data were split into four groups, whether the data point corresponds to a triangle trial or not (shape type: 2 levels) and whether the data point falls within the hues significantly associated with the triangle (310° to 317° and 342° to 359°) or not (hue bin: 2 levels). A two-by-two ANOVA was run on the normalized saturation. A main effect of shape type was found, F(1, 37581) = 29.87, p < 0.001, [image: image] ≤ 0.001, by which the triangle was more saturated (M = 85.2; SD = 16.8) than the other shapes (M = 83.4; SD = 19.3), as well as a main effect of hue bin was found, F(1, 37581) = 206.57, p < 0.001, [image: image] = 0.005, showing that the bins 310°-317° and 342°-359° are significantly more saturated (M = 86.7; SD = 14.7) than all other bins (M = 83; SD = 19.7). A significant interaction of shape type and hue bin was also found, F(1, 37581) = 4.27, p < 0.001, [image: image] <= 0.001. Post-hoc Bonferroni-corrected pairwise comparison was run on the two levels of the shape type condition and on the two levels of the hue bin condition to investigate the interaction. All comparisons were significant (significant hue bins for the triangle: M = 88.2; SD = 12.8; non-significant hue bins for the triangle: M = 83.9; SD = 18.2; significant hue bins for the other shapes: M = 86.1; SD = 15.4; non-significant hue bins for the other shapes: M = 82.9; SD = 19.9), with all ps <0.001.

The hues significantly associated with the triangle (310°-317° and 342°-359°) tended to be more saturated overall, but the effect was even more present when those hues were picked for the triangle, compared to the other shapes.



Shape–hue associations and saturation interaction

As shown above, the yellow and green hues significantly associated with the triangle were more saturated when chosen as a response to the triangle than when chosen as a response to the other shapes. This raises the question of whether significant shape–hue associations are more saturated than non-significant ones for the four other shapes as well. To test this, each data point was marked as either being a choice that agrees with the significant shape–hue associations of the population or not. A two-by-two ANOVA was run on the normalized saturation as a function of shape (five levels) and significance (two levels). A main effect of significance was found, F(1, 37575) = 482.64, p < 0.001, [image: image] = 0.013, indicating that significant shape–hue associations are more saturated than non-significant ones (significant associations: M = 87.6; SD = 14.9; non-significant associations: M = 82.6; SD = 19.7). A significant interaction of significance and shape was also found, F(4, 37575) = 38.63, p < 0.001, [image: image] = 0.004. Post-hoc Bonferroni-corrected pairwise comparison was run on the two levels of the significance condition for each of the five shapes. Comparisons were significant for the circle, triangle, and square, showing that they were more saturated in their significant hues than in the non-significant ones, with all ps <0.001 (Figure 6). No difference was found, however, for the pentagon and hexagon.


[image: Figure 6]
FIGURE 6
 Mean normalized saturation for each shape, for hues resulting significant and non-significant from the hue analysis. The error bars depict 95% confidence intervals. Statistically significant comparisons at p < 0.05 are marked by an asterisk.




Lightness analysis

A one-way repeated measures ANOVA was run on the L value of the CIELab space, as a function of shape. A significant main effect of shape was found, F(3.94, 29633.17) = 281.03, p < 0.001, [image: image] = 0.036. Post-hoc Bonferroni-corrected paired-sample t-tests were run to compare lightness values between shapes. The lightness values of all shapes were significantly different from each other, except for the pentagon and hexagon (MC = 69.2; SDC = 20.1; MT = 71.7; SDT = 19.9; MS = 61.2; SDS = 22.2; MP = 66.5; SDP = 19.9; MH = 66.4; SDH = 19.8), all ps <0.001. The triangle appears therefore as the shape associated with the highest lightness value, followed by the circle. The pentagon and hexagon both share a lower lightness value than the circle. Finally, the square is the shape associated with the lowest lightness value.



Shape–hue associations and lightness interaction

Following our finding on saturation differing between significant and non-significant shape–hue associations, a similar analysis was run regarding lightness. The goal was to compare whether the lightness differs in significant shape–hue associations compared to non-significant ones, for each shape separately. A two-by-two ANOVA was run on the lightness value as a function of shape and significance. A main effect of significance was found, F(1, 37575) = 103.98, p < 0.001, [image: image] = 0.003, indicating that non-significant shape–hue associations are brighter than significant ones (significant associations: M = 65.7; SD = 23.3; non-significant associations: M = 67.4; SD = 19.8). A significant interaction of significance and shape was found, F(4, 37575) = 1710.38, p < 0.001, [image: image] = 0.154. Post-hoc Bonferroni-corrected pairwise comparison was run on the two levels of the significance condition for each of the five shapes. All comparisons were significant, with the circle and triangle being brighter in their significant hues than in the non-significant ones. Following a reversed pattern, the square, pentagon, and hexagon were less bright in their significant hues than in the non-significant ones, with all ps <0.001 (Figure 7).


[image: Figure 7]
FIGURE 7
 Mean lightness for each shape, for hues resulting significant and non-significant from the hue analysis. The error bars depict 95% confidence intervals. Statistically significant comparisons at p < 0.05 are marked by an asterisk.




Color analysis

The three components of color (i.e., lightness, saturation, and hue) were this time considered together. The goal was to evaluate what areas of the color space were more often chosen for each shape. A density-based spatial cluster analysis was carried out using the DBSCAN algorithm (Ester et al., 1996). The technique searches for areas of high-density points, which come to form clusters, and leaves out outliers that occur in low-density areas. This method was favored over the k-mean algorithm, which relies on Euclidean distances for forming clusters, as a method to account for noise in the data. The two main parameters of the DBSCAN algorithm are the epsilon, which defines the minimum distance between two clusters, and minPts, which defines the minimum number of neighbors needed for cluster identification.

In the present study, six clustering analyses were performed: one for each shape, to identify whether the number and location of high-density areas vary between shapes, and one for the data as a whole, which then serves as a basis for further analysis (chi-square test of independence). For the five shapes analyses, the epsilon parameter was set at 6 and the minPts parameter at 50. For the whole data analysis, the epsilon parameter was set at 6 and the minPts parameter at 250. The mean CIElab values of the resulting clusters for the whole data analysis can be found in Table 2 and the disposition and colors of the data points are shown in Figure 8. The clusters resulting from the clustering analysis run on each of the five shapes independently are gathered in Supplementary Table S1 of the Supplementary material.


TABLE 2 Mean CIELab coordinate values for the eight clusters resulting from the whole-data analysis, along with their frequency count and color name.

[image: Table 2]
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FIGURE 8
 Positions in the CIELab space of the eight clusters from the analysis run on the whole dataset. (A) The color depicted corresponds to the corresponding color in the CIELab space. (B) The color depicted corresponds to the average color of each cluster.




Shape–cluster associations

A chi-square test of independence was carried out on the frequency of the clusters resulting from the whole-data analysis for each shape (5 × 8) to examine shape–cluster association tendencies. The chi-square test revealed a significant association between clusters and shapes ([(28, N = 23,755) = 3139.4, p < 0.001, ϕ C = 0.18, CI.95 (0.175, 0.187)].

Post-hoc residual analysis, Bonferroni-corrected to the threshold, z > 3.23 at p < 0.05 (Figure 9, top panel), showed that the circle was significantly more chosen for cluster 3 (red; z = 24.5) and cluster 5 (yellow; z = 20.2). Cluster 2 (green; z = 16.1) and cluster 5 (yellow; z = 14.4) were significantly more chosen for the triangle, and cluster 1 (blue; z = 31.3) for the square. The pentagon was significantly more associated with cluster 4 (cyan; z = 6.2), cluster 6 (magenta; z = 9), cluster 7 (orange; z = 4.7), and cluster 8 (purple; z = 9.2), as well as the hexagon with cluster 4 (cyan; z = 7.8), cluster 6 (magenta; z = 12.8), cluster 7 (orange; z = 5.2), and cluster 8 (purple; z = 5.2).
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FIGURE 9
 X2-residuals for each cluster from the whole dataset and for each shape. The dash line depicts the Bonferroni-corrected significant threshold. The colors displayed are the average color for each cluster for the whole dataset. (A) Residuals for the analysis of all participants. (B) Residuals for the analysis for the 6- to 34-year-old group (younger group). (C) Residuals for the analysis for the 35- to 100-year-old group (older group).




Shape–cluster associations per age group

The age distribution of our group of participants follows a bimodal distribution, with a first group (younger group) ranging from 6 to 34 years of age (N = 3,637), and a second group (older group) ranging from 35 to 100 years of age (N = 3,880). Differences in shape–color associations found between studies conducted in Germany were imputed to sub-cultural differences, namely participants were on average 20 years younger (median age: 23 years; range: 17–32 years) in an early study (Jacobsen, 2002) compared to participants from a later study (mean age: 43 years, range: 23–63 years) (Jacobsen and Wolsdorff, 2007). In both studies, the square was associated with blue, but the younger participant group associated the circle with yellow and the triangle with red (Jacobsen, 2002), while the older participant group followed an opposite pattern, by associating the circle with red and the triangle with yellow (Jacobsen and Wolsdorff, 2007).

A log-linear analysis (Christensen, 1997) with a Poisson model was carried out on the frequency of the cluster for each shape for each age group. The three-way log-linear analysis of shape (5) × cluster (8) × group (2) revealed an interaction of shape, cluster, and age group [χ2(28, N = 23,755) = 192.6, p < 0.001].

A post-hoc chi-square test of independence on the frequency of each cluster (8) for each shape (5) was run for each age group (2) to examine significant shape–color associations for different age ranges. The results came out as significant for both age groups [Younger: χ2(28, N = 10,652) = 1388.4, p < 0.001, ϕ C = 0.18, CI.95 (0.169, 0.188); Older: χ2(28, N = 13,103) = 1952.7, p < 0.001, ϕ C = 0.193, CI.95 (0.183, 0.2)]. A Bonferroni-corrected threshold, z > 3.23 at p < 0.05, revealed that different associations between groups (Figure 9, middle and bottom panels) occurred for the circle regarding the orange association in the older group (z = 4.78), for the square with significant associations to red for the younger group (z = 5.13), for the pentagon with significant associations to orange (z = 5.2) for the younger group and cyan (z = 6.09) for the older group, and for the hexagon with significant associations to purple (z = 4.24) for the younger group. All other shape–color associations did not significantly differ between groups.



Color category analysis

Our goal was to test whether shape ordinality maps onto the six stages of entry into languages of color terms described by Berlin and Kay (1969). To do so, the CIELab values were converted into Berlin–Kay color categories (Berlin and Kay, 1969) using the online application Colournamer (Mylonas et al., 2010, 2013), a computation model trained by over 3,000 participants, which returns for color inputs the most likely color name in several languages and its Berlin–Kay color category in English. This method of converting 3D color space coordinates into Berlin–Kay color categories has been used in the recent studies assessing typical grapheme–color associations (Root et al., 2017, 2019; Rouw and Root, 2019). Upon visual inspection, the algorithm appears less precise for colors close to the grayscale axis (at a saturation below 1). Those color responses have therefore been corrected manually (629 data points, corresponding to 1.7% of the data).

The shape order has been numbered from 1 to 5, to denote their increasing number of sides, called complexity in the remainder of the analysis (circle:1; triangle: 2; square: 3; pentagon: 4; hexagon: 5).


Entry into languages order

A Spearman's Rho correlation analysis was run on the shape complexity as a function of color name entry into language order (Berlin and Kay, 1969). A correlation was found between entry into language order and shape complexity (ρ = 0.17, p < 0.001). A tendency for shape complexity order to follow color name entry into language order seems to appear.



Easy of generation order

Battig and Montague (1969) have shown that color name generation was not random, and that it followed a specific order. It could be possible therefore that less complex shapes are associated with easily generated color names, rather than names that enter first into the language. We, therefore, tested whether shape–color associations reflect shape complexity order being mapped from color name ease of generation order. A Spearman's Rho correlation analysis was run on the shape complexity order as a function of color name ease of generation order (Battig and Montague, 1969), following Simner et al. (2005)'s procedure. No correlation was found (ρ = 0.006, p = 0.175) between shape complexity and color category ease of generation order.



Color name frequency order

All color names do not have the same frequency in language. To investigate whether shape–color associations reflect shape complexity order being mapped from color name frequency order in language, color name frequencies in Danish were established based on the DaTenTen20 corpus (Danish web corpus) containing frequencies per 3.4 billion words. The Danish color names being inflected depending on the noun following them, the search was done on the root, gender-inflected, number-inflected, and determination-inflected variations of the eleven color categories from Berlin and Kay (1969). The resulting order can be found in Table 3. A Spearman's Rho correlation analysis was run on the shape complexity order, as a function of color name frequency order. A correlation was found between color name frequency order and shape complexity (ρ = 0.057, p < 0.001). These results suggested a slight tendency for shape complexity order to follow color name frequency.


TABLE 3 The 11 color categories ranked by ease of generation, color name frequency, and entry into human languages orders, in descending order.

[image: Table 3]

Upon inspection, color name frequency order and entry into language order seem to resemble each other. A Spearman's Rho correlation analysis was run on the entry into language order, as a function of color name frequency order. A strong correlation was found between color name frequency order and entry into language order (ρ = 0.753, p < 0.001). These results suggested that the slight tendency for shape complexity order to follow color name frequency may be driven by the fact that it also follows the entry into language order tightly.

Figure 10 shows the correlation between shape order and the ease of generation (left panel), color name frequency (center panel), and entry into language (right panel) orders.
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FIGURE 10
 Correlation between shape order and the various color orders. The dot sizes reflect the frequency of response of each color category for each shape. The solid black line represents the correlation line. The colors depicted are the average color chosen by the participants for each color category. (A) Correlation of shape order with color name ease of generation order. (B) Correlation of shape order with color name frequency order. (C) Correlation of shape order with color name entry into language order. For stages containing more than one color category, the proportion of responses for each color category is denoted as the proportion of the color on the dots.






Discussion

A large group of museum visitors have been asked to report their color intuitions regarding five shapes, using a full color wheel. The data were analyzed in terms of hue, saturation, and lightness, as well as color as a whole. Overall, Danish participants associated the circle more often with red and yellow, and preferred high lightness values. The triangle was associated with green and yellow, and featured high saturation and lightness values. The square was associated with the color blue and showed low lightness values. Finally, both the pentagon and hexagon were associated with magenta, as well as cyan, purple, and orange. These results indicate several points, first and foremost that the associations are partially in line with those presented in the past literature (Jacobsen, 2002; Jacobsen and Wolsdorff, 2007; Kharkhurin, 2012; Albertazzi et al., 2013; Makin and Wuerger, 2013; Chen et al., 2015a,b; Dreksler and Spence, 2019; see Table 1), where a tendency for red/yellow circle, yellow/red triangle, and blue/red square appeared. Second, despite those similarities to previous studies, the shape–color associations reported by Danish visitors do not fully match them. Notably, the association between green and triangle had never been attested before. It also goes against the general pattern of previous studies which saw the triangle being associated with yellow and red, red being the opponent color to green (Kay and McDaniel, 1978; Abramov and Gordon, 1994; Valberg, 2001; Witzel and Franklin, 2014). This variation could be due to cultural and/or methodological differences. Green was indeed not offered as a color chip response by Jacobsen (2002), who found a preference for the triangle-red association. There were, however, an equal number of yellow, red, and green color chips in Dreksler and Spence (2019)'s paradigm, which nevertheless led to associations with red and yellow for the triangle. The triangle–green association may thus be a Danish particularity. Transposing the full color wheel paradigm in a different culture would help clarify this result.

Our color wheel paradigm allowed us to unveil a pattern regarding saturation never attested before due to constraints from previous methodologies. Indeed the saturation property of color choices was always controlled for, and color options were always presented at full saturation in previous studies (Albertazzi et al., 2013; Chen et al., 2015a; Dreksler and Spence, 2019). When saturation is allowed to be manipulated by participants, we observe that significant shape–hue associations are more saturated than non-significant ones for the circle, triangle, and square, while no difference occurs for the pentagon and hexagon.1 Saturation can be defined as “how colorful a color is”. The triangle overall produced more saturated colors than the four other shapes, but when looking at only significant shape–hue associations, the circle, triangle, and square showed similar mean saturations, despite all having different significant hue associations. Interestingly, highly saturated colors have been shown to be preferred to those of low and mid saturations (Palmer and Schloss, 2010) and to produce higher arousal levels (Wilms and Oberfeld, 2018). Saturation levels could therefore reflect the strength of the association at the group level. This coincides with the fact that the circle, triangle, and square have also stronger biases toward certain hues compared to the pentagon and hexagon, as shown by the residual values in Figures 5, 9. On and on, our data indicate that the shape–color associations are more clearly settled for the circle, triangle, and square than for the pentagon and hexagon.


The involvement of prototype categories

As described above, the circle, triangle, and square seem to be subjected to stronger shape–color associations than the pentagon and hexagon. Moreover, while the circle, triangle, and square each exhibit distinct color associations, the pentagon and hexagon are barely different from each other.

Our stimuli list, despite being small, had the particularity of containing only shapes that represent known geometrical concepts. More precisely, contrary to most recent studies on shape–color associations that featured a larger list of stimuli (Albertazzi et al., 2013; Chen et al., 2015a; Dreksler and Spence, 2019), our stimuli had the property of all being concepts with a precise name. However, those five shapes are not concepts participants are equally familiar with. The circle, equilateral triangle, and square are, according to the Gestalt psychology principle of “good form,” prototypes of shape categories (Rosch, 1973) and are therefore described as basic shapes. They differ from all other shapes (e.g., the pentagon, hexagon, or oval), which do not constitute prototype shape categories. In our study, we observe that the three prototypes of shape categories (circle, triangle, and square) are associated with the four primary color categories [red, blue, green, and yellow (Kay and McDaniel, 1978; Abramov and Gordon, 1994; Valberg, 2001; Witzel and Franklin, 2014)], whereas the non-prototypical shape categories (pentagon and hexagon) are associated with secondary color categories [namely, pink, purple, brown, and orange (Witzel and Franklin, 2014)]. This pattern seems very consistent across studies and cultures (Albertazzi et al., 2013; Chen et al., 2015a). The three prototypes of shape categories are, however, not randomly associated with the four primary color categories. They follow a pattern that is better explained by the stages of entry into languages (Berlin and Kay, 1969). A similar tendency has been observed in the general population for numbers and days of the week (Shanon, 1982), English and Arabic numbers and letters (van Leeuwen et al., 2016), and in synesthetes for letter frequency (Simner et al., 2005). Both intrinsic ordering and frequency have therefore been shown to map onto the Berlin and Kay (1969) stages of entry into languages. It is, however, not possible to determine whether it is intrinsic ordering or frequency that is at play regarding our shape stimuli, as they follow the same pattern, based on complexity order as measured by number of sides (Circle: 0; triangle: 3; square: 4) or frequency in language [Circle: 73,033; triangle: 36,773; square: 26,491/per 3.4 billion words (DaTenTen20)].

Past studies have hypothesized that grapheme–color associations derive from shape–color associations (Spector and Maurer, 2008, 2011) where toddlers tend to associate O and I with white but X and Z with black. Although synesthesia is highly idiosyncratic, synesthetes have been found to show a bias toward associating the letter O with the color white (Rich et al., 2005; Simner et al., 2005; Witthoft et al., 2015), and non-synesthetes have been found to associate the letter O to orange instead (Rich et al., 2005; Simner et al., 2005; Mankin and Simner, 2017). Non-synesthetes seem, therefore, to form letter–color associations based on phonology (i.e., O for orange) when possible. This has been witnessed for other initial letters of color words in adults (Rich et al., 2005; Simner et al., 2005; Spector and Maurer, 2011), and in children as early as from 7 years old (Spector and Maurer, 2008), but not in pre-literate children (Spector and Maurer, 2011) who based they letter–color associations on the visual properties of the letter O, and not on the sound of the letter neither. In our current study, participants were all above 6 years of age and significantly associated the circle with red and yellow. Furthermore, despite having 551 participants between 6 and 10 years of age, none of them associated the circle with white (i.e., the youngest participant who chose white for the circle was 13 years old). Interestingly, 19 of them associated the circle with orange. Our cluster analysis per age group showed that the older group (i.e., 35–100 years) significantly associated orange with the circle on top of red and yellow but not the younger (i.e., 6–34 years) group. Spector and Maurer (2008) found a significant association between the letter O and white in 7- to 9-year-old children and adults. However, it is important to note that the stimuli were only white and black and aimed, therefore, to probe preference for only those two colors. This means that for all age groups, the results only allowed to conclude that the letter O fits the color white more than it fits the color black. In other words, their paradigm did not allow to investigate other color associations to the letter O, such as red, yellow, orange, blue, etc. In line with our data indicating involvement of the conceptual identity of the stimuli, it is a possibility that interpreting the circle stimuli as a geometrical shape leads to color associations (i.e., red or yellow) that differ from the color associations that would be reported if the stimuli had been interpreted as a grapheme. It is also a possibility that the older group interpreted the circle stimuli as a letter more often than the younger group did, but our data do not allow us to evaluate this hypothesis. Furthermore, it would be interesting to replicate Spector and Maurer (2008)'s findings regarding associations with the letter O in pre-literate children in a paradigm offering more color options. Indeed, the circle in our data was significantly associated with colors at Stages II and III of entry into language, while the color white belongs to Stage I. Further research could elucidate whether in toddlers, who do not yet have a conceptual knowledge of shapes (Clements et al., 1999, 2018; Clements and Sarama, 2000, 2020), shape associations occur only for colors forming the Stage I of entry into language, and associations with colors at higher stages are developed as higher-level conceptual knowledge are formed.



Comparison with other mediating factors previously proposed

Shape–color associations have been proposed to be mediated by perceived temperatures (Albertazzi et al., 2013; Chen et al., 2015a) or emotions (Malfatti et al., 2014). A strong shape–temperature/emotion–color association does, however, not inform us about the directionality of the associations. Shape–color associations may emerge based on the shapes' perceived temperature/emotion, which in turn triggers a color matching this temperature/emotion. However, conversely, it could be the shapes' perceived colors that trigger a feeling of temperature/emotion.

Our study differs from the ones previously cited because it contained only shapes that could be named [as opposed to Dreksler and Spence (2019) and Malfatti (2014)'s stimuli lists]. Our findings nevertheless do not necessarily negate the previously proposed mediating factors. Indeed, comparing our study's results with Malfatti (2014) and Dreksler and Spence (2019) may be a case of comparing apples and oranges. In the same way as colors are low-level perceptual entities that can be decomposed into hue, lightness, and saturation, shapes can be decomposed into symmetry, angularity, and complexity. However, colors are also high-level mental categories, with names and prototypical members (Berlin and Kay, 1969; Rosch, 1973). Similarly, shapes also form high-level mental categories, with clear definitions and names (Rosch, 1973). As such, our study is more interested in shapes as high-level and learned categories, than as low-level perceptual properties. This distinction between shapes as perceptual information and conceptual information may be central to understanding the variety of results in the shape–color literature. As an example, Albertazzi et al. (2015) found when looking only at the angle aspect of shapes that 22.5° angles were associated with yellow, 45°, 90°, and 135° angles to green and yellow, and 157.5° angles to red and blue. However, they had previously found that the square (90° angles) was associated to red and blue (Albertazzi et al., 2013). This discrepancy could be due to looking at, on the one hand, low-level perceptual information (i.e., angles and symmetry), and on the other hand, at high-level concepts (shape categories).



Limitations

The current study featured a limited number of stimuli, due to the museum context requirements. It would be interesting in the future to offer a greater variety of shapes, including, for example, an inverted triangle, equilateral diamond, isosceles triangle, rectangle, and oval, which would allow for testing the weight of perceptual (square vs. equilateral diamond) and categorical (square vs. rectangle) differences on shape–color associations.

The museum setup, although offering the chance to test a high number of visitors, was not as controlled as a lab environment. Several factors could have at times influenced the color decisions of the visitors, such as background noises (Ward et al., 2006; Hamilton-Fletcher et al., 2017), subtle lightness changes, or surrounding odors (Gilbert et al., 1996; Schifferstein and Tanudjaja, 2004; Demattè et al., 2006a). Furthermore, visitors could have been influenced by discussions with other visitors. However, our high number of participants should allow to diminish the impact of such noise in our data. The experiment probing shape–color associations was run on only one computer, diminishing the possibility of simply copying other visitors' answers.

Our sample also featured twice more women than men. Color-related gender difference has been found at the perceptual (Bimler et al., 2004), categorization (Sørensen and Kyllingsbæk, 2012), and linguistics (Simpson and Tarrant, 1991; Greene and Gynther, 1995; Mylonas et al., 2014; Fider and Komarova, 2019) levels. It would, therefore, be interesting to investigate shape–color associations in a gender-balanced paradigm.

Finally, our study focuses on only one culture. The same paradigm could be transposed to a different cultural population.
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Footnotes

1 It is important to mention that, on the color wheel, less saturated colors were closer to the center of the wheel, and more saturated ones, toward the outskirt. No saturation bar needed to be manipulated to affect saturation, making the highly saturated and less saturated colors equally reachable by one single press on the wheel. This was not the case with lightness, which could only be manipulated by using the lightness bar, thus involving more interactions with the screen.
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Introduction: A classic example of sound–shape correspondences is the mapping of the vowel /i/ with angular patterns and the vowel /u/ with rounded patterns. Such crossmodal correspondences have been reliably reported when tested in explicit matching tasks. Nevertheless, it remains unclear whether such sound–shape correspondences automatically occur and bidirectionally modulate people’s perception. We address this question by adopting the explicit matching task and two implicit tasks.

Methods: In Experiment 1, we examined the sound–shape correspondences using the implicit association test (IAT), in which the sounds and shapes were both task-relevant, followed by an explicit matching task. In Experiments 2 and 3, we adopted the speeded classification task; when the target was a sound (or shape), a task-irrelevant shape (or sound) that was congruent or incongruent to the target was simultaneously presented. In addition, the participants performed the explicit matching task either before or after the speeded classification task.

Results and Discussion: The congruency effect was more pronounced in the IAT than in the speeded classification task; in addition, a bin analysis of RTs revealed that the congruency effect took time to develop. These findings suggest that the sound–shape correspondences were not completely automatic. The magnitude and onset of visual and auditory congruency effects were comparable, suggesting that the crossmodal modulations were symmetrical. Taken together, the sound–shape correspondences appeared not to be completely automatic, but their modulation was bidirectionally symmetrical once it occurred.

KEYWORDS
 crossmodal correspondences, implicit association test, speeded classification task, automatic processing, bidirectional association


1. Introduction

Multisensory signals originating from the same object or event are often correlated rather than arbitrary in some properties, and such crossmodal correspondences provide critical cues for human brains to integrate these signals (e.g., Spence, 2011; Chen and Spence, 2017). For example, a bird’s chirping is high-pitched and often associated with its small body, pointy beak, and high elevation on the tree; in contrast, a cow’s mooing is low-pitched and often associated with its huge and rounded body and low position on the ground (See Figure 1A; Marks, 1987; Tsur, 2006; Lowe and Haws, 2017). In addition to simple features, crossmodal correspondences between complex stimuli have also been well documented, such that the meaningless speech sounds “kiki” and “bouba” are often matched with angular and rounded shapes, respectively, rather than the reverse (see Figure 1B; Ramachandran and Hubbard, 2001; see Köhler, 1929, 1947; Holland and Wertheimer, 1964 for early studies). In the current study, we aimed to investigate whether crossmodal correspondences, specifically the sound–shape correspondences, can occur automatically and symmetrically in influencing the auditory and visual information processing (see Spence and Deroy, 2013, on this issue).

[image: Figure 1]

FIGURE 1
 Examples of crossmodal correspondences. The contrasting features (in the white rectangles, such as the sound of high vs. low pitch) are connected by a colored bar either in the auditory modality (in blue) or in the visual modality (in red). The features aligned in the left and right columns correspond to each other (e.g., high pitch and high spatial position). (A) Illustrates the correspondences associated with pitch, and (B) illustrates the correspondence associated with speech sound. T2 and T4 represent lexical tone 2 (consisting of a rising pitch contour) and lexical tone 4 (consisting of a falling pitch contour) in Mandarin (see Figure 2 for details).


Over the years, researchers have commonly used explicit tasks to explore new crossmodal correspondences. Köhler (1929), for example, explicitly asked participants to match the nonwords “takete” and “baluma” to two line drawings—one with sharp angles and the other with smooth curves. In another study, Sapir (1929) asked participants whether the vowel /a/ symbolized the concept of “large” compared to the vowel /i/. In such explicit matching tasks, the participants often only made a single judgment. When a consensual match among this group of participants was reached, the tested correspondences could be confirmed (e.g., Rogers and Ross, 1975; Bremner et al., 2013). Other explicit methods can directly quantify the strength of crossmodal correspondences, such as presenting participants a target stimulus (e.g., sweet liquid) and asking them to rate or adjust a feature along a bipolar dimension in another sensory modality (e.g., a sound’s pitch) that best matches the target (e.g., Stevens and Marks, 1965; Crisinel and Spence, 2010; Ngo et al., 2013).

These explicit tasks provide straightforward methods and fruitful outcomes in understanding crossmodal correspondences (e.g., see Spence and Sathian, 2020, for a review). However, the explicit methods have at least three limitations. First, the explicit tasks rely on the participants’ introspective ability (see Parise and Spence, 2012; Westbury et al., 2018). Even though Chen et al. (2019) demonstrated that most of their participants who were healthy adults have good introspection when tested with sound–shape correspondences, caution is advised when one explores crossmodal correspondences in people of other ages (such as young children) or special groups (such as those with autistic spectrum disorders, see Spence, 2022, for a review). Second, given that participants are generally being forced to respond in the explicit tasks, the observed associations may be a product of the decisional/response rather than perceptual/cognitive processing. Third, explicit tasks depend on conscious judgments; therefore, the responses are susceptible to individual tendencies, preferences, and intentions. In sum, the responses or judgments in the explicit tasks are prone to be generated from decisional, voluntary, and controlled processing.

To investigate whether crossmodal correspondences occur at the perceptual/cognitive level rather than the decisional/response level, researchers have adopted more sophisticated psychophysical paradigms. One of these tasks is the implicit association test (IAT), which has often been used to measure the strength of associations between two pairs of items or concepts (e.g., the associations between flower–pleasant and insect–unpleasant, Greenwald et al., 1998). In the IAT, a single stimulus is presented in each trial and participants have to categorize the stimulus rapidly and accurately by pressing one of two predesignated response keys (often using their left and right hands). Within an experimental block of trials, the mappings between the stimuli and response keys were either congruent (e.g., “flower” and “pleasant” correspond to the same response key) or incongruent (e.g., “flower” and “unpleasant” correspond to the same response key). It is then assumed that if participants intrinsically associated the items as expected, the response time (RT) would be shorter and/or the accuracy would be higher in the congruent than in the incongruent condition (called the congruency effect). Furthermore, the magnitude of the congruency effect can be a quantitative index of the strength of associations. Taken together, in the IAT, participants judged each item on its merits rather than the associations between items. Therefore, in the IAT, crossmodal correspondences are implicitly encoded in the stimulus–response mappings rather than serving as explicit task goals.

Parise and Spence (2012) utilized the IAT to investigate the core level of processing on five different pairs of crossmodal correspondences. They reported reliable and similar magnitudes of congruency effect regardless of the stimuli’s complexity (e.g., pitch–size correspondences rely on simpler stimuli than sound–shape correspondences). By conducting bin analysis of RTs (i.e., the RTs were ordered from the fastest to slowest and then evenly divided into five time bins; see Data Analysis section), Parise and Spence demonstrated that the congruency effect appeared in the initial time bin. Therefore, the rapid onset of the congruency effect suggested that crossmodal correspondences can even occur at the early stage of information processing. Parise and Spence further analyzed the congruency effects in the trials containing a visual or auditory target and demonstrated that their magnitudes were similar, suggesting that the influence in terms of crossmodal correspondences from one to the other modality was bidirectional and symmetrical.

The IAT provides an indirect measure to inspect the role of crossmodal correspondences at the perceptual/cognitive level of information processing. However, the congruency effect observed in the IAT could not unequivocally indicate an implicit and automatic association. For example, because the congruent and incongruent conditions were tested in different blocks, participants may be aware of the relationships between the stimuli; therefore, the congruency effect reflects implicit and explicit associations or attitudes (see Schimmack, 2021; though see Kurdi et al., 2021). It is also plausible that given the repeated presentations of the stimuli and the well-practiced stimulus–response mappings, certain associations may be learned during the course of the experiment (Hussey and De Houwer, 2018). Therefore, to test whether crossmodal correspondences can occur automatically, adopting other psychophysical paradigms is necessary.

Another implicit task that has been used in the research on crossmodal correspondences is the speeded classification task (e.g., Marks, 1987; Melara and O'Brien, 1987; Martino and Marks, 1999; Gallace and Spence, 2006; Evans and Treisman, 2010). In this paradigm, participants quickly respond to the target presented in one modality while ignoring the distractor in the other modality, which is task-irrelevant and lacks an assigned response. The target and distractor are either crossmodally correspondent (i.e., congruent) or not (i.e., incongruent), and the two conditions are intermixed randomly within a block. If the RT is shorter and/or accuracy is higher in the congruent than in the incongruent condition, a typical congruency effect is observed, which suggests that the distractor is processed and facilitates or interferes with the target processing.

Gallace and Spence (2006), for example, asked participants to judge whether the target disc is larger or smaller than the preceding standard disc as rapidly and accurately as possible, and a task-irrelevant tone either in a higher pitch (4,500 Hz) or lower pitch (300 Hz), or else no tone, was simultaneously presented with the target disc. The participants’ RT was shorter when the target was paired with a congruent tone (e.g., a smaller disc and the higher-pitched tone) than when paired with an incongruent tone (e.g., a smaller disc and the lower-pitched tone), demonstrating that pitch–size correspondences had occurred. Evans and Treisman (2010) similarly utilized the speeded classification tasks to investigate the crossmodal correspondences’ bidirectional influences. In each trial, the researchers presented a tone (either a lower or higher pitch) and a visual disc (either large or small) and asked the participants to discriminate the pitch as either high or low while ignoring the visual disc (i.e., the auditory task) or to discriminate the disc as either large or small while ignoring the pitch (i.e., the visual task). Evans and Treisman found that the congruency effect was significant in the auditory and visual tasks; therefore, the modulation in terms of crossmodal correspondences was bidirectional.

In previous studies, we tested the sound–shape correspondences (e.g., the mapping of “kiki” and “bouba” to angular and rounded patterns) using explicit matching tasks (Chen et al., 2016, 2019, 2021; Chang et al., 2021; Shen et al., 2022). Researchers have also tried to use implicit tasks to investigate the level of processing at which sound–shape correspondences occur. For example, a reliable congruency effect has been reported in the IAT (Parise and Spence, 2012; Shang and Styles, 2023). In addition, the presentation of a congruent as compared to an incongruent sound enhanced the visibility of a masked visual pattern (as indicated by the lower contrast threshold, Hung et al., 2017). These results suggest that the sound–shape correspondences occurred at the perceptual/cognitive level rather than the decisional/response level. In the present study, we aimed to investigate the automaticity and symmetry of the sound–shape correspondences using two implicit tasks, the IAT and speeded classification tasks, and the explicit matching tasks.

According to early research comparing automatic and controlled processing, the former is suggested to be involuntary, capacity-unlimited, and pre-attentive (Schneider and Shiffrin, 1977). Moors and De Houwer (2006) proposed similar criteria for automatic processing—unintentional, efficient, and unconscious, and added the fourth criterion of speed; that is, an automatic process should occur quickly and influence the early stage of information processing. These four criteria are conceptually distinct, allowing them to be investigated individually. In addition, some of the criteria change in degrees rather than qualitatively. According to these propositions, the transition from automatic to controlled processing should occur gradually because there is no single dichotomous criterion (Moors and De Houwer, 2006). Following this gradual approach of automatic processing, we compared the congruency effect in the IAT and speeded classification tasks in terms of the aforementioned criteria.

In Experiments 1, 2, and 3, each participant performed the IAT, sound classification, or shape classification as the main task, respectively, either preceding or following the explicit matching tasks. Considering that RT was the main dependent variable in these implicit tasks, the presentation duration of visual and auditory stimuli should be equalized. Therefore, we utilized the vowels as the auditory stimuli: the vowels /i/ and /u/ are reliably matched to angular and rounded patterns, respectively (Sapir, 1929; Newman, 1933; Taylor and Taylor, 1962; Remez, 2003; Berlin, 2006; Maurer et al., 2006; Kovic et al., 2010; Lockwood and Dingemanse, 2015; Peiffer-Smadja and Cohen, 2019). The automaticity of the sound–shape correspondences was examined using the following tests in the implicit tasks: (1) According to the involuntariness (or unintentionality) criterion, the congruency effect should be similar in magnitude in the IAT and speeded classification tasks even though both modalities are task-relevant in the IAT whereas only the target modality was task-relevant in the speeded classification tasks. (2) According to the pre-attentiveness (or unconsciousness) criterion, the congruency effect should be significant irrespective of the order of the explicit matching and implicit tasks. This is because performing the explicit matching tasks would bring the concept of sound–shape correspondences to participants’ consciousness; however, an automatic process should occur irrespective of participants’ awareness of the correspondences. (3) According to the speed criterion, the congruency effect should emerge when the RT is short (e.g., in the first time bin in the bin analysis of RTs, see Parise and Spence, 2012). The symmetry of the sound–shape correspondences was examined using the following tests in the implicit tasks: (1) the magnitude of auditory and visual congruency effect should be similar, and (2) the auditory and visual congruency effect should emerge in similar time bins. These comparisons would provide detailed examinations of the automaticity and symmetry issues.



2. General methods


2.1. Participants

One hundred and twenty participants (24 participants in each experiment) took part in this study. Table 1 provides the participants’ demographic information. All of the participants had normal or corrected-to-normal vision and normal hearing by self-report. They were naïve to the purpose of the study and gave their informed consent before the experiment. All of the participants were students at National Cheng Kung University in Taiwan and native Mandarin Chinese speakers. They received monetary compensation for their participation. The study was conducted in accordance with the ethical standards of the Declaration of Helsinki and approved by the National Cheng Kung University research ethics committee for human behavioral sciences (NCKU HREC-E-110-460-2).



TABLE 1 Demographic information in three experiments.
[image: Table1]

To demonstrate the congruency effect of RT in the IAT and speeded classification tasks, we computed the d-score, a standardized difference between the RTs in the congruent and incongruent conditions. A d-score greater than zero indicates that a typical congruency effect was significant. An analysis using G*Power (version 3.1.9.4; Faul et al., 2007) for the one-sample t-test (one-tailed) suggested that when we test 24 participants with α = 0.05 and a power = 0.80, the effect size of the t-test would reach 0.52 (a medium effect). The sample (24 participants) was also larger than those in previous studies testing crossmodal correspondences using the IAT (N = 10, Parise and Spence, 2012) and speeded classification tasks (N = 10 or 15, Gallace and Spence, 2006). We were therefore confident that the number of participants provided adequate effect size to reach statistical significance.



2.2. Apparatus and stimuli

The experimental program was controlled by a computer compatible with the Psychophysics Toolbox (Brainard, 1997) in the MATLAB (The Mathworks, Matick, MA, USA) environment. The visual stimuli were presented on a liquid crystal display monitor (ASUS XG250) with a resolution of 1,920 × 1,080 pixels, running at 85 Hz. The viewing distance was 100 cm. The auditory stimuli were delivered by closed-ear headphones (Beyer dynamic DT770 Pro). The volume was set to 68 dB. The experiments were conducted in a soundproof, dim room.

The auditory stimuli were two pairs of tonal vowels to increase the variety of auditory stimuli. The first pair was the high front vowel /i/ and the high back vowel /u/, and both were articulated in Tone 1 (i.e., /i1/ and /u1/). The second pair consisted of the same vowels, and /i/ was articulated in Tone 4, and /u/ was articulated in Tone 2 (i.e., /i4/ and /u2/). Each pair of tonal vowels was presumably matched to angular and rounded patterns, respectively (see Figure 1B; Chang et al., 2021). These tonal vowels were produced by a female native speaker who teaches Mandarin Chinese pronunciation at the Chinese Language Center at National Cheng Kung University. These tonal vowels were recorded in a soundproof recording room using a Yeti microphone (Blue, CA, USA) and QuickTime Player (ver. 10.5, Apple Inc., CA, USA) at a 44.1-kHz sampling rate with 16-bit encoding. The audio files were then edited and trimmed using Audacity (ver. 2.3) so that each sound clip’s duration was 300 ms. To increase the variety of the acoustic properties while preserving the phonetic features, the Voicemod program was used to transform the female voice into a voice with higher or lower frequencies, resulting in 12 sounds. The volumes of these 12 sounds were equalized to have the same root mean square contrast. The temporal contours of the fundamental frequencies (F0s) of the 12 sounds (/i1/, /u1/, /i4/, and /u2/) as a function of time (ms) are plotted in Figure 2A. Figure 2B shows the mean and standard deviation across the time of the F0, the first formant (F1), the second formant (F2), and the third formant (F3) of the 12 sounds.
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FIGURE 2
 Acoustic properties of auditory stimuli used in the current study. (A) The temporal contours of the fundamental frequencies (F0s) of two vowels (/i/ and /u/) that were articulated in lexical tone 1 (/i1/ and /u1/ in the upper panels) or in lexical tones 4 and 2 (/i4/ and /u2/ in the lower panels). The bright, intermediate, and dark colors represent voices in the low, medium, and high frequencies, respectively. (B) The mean and standard deviation across time of the F0, the first formant (F1), the second formant (F2), and the third formant (F3). The acoustic properties were measured using Praat (Boersma, 2001). The frequencies of formants are associated with the articulation method: F1 increases with lower tongue position and greater jaw opening, and F2 is related to vowel frontness (e.g., the front vowel /i/ has a higher F2 than the back vowel /u/; Ladefoged and Disner, 2012).


Three pairs of angular and rounded visual patterns were adopted from previous studies (Köhler, 1929; Ramachandran and Hubbard, 2001; Bremner et al., 2013). The size of each pattern was 9.3° × 9.3° in visual angle, and each pattern was presented in one of four orientations. The two response keys were labeled using color stickers to ensure that the letters’ shapes would not influence the participants’ performance.



2.3. Explicit matching tasks

All of the participants conducted the explicit matching tasks either before or after the main experiment. There were two types of matching tasks. In the sound matching task, in each trial, a tonal vowel and a pair of angular and rounded patterns were presented on the monitor side by side, randomly on the left and right. The participants had to determine which of the two patterns better matched the tonal vowel. The visual patterns disappeared after the participants responded, and the next trial started after 1,000 ms. There were 36 trials (4 tonal vowels * 3 voices * 3 pairs of visual patterns) presented in a randomized order.

In the shape matching task, in each trial, we presented a visual pattern in the center of the monitor and then a pair of sounds (/i1/ and /u1/, or /i4/ and /u2/ in a low, medium, or high frequency) in a random order. The participants had to determine which of the two sounds better matched the visual pattern. The visual pattern disappeared after the participants responded, and the next trial started after 1,000 ms. There were 36 trials (6 visual shapes * 2 pairs of tonal vowels * 3 voices), and their presentation order was randomized. We presented the two matching tasks in a randomized order across participants. The procedure took approximately 10 min to complete.




3. Experiment 1: implicit association test

In Experiment 1, the participants performed the IAT. In every trial, they had to discriminate the sounds as either vowel /i/ or /u/ or the visual patterns as either angular or rounded rapidly and accurately by pressing predesignated keys.


3.1. Design and procedure

The IAT consisted of two sessions, one to test the sound pair /i1/ and /u1/ and the other to test the sound pair /i4/ and /u2/. We conducted these two sessions in an evenly distributed order between the participants. Each session consisted of five blocks: three for training (blocks 1, 2, and 4) and two for the main experiment (blocks 3 and 5). In block 1, the participants practiced to rapidly categorize visual patterns by pressing predesignated keys (e.g., angular shape: left key, rounded shape: right key). In block 2, they practiced to rapidly discriminate the auditory stimuli by pressing the same predesignated keys (e.g., /i1/: left key, /u1/: right key). In block 3, we measured the RTs of congruent audiovisual mappings (e.g., angular shape and /i1/: left key, rounded shape and /u1/: right key). In block 4, participants practiced with the visual patterns again, but we swapped the stimulus–response mappings from block 1 (e.g., rounded shape: left key, angular shape: right key). Finally, we used block 5 to measure the RTs of incongruent audiovisual mappings (e.g., rounded shape and /i1/: left key, angular shape and /u1/: right key). Throughout the experiment, the vowel /i/ always corresponded to the left key and the vowel /u/ always corresponded to the right key regardless of lexical tone. We balanced the presentation order of blocks 1 and 3 and blocks 4 and 5 between participants to control for the potential effect of practicing the IAT.

In the visual and auditory training blocks, we presented six patterns or six sounds (2 tonal vowels * 3 voices) 6 times, resulting in 36 trials. In the congruent and incongruent blocks, we presented each pattern and sound 12 times, resulting in 144 trials. To ensure that the terminology did not prime participants regarding crossmodal association, we showed them two categories of patterns instead of using verbal description when delivering the experimental instruction. At the beginning of each block, the response key (left or right) for each category of patterns and/or sounds was assigned.

In each trial, one stimulus–either a pattern or sound–was presented on the screen or through the headphones. Each stimulus was presented for 300 ms. When the auditory stimulus was presented, a fixation cross was presented on the screen. The participants had to categorize the presented stimulus as quickly and correctly as possible by pressing the corresponding key. The participants were instructed to press the left and right keys (A and L keys on the keyboard) using their left and right index finger, respectively. In the training blocks, an X was presented in the center of the screen when the response was incorrect; however, there was no feedback in the congruent and incongruent blocks. There was no time limit for participants to respond. The IAT task took around 60 min to complete.



3.2. Data analysis

We analyzed the data in the congruent and incongruent blocks. For each participant, we defined the trials with RT less than 100 ms or greater than mean plus three standard deviations (SDs) as outliers and excluded them from further analyses. In each experiment, however, there was no trial with RT shorter than 100 ms, so the excluded trials were all attributed to long responses (i.e., longer than mean + 3SDs). We report the accuracy, RT, and their associated analyses including lexical tones as a within-participant factor in Supplementary materials. In the main text, we combined the two sessions of vowels with different lexical tones.

To quantify the magnitude of the congruency effects in terms of cross-modal correspondences, we computed the d-score by taking the RT difference (subtract the mean RT in the congruent condition from the mean RT in the incongruent condition) and then dividing it by the pooled standard deviation. Therefore, the larger the RT difference or the smaller the RT variability, the larger the d-score. Given the prior assumption that the RT should be longer in the incongruent than in the congruent condition, we conducted a one-sample t-test (one-tailed) to determine whether the d-score was significantly greater than zero, indicating a significant congruency effect. We computed the d-score for each stimulus modality (visual or auditory), which we would then use to compare the congruency effect across experiments. We compared the visual and auditory d-scores using a paired t-test to investigate the symmetry of sound–shape correspondences.

To investigate the stage of information processing at which sound–shape correspondences occurred, we ran a bin analysis of RTs (see De Jong et al., 1994; Vallesi et al., 2005; Parise and Spence, 2012) by separating the RT data in each modality and congruency condition into five time bins, from fastest to slowest, for each participant. We then used the RTs in each time bin to compute the d-score in each time bin. We initially compared these d-scores to zero using one-sample t-tests; however, because the d-scores in the five time bins were related rather than independent, we set the criterion of statistical significance at p < 0.01 to avoid inflating α. To compare the congruency effect between modalities across time bins, we submitted the d-scores to a two-way repeated-measure ANOVA on the within-participant factors of modality (visual and audition) and bin (1 to 5). We used a Greenhouse–Geisser correction when the sphericity assumption was violated. Post hoc comparisons for time bins were pairwise t-tests with Bonferroni corrections. The data in Experiments 2 and 3 underwent the same analysis procedure, but we obtained only auditory d-scores and visual d-scores, respectively.



3.3. Results

The overall accuracy was 96.61 ± 0.43% (mean ± SE). We removed the 3.39% incorrect trials and 2.30% trials as RT outliers from the computations of d-scores. The auditory and visual d-scores in the IAT demonstrated reliable congruency effects (Figures 3A,B, respectively): auditory d-score = 0.16 (SE = 0.05, t(23) = 2.99, p = 0.003, Cohen’s d = 0.61) and visual d-score = 0.21 (SE = 0.08, t(23) = 2.52, p = 0.01, Cohen’s d = 0.51). Furthermore, the visual and auditory d-scores were similar (t(23) = 0.80, p = 0.43, Cohen’s d = 0.16), suggesting a similar magnitude of congruency effect between vision and audition.
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FIGURE 3
 Overall d-scores (grey bars) and the d-scores in each time bin (white bars) in three experiments. The left panels are auditory d-scores and the right panels are visual d-scores. (A,B) present auditory and visual d-scores in the IAT in Experiment 1. (C,E) present auditory d-scores in the sound classification task when the participants performed the explicit matching tasks either before (Matchbef) or after (Matchaft) the main task in Experiments 2A and 2B. (D,F) present the visual d-scores in the shape classification task when the participants performed the explicit matching tasks before (Matchbef) or after (Matchaft) the main task in Experiments 3A and 3B. The error bars represent one standard error of the mean. The asterisks indicate statistical difference from zero (* denotes p < 0.05 and ** denotes p < 0.01 before Bonferroni corrections; note that the significant criterion for the d-scores in each time bin was set at p < 0.01).


When we computed the d-scores individually in each time bin, the results demonstrated that the auditory d-scores were greater than zero in the third, fourth, and fifth bins (all t(23) > 2.59, ps ≤ 0.008, Cohen’s d > 0.52) but not in the first two bins (both t(23) < 2.05, ps ≥ 0.025, Cohen’s d < 0.42); the visual d-scores were greater than zero in the second and third bins (both t(23) > 2.61, ps ≤ 0.008, Cohen’s d > 0.53) but not in the first, fourth, and fifth bins (all t(23) < 2.34, ps ≥ 0.014, Cohen’s d < 0.48). We submitted these d-scores to a two-way ANOVA on the factors of modality and bin. The main effect of bin was significant (F(2.07, 47.63) = 5.06, p = 0.01, ηp2 = 0.18). The post hoc tests showed that the d-score was significantly lower in the first bin than in the second and third bins (both t(23) > 3.12, ps ≤ 0.048, Cohen’s d > 0.63). However, the main effect of modality (F(1, 23) = 1.08, p = 0.31, ηp2 = 0.05) and the interaction between modality and bin (F(1.79, 41.07) = 1.05, p = 0.38, ηp2 = 0.04) were not significant. Taken together, the d-score was not significant in the first bin, and it was significantly smaller than in the central bins, and therefore did not support an early onset of the congruency effect. The effect of modality did not reach a significant level, suggesting a symmetrical modulation of crossmodal correspondences (Evans and Treisman, 2010; Parise and Spence, 2012).




4. Experiments 2A and 2B: sound classification task

In Experiments 2A and 2B, the participants had to discriminate the sounds as either the vowel /i/ or /u/ rapidly and accurately irrespective of the lexical tones; meanwhile, a task-irrelevant visual pattern was presented as a distractor. In Experiment 2A, the participants performed the explicit matching tasks before the sound classification task (called the Matchbef condition hereafter); in Experiment 2B, the participants performed the explicit matching tasks after the sound classification task (called Matchaft condition hereafter).


4.1. Design and procedure

The sound classification task comprised two sessions, one to test the /i1/ and /u1/ pair and the other to test the /i4/ and /u2/ pair. We evenly distributed the order of these two sessions between participants.

In each trial, the sound was presented for 300 ms; meanwhile, either a congruent visual shape (e.g., an angular shape for /i1/) or an incongruent visual shape (e.g., a rounded shape for /i1/) was presented. Participants had to categorize the sound as /i/ or /u/ (irrespective of the lexical tones) as rapidly and correctly as possible by pressing predesignated keys (A and L keys on the keyboard, counterbalanced between participants) using the left and right index finger, respectively. There was no time limit for participants to respond. After the response, an inter-trial interval (ITI) ranging from 500 ± 50 ms was presented and followed by the next trial. No clue was provided at the beginning of each trial, so the participants had to concentrate on the task continuously. Each session consisted of 400 trials, and the participants had a short break after every 100 trials. The participants practiced a few trials and ensured that they understood the task before the main experiment. The experiment took around 40 min to complete.



4.2. Results

In Experiment 2A (the Matchbef condition, Figure 3C), the overall accuracy was 97.68 ± 0.34%. There were 2.32% incorrect trials and 2.13% of trials as RT outliers removed from the computation of d-scores. The auditory d-score was 0.05 (SE = 0.02), which was significantly greater than zero (t(23) = 3.12, p = 0.002, Cohen’s d = 0.64), demonstrating a significant congruency effect induced by visual distractors. When we separately computed the d-scores in the five time bins, the d-score was significantly greater than zero in the third and fourth bins (both t(23) > 2.88, ps ≤ 0.004, Cohen’s d > 0.58) but not in the first, second, or fifth bins (all t(23) ≤ 2.45, ps ≥ 0.011, Cohen’s d < 0.50). We submitted the auditory d-scores in the five time bins to a one-way ANOVA on the factor of bin. The main effect was significant (F(2.29, 52.68) = 5.80, p = 0.004, ηp2 = 0.20). The post hoc tests showed that the d-score was significantly smaller in the first and fifth bins than in the fourth bin (both t(23) > 3.44, p ≤ 0.022, Cohen’s d > 0.70).

In Experiment 2B (the Matchaft condition, Figure 3E), the overall accuracy was 97.43 ± 0.35%. There were 2.57% incorrect trials and 1.89% of trials as RT outliers removed from the computation of d-scores. The overall d-score was −0.0003 (SE = 0.01), which was not significantly different from zero (t(23) = −0.02, p = 0.49, Cohen’s d = 0.004). Consistently, none of the d-scores in the five time bins were significantly different from zero (all t(23) ≤ 1.14, ps > 0.13, Cohen’s d < 0.23).

To investigate the influences of the order of the explicit matching tasks either before or after the sound classification task, we compared the d-scores in Experiments 2A and 2B. The auditory d-score was significantly larger in the Match
bef
 than in the Match
aft
 condition (two-tailed, t(46) = 2.25, p = 0.03, Cohen’s d = 0.65), suggesting that performing the explicit matching tasks before sound classification task rather than the reversed order induced a larger congruency effect.




5. Experiments 3A and 3B: shape classification task

In Experiments 3A and 3B, the participants had to discriminate a visual pattern rapidly and accurately as belonging to the angular or rounded category; meanwhile, a task-irrelevant sound was presented as a distractor. In Experiment 3A, the participants performed the explicit matching tasks just before the shape classification task (i.e., the Matchbef condition); in Experiment 3B, the participants performed the explicit matching tasks after the shape classification task (i.e., the Matchaft condition).


5.1. Design and procedure

The shape classification task comprised two sessions. In one session, either the tonal vowel /i1/ or /u1/ was presented as distractor; in the other session, either the tonal vowel /i4/ or /u2/ was presented as distractor. The order of these two sessions was evenly distributed between participants.

In each trial, the shape, either an angular or rounded pattern, was presented in the center of the monitor for 300 ms; meanwhile, either a congruent or incongruent sound (see above) was presented. The participants were required to categorize the shape as an angular or rounded pattern as rapidly and correctly as possible by pressing predesignated keys (A and L keys on the keyboard, evenly distributed between participants) using the left and right index finger, respectively. Other details were the same as in the sound classification task.



5.2. Results

In Experiment 3A (the Matchbef condition, Figure 3D), the overall accuracy was 96.10 ± 0.58%. There were 3.90% incorrect trials and 1.94% of trials as RT outliers removed from the computation of d-scores. The visual d-score was 0.05 (SE = 0.02), which was significantly greater than zero (t(23) = 2.60, p = 0.008, Cohen’s d = 0.53). Follow-up bin analysis demonstrated that the visual d-scores in the second, third, and fourth bins were significantly greater than zero (all t(23) > 2.64, ps < 0.007, Cohen’s d > 0.53) but not in the first and fifth bins (both t(23) ≤ 2.33, ps > 0.014, Cohen’s d < 0.48). The visual d-scores in the five time bins were submitted to a one-way ANOVA on the factor of bin. The main effect was significant (F(2.58, 59.41) = 4.64, p = 0.008, ηp2 = 0.17). The post hoc tests showed that the d-score was significantly smaller in the first than in the second bin (t(23) = 3.18, p = 0.04, Cohen’s d = 0.64).

In Experiment 3B (the Matchaft condition, Figure 3F), the overall accuracy was 95.63 ± 0.56%. There were 4.37% incorrect trials and 1.72% of trials as RT outliers removed from the computation of d-scores. The visual d-score was 0.04 (SE = 0.02), which was significantly greater than zero (t(23) = 2.15, p = 0.02, Cohen’s d = 0.44). However, the visual d-scores in the five time bins did not show a significant difference from zero (all t(23) ≤ 2.00, ps > 0.029, Cohen’s d < 0.41). The visual d-scores did not show a significant difference between the Match
bef
 and Match
aft
 conditions (two-tailed, t(46) = 0.52, p = 0.61, Cohen’s d = 0.15).




6. Comparisons of experiments 1, 2, and 3


6.1. The magnitude of auditory and visual congruency effect

To compare the magnitude of congruency effect in the sound and shape classification tasks, we submitted the d-scores in Experiments 2 and 3 to a two-way ANOVA on the between-participant factors of modality (auditory or visual) and order (Matchbef or Matchaft). The results showed that the d-score was similar in the Matchbef and Matchaft conditions (0.05 vs. 0.02, F(1, 92) = 3.46, p = 0.066, ηp2 = 0.04). The main effect of modality was not significant (auditory: 0.02, visual: 0.04, F(1, 92) = 1.24, p = 0.27, ηp2 = 0.01), nor was the interaction between modality and order (F(1, 92) = 1.15, p = 0.29, ηp2 = 0.01). Therefore, the magnitude of congruency effect was similar irrespective of the order of explicit and implicit tasks, and it was similar in the two modalities, consistent with the results in IAT (see Results in Experiment 1).



6.2. Modulation of the congruency effect by task relevance

In Experiment 1, the visual and auditory modalities were task-relevant in the IAT; in Experiments 2 and 3, only the auditory or visual modality was task-relevant in the sound and shape classification tasks, respectively. By comparing the d-scores obtained from the IAT to those of the speeded classification tasks, we could determine whether the magnitude of the congruency effect depended on the task relevance of sensory modalities. To be fair, we only compared the experiments in which the explicit matching tasks were performed after the main experiment (i.e., Experiments 1, 2B, and 3B). The auditory d-score was higher in the IAT than in the sound classification task (two-tailed, t(46) = 2.89, p = 0.006, Cohen’s d = 0.83). Similarly, the visual d-score was higher in the IAT than in the shape classification task (two-tailed, t(46) = 2.06, p = 0.045, Cohen’s d = 0.59). Therefore, the congruency effect was more pronounced when both modalities rather than only one were task-relevant.



6.3. The results of the explicit matching tasks

The matching tendency in the explicit matching tasks, as represented by the proportions that participants matched each tonal vowel to rounded patterns or the proportion that they matched each visual pattern to the vowel /u/, are reported in Figure 4. To examine any consensual matching in each condition, the proportion of matching was compared to 50% using a one-sample t-test (two-tailed).
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FIGURE 4
 The results of explicit matching tasks in three experiments. The sound matching performance is presented in the upper panels and the shape matching performance in the lower panels. The white bars represent the tonal vowels /i1/ or /i4/ in the sound matching task or angular patterns in the shape matching task; the grey bars represent the tonal vowel /u1/ or /u2/ in the sound matching task or rounded patterns in the shape matching task. The error bars represent one standard error of the mean (* denotes p < 0.05, ** denotes p < 0.01 of the result of a one-sample t-test compared to 50%).


In the sound matching task (upper panels in Figure 4), the participants tended to match the vowel /i/ to angular patterns and the vowel /u/ sound to rounded patterns for most of the tonal vowels (t(23) ≥ 2.07, ps ≤ 0.05, Cohen’s d > 0.42) except the /i1/ in Experiments 2A (t(23) = 1.67, p = 0.26, Cohen’s d = 0.34) and 3A (t(23) = 0.25, p = 0.80, Cohen’s d = 0.05); here both were the condition where the explicit matching tasks had been performed before the main experiment. Even though the participants’ matching between /i1/ and angular pattern was ambiguous, the contrast to the matching between /u1/ and rounded pattern remained significant (Experiment 2A: t(23) = 7.33, p < 0.001, Cohen’s d = 1.50; Experiment 3A: t(23) = 4.58, p < 0.001, Cohen’s d = 0.93). The result that the vowel /i1/ was reliably matched to angular patterns only in the Matchaft condition (Experiments 1, 2B, and 3B) may suggest that the repeated presentation of the tonal vowels and visual patterns in the preceding main task would improve the reliability of the sound-shape correspondences when the participants responded in the explicit matching tasks.

In the shape matching task (lower panels in Figure 4), the results showed that the participants reliably match rounded patterns to /u/ while matching angular patterns to /i/ (all t(23) ≥ 6.13, ps ≤ 0.001, Cohen’s d > 1.25). Compared to the sound matching task, the judgments in the shape matching seemed more reliable and insensitive to the prior exposure of these stimuli.




7. Discussion

In the present study, we examined the automaticity and symmetry of a classic example of crossmodal correspondences, that is, the sound–shape correspondences between vowels /i/ and /u/, and angular and rounded patterns, respectively. We utilized two implicit tasks, the IAT and speeded classification tasks, and the commonly used explicit matching tasks to explore this issue. In the IAT, in which the participants had to categorize a sound or pattern rapidly and accurately, the significant congruency effect was demonstrated in the auditory and visual modalities. In the sound classification task, we only observed the significant congruency effect induced by visual distractors when the explicit matching tasks were performed before rather than after the sound classification task; in contrast, in the shape classification task, we observed the significant congruency effect induced by auditory distractors when the explicit matching tasks were performed either before or after the shape classification task. Further bin analysis of RTs demonstrated that we did not observe the congruency effect in the first bin but observed it in the later bins. Finally, when we compared the IAT and speeded classification tasks, the congruency effect was more pronounced in the IAT, suggesting that the task relevance of modalities is critical for the encoding of sound–shape correspondences. Combined, these results of congruency effects suggest that the sound–shape correspondences tested here did not occur automatically.

The congruency effect of sound–shape correspondences did not demonstrate unequivocal evidence of automaticity. The auditory and visual congruency effects were significant in most experiments (except in Experiment 2B), but the congruency effect was never significant in the first time bin. This result contrasts with the observation of Parise and Spence (2012), who demonstrated the congruency effect in the first time bin and suggested that sound–shape associations were encoded automatically according to the speed criterion. In addition, the congruency effect was more pronounced when the auditory and visual modalities were task-relevant in the IAT than when only one modality was task-relevant in the speeded classification tasks. This result suggests that encoding the sound–shape correspondences during information processing depended on whether visual and auditory modalities were related to the goal at hand to a certain extent, thereby violating the involuntariness (unintentionality) criterion. These two pieces of evidence therefore do not support the automatic processing of sound–shape correspondences. Note that the auditory congruency effect was only significant when the explicit matching tasks were performed before (Experiment 2A) rather than after (Experiment 2B) the sound classification task; however, we did not observe this order difference in the visual congruency effect (Experiments 3A and 3B). Critically, a further comparison by combining Experiments 2 and 3 did not demonstrate a reliable order difference, either. Therefore, despite the participants’ explicit matching of the sound-shape correspondences may facilitate the informativeness of the distractor to target in terms of their congruency, it does not appear to be decisive in the automaticity of the sound-shape correspondences.

Evidence of the symmetrical modulations of sound–shape correspondences in either modality was apparent. When we compared the magnitudes of the auditory and visual congruency effects, we found no significant difference in the IAT or speeded classification tasks. In addition, the results of bin analysis of RTs in the IAT demonstrated a similar pattern of visual and auditory congruency effect across time bins. Taken together, the modulations of sound–shape correspondences were symmetrical in terms of the magnitude and onset of the congruency effects, consistent with Evans and Treisman (2010) and Parise and Spence (2012).

We quantified the congruency effect of sound–shape correspondences by calculating d-scores in the IAT and speeded classification tasks. Even though the magnitude of the congruency effect is presumed to reflect the strength of associations between the sounds and shapes tested in the current study, the underlying mechanism in the two paradigms is substantially different. In the IAT, the participants responded to stimuli in the auditory and visual modalities and tried to associate the sound and shape that were mapped to the same response to speed up the responses and reduce errors. This task-demanded association should be easier to establish in the congruent block, in which the corresponding sounds and shapes were mapped to the same response, than in the incongruent block, in which the contrasting sounds and shapes were mapped to the same response. Therefore, factors that help establish new associations, such as learning and practicing, may influence the magnitude of the congruency effect in the IAT (Greenwald et al., 1998; Hussey and De Houwer, 2018). In the speeded classification task, in contrast, the participants had to respond selectively to the modality in which the target was presented while ignoring (or inhibiting) the other modality in which the distractor was presented; that is, the participants tried to dissociate the simultaneously presented sound and shape. If they failed to inhibit the distractor but processed it to a certain level, it may have facilitated (or interfered with) the processing of the target when they correspond (or contrast). Therefore, the participant’s execution of selective attention or the stimulus’s complexity (determining the perceptual load of processing) may influence the congruency effect in the speeded classification tasks (Parise and Spence, 2012; Molloy et al., 2015). Given that the task relevance of sensory modalities and intention to relate the stimuli (associate vs. dissociate) differed in the IAT and speeded classification tasks, utilizing either experimental paradigm alone is perhaps insufficient to examine the automaticity of the crossmodal correspondences.

It should be noted that we do not intend to generalize our conclusion to all types of crossmodal correspondences. In fact, based on our previous studies, we postulate that the sound–shape correspondences occur at the “mid-level” processing, a higher level than the crossmodal correspondences of simple features (such as the pitch–size correspondences in Figure 1A). For example, in the visual modality, the process of perceptual grouping from elements to a global contour is essential in the sound–shape correspondences (Chen et al., 2021). In addition, not only the acoustic features (Knoeferle et al., 2017) but also the phonemes that are perceptually invariant (Shen et al., 2022) seem to drive the sound–shape correspondences. It has been suggested that crossmodal correspondences can occur at multiple levels of information processing (Spence, 2011), and it is plausible that higher-level correspondences may be more susceptible to cognitive factors and therefore more controllable than lower-level correspondences.

In conclusion, we utilized two implicit tasks—IAT and speeded classification tasks—to examine the automaticity and symmetry of sound-shape correspondences in modulating people’s speeded behavioral performance. Given that the congruency effects occurred with later responses and they were susceptible to the task relevance of sensory modalities, we suggest that the associations between sounds and shapes were not encoded automatically. In addition, the magnitude and onset of the visual and auditory congruency effects were comparable, suggesting a symmetrical modulation of sound-shape correspondence between sensory modalities once it occurred. The current study demonstrates a methodological solution when one aims to examine the automaticity and symmetry of cross-modal correspondences carefully (see Spence and Deroy, 2013, for a review and discussion).
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“Crossmodal correspondences” are the consistent mappings between perceptual dimensions or stimuli from different sensory domains, which have been widely observed in the general population and investigated by experimental psychologists in recent years. At the same time, the emerging field of human movement augmentation (i.e., the enhancement of an individual’s motor abilities by means of artificial devices) has been struggling with the question of how to relay supplementary information concerning the state of the artificial device and its interaction with the environment to the user, which may help the latter to control the device more effectively. To date, this challenge has not been explicitly addressed by capitalizing on our emerging knowledge concerning crossmodal correspondences, despite these being tightly related to multisensory integration. In this perspective paper, we introduce some of the latest research findings on the crossmodal correspondences and their potential role in human augmentation. We then consider three ways in which the former might impact the latter, and the feasibility of this process. First, crossmodal correspondences, given the documented effect on attentional processing, might facilitate the integration of device status information (e.g., concerning position) coming from different sensory modalities (e.g., haptic and visual), thus increasing their usefulness for motor control and embodiment. Second, by capitalizing on their widespread and seemingly spontaneous nature, crossmodal correspondences might be exploited to reduce the cognitive burden caused by additional sensory inputs and the time required for the human brain to adapt the representation of the body to the presence of the artificial device. Third, to accomplish the first two points, the benefits of crossmodal correspondences should be maintained even after sensory substitution, a strategy commonly used when implementing supplementary feedback.
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1. Introduction


1.1. Crossmodal correspondences

“Crossmodal correspondences” are the consistent matchings between perceptual dimensions or stimulus attributes from different sensory domains that are observed in normal observers (i.e., in non-synesthetes; see Spence, 2011, for a review). One of the most famous audiovisual associations was discovered almost a century ago by Köhler (1929). In particular, the German psychologist observed that people tend to associate the term “baluba” with curved lines, while the term “takete” is associated with angular shapes instead. To date, the existence of a very wide range of such crossmodal associations have been demonstrated, involving most, if not all, combinations of senses (see Spence, 2011, for a review). Associations involving auditory and visual stimuli have been predominantly addressed. That said, combinations involving haptics (Slobodenyuk et al., 2015; Wright et al., 2017; Lin et al., 2021) and/or the chemical senses (i.e., taste and gustation) have increasingly been investigated over the last decade, also in relation to the growing interest in research on food and wine pairing, and food marketing/packaging design (North, 2012; Spence and Wang, 2015; Pramudya et al., 2020; Spence, 2020).

Crossmodal associations have primarily been investigated in the field of experimental psychology/perception research, in which it has, on occasion, been related to the wider phenomenon of multisensory integration (Parise and Spence, 2009), conceived of as the processing and organization of sensory inputs received from different pathways into a unified whole (Tong et al., 2020). A number of intriguing questions concerning the nature of crossmodal correspondences and the relative contribution of different factors remains open, with some researchers putting forward the existence of intersensory, or suprasensory stimulus qualities, such as brightness, intensity, roughness, that can be picked-up by multiple senses (e.g., see, von Hornbostel, 1931; Walker-Andrews et al., 1994), and others focusing more on the integration of information occurring in the brain, as a result of crossmodal binding mechanisms (Calvert and Thesen, 2004).



1.2. Multisensory processing and feedback in the context of human augmentation

The mechanisms behind the processing of multisensory stimuli are also of great interest to scientists seeking feedback strategies to be implemented in the context of human motor control. Indeed, multisensory feedback has been shown to improve an individual’s ability to command their body significantly, especially in complex interactions requiring constant adjustment and recalibration (Wolpert et al., 1995; Diedrichsen et al., 2010; Shadmehr et al., 2010). The same benefit can potentially also be extended to the control of artificial devices, such as teleoperated robots or prostheses. In the field of prosthetics research, researchers have endowed prostheses with artificial senses, so that users can retrieve sensory information from these artificial devices as they would with their natural limbs, ultimately leading to better control and higher acceptability (Di Pino et al., 2009; Di Pino et al., 2012, 2020; Raspopovic et al., 2014; Marasco et al., 2018; Page et al., 2018; Zollo et al., 2019).

In recent years, the role of multisensory feedback has been studied within the framework of human augmentation, an emerging field that aims at enhancing human abilities beyond the level that is typically attainable by able-bodied users (Di Pino et al., 2014; Eden et al., 2021). Movement augmentation can, for instance, be achieved through the use of supernumerary robotic limbs (SRLs), artificial devices that can be controlled simultaneously with, but independently from, the natural limbs, thus opening up new possibilities in the interaction with the environment. SRLs can be controlled through the movement of body parts that may not be directly involved in the task, actuated by means of joysticks, trackers, or retrieved from the electrical muscle activity (Eden et al., 2021). It turns out that the quality of the motor interface is of pivotal importance as far as achieving proficient performance is concerned. However, proficient control can only be achieved by closing the sensorimotor loop between user and robotic device by means of reliable feedback, possibly covering multiple senses. Indeed, it has recently been demonstrated how supplementary sensory feedback improved the regulation of the force exerted by the SRL’s end-effector when interacting with an object (Hussain et al., 2015; Hernandez et al., 2019; Guggenheim and Asada, 2021), as well as increasing the accuracy in reaching a target or replicating the end-effector position (Segura Meraz et al., 2017; Aoyama et al., 2019; Pinardi et al., 2021, 2023). It can also reduce the amount of time required to complete behavioral tasks (Hussain et al., 2015; Sobajima et al., 2016; Noccaro et al., 2020).

Multisensory integration plays a key role in building body representations, the map that our brain uses to recognize and identify our body and the model the brain uses to control its movement (i.e., body image and body schema; de Vignemont, 2010; Blanke, 2012; Moseley et al., 2012). Sensory feedback continuously updates these representations, allowing the brain to accept artificial limbs, as has frequently been demonstrated in the famous Rubber Hand Illusion (Botvinick and Cohen, 1998), where a visible rubber hand and the participant’s own hidden hand are brushed synchronously (though see Pavani et al., 2000, for evidence that synchronous stroking is not always required to induce the illusion). As a result of this visuotactile congruency, the artificial limb is included in the body representation and thus perceived as belonging to the body of the person experiencing the illusion. This process, often labeled “embodiment” (Botvinick and Cohen, 1998; Pinardi et al., 2020a), has been reported for several types of artificial limbs, including prostheses, and has been linked to an improvement in artificial limb control and acceptability (Marasco et al., 2011; Gouzien et al., 2017). Recent works suggests that embodiment might be perceived for SRLs as well, making it a relevant topic in the field of human augmentation (Di Pino et al., 2014; Arai et al., 2022; Di Stefano et al., 2022; Umezawa et al., 2022).



1.3. Perspectives for future research in human augmentation

In this paper, we present three novel considerations concerning how future research on human augmentation might benefit from the vast knowledge concerning crossmodal correspondences. First, crossmodal correspondences could make multisensory feedback from the augmenting device easier to process and understand. Second, the spontaneous and widespread mechanisms that characterize crossmodal correspondences might well be expected to reduce the amount of time that is needed for users to learn and decode the supplementary feedback of SRLs and to embody it faster. Third, the benefits of crossmodal correspondences involving two sensory modalities should persist if one modality is transduced but the informative content is maintained (see Figure 1).
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FIGURE 1
Crossmodal correspondences relevant to human augmentation. Relying on crossmodal correspondences when designing the SRL supplementary feedback encoding (blue dotted line) could make a robot status parameter (e.g., its position) relayed through multiple sensory modalities (e.g., somatosensation and vision), more useful and easier to integrate. This, in turn, might help to decrease the amount of time required to learn to efficiently decode SRL feedback. Existing evidence suggests that these benefits should be resistant to sensory modality transduction. As a result, supplementary sensory feedback from the SRL (solid blue line) should be more efficient and motor control (solid red line) and embodiment of the augmenting device should improve.





2. Improving supplementary feedback integration

Crossmodal correspondences modulate multisensory integration (see Spence, 2011, for a review). More specifically, crossmodally congruent multisensory stimuli possess a perceptual bond that leads to increased strength/likelihood of integration thus potentially reducing spatiotemporal discrepancy. Indeed, when participants had to judge the temporal order of auditory and visual stimuli presented in pairs, worse performance was observed with pairs of stimuli that were crossmodally congruent as compared to those that were incongruent (Parise and Spence, 2009).

Crossmodally congruent pairs of audiovisual stimuli give rise to larger spatial ventriloquism effects (i.e., mislocalization of the source of a sound in space toward an irrelevant visual stimulus) compared to incongruent pairs (Parise and Spence, 2008). Crossmodal correspondences can also impact the perceived direction of moving visual stimuli: participants perceived gratings with ambiguous motion as moving upward when coupled with an ascending pitch sound and vice versa (Maeda et al., 2004).

Additional research findings have also demonstrated that crossmodal correspondences can improve behavioral performance in sensorimotor tasks. For instance, in a speeded target discrimination task in which participants were asked whether the pairs of color and sound stimuli that were presented appropriately matched, higher accuracy and faster reaction times were obtained with crossmodally congruent pairs of stimuli as compared to incongruent ones (Marks, 1987; Klapetek et al., 2012; Sun et al., 2018). Recently, audiovisual correspondences were shown to promote higher accuracy and faster responses during a reaction time task when stimuli were congruent rather than incongruent (Ihalainen et al., 2023). Even complex motor tasks, such as drawing, are affected by crossmodal correspondences, with participants obtaining higher accuracy in representing graphically certain features of auditory stimuli (e.g., pitch) compared to others (e.g., loudness) (Küssner and Leech-Wilkinson, 2014). Therefore, a first suggestion is that crossmodal correspondences can be exploited to improve the integration of multisensory information concerning the status of the SRL. According to the Bayesian integration framework (Körding and Wolpert, 2004; Chandrasekaran, 2017), supplementary feedback is particularly useful when it carries information with lower “noise” (i.e., less disturbance in the signal) compared to other sensory cues. Hence, if the user is operating the SRL in an environment with reduced visibility (e.g., presence of smoke or dust, or darkness for workers operating under water), supplementary feedback carrying information on the motion of the robot would become particularly useful. This usefulness could be increased even more by capitalizing on the correspondence between perceived motion and acoustic pitch. For instance, playing an ascending pitch when the robot moves upward would easily bias the attention of the user toward that direction, because of the integration guided by crossmodal correspondence, thus improving the interaction under low visibility conditions.



3. Reducing learning time

A striking feature of crossmodal correspondences is how spontaneous and widespread they appear to be. Whether this perceptual phenomenon reflects an innate and universal mechanism is not yet clear, since research has produced conflicting evidence (Ludwig et al., 2011; Spence and Deroy, 2012). Despite an experience-based explanation for certain crossmodal correspondences having been proposed (Speed et al., 2021), and possible cultural differences between groups occasionally being reported (Spence, 2022), the empirical evidence that has been published to date shows that most healthy adults perceive crossmodal correspondence spontaneously, consistently, and without the need for any specific training (though see also Klapetek et al., 2012). The possibility of associating information from different sensory modalities without a dedicated training is of great interest for the field of human augmentation.

Indeed, learning to use a sensory augmentation tool requires the user to become familiar with its physical features (e.g., dimensions, weight, joint stiffness, and degrees of freedom) in order to interact with it proficiently. Rich supplementary feedback can greatly facilitate this process, but learning to understand and use such feedback often requires extensive training, especially when supplementary feedback carries information that is not available to the other senses. This sensory substitution requires being exposed to both the original sensory feedback (e.g., vision) and the supplementary one (e.g., vibrotactile stimulation) in order to establish an association that is sufficiently strong to survive the removal of the former and thus allow the latter to provide useful information. The latest research demonstrates that this is possible in the specific context of human augmentation (Pinardi et al., 2021; Umezawa et al., 2022). However the long training sessions required to fully benefit from supplementary feedback, can all too easily result in participant exhaustion and demotivation, thus limiting the feasibility of the experimental approach. To avoid this, supplementary feedback usually relies on a simple encoding strategy that can be learned quickly. For instance, it is useful to respect the spatial distribution between workspace organization and feedback interface on the participant’s body (i.e., feedback of proximal joints is delivered proximally on the participant’s body; Noccaro et al., 2020; Pinardi et al., 2021), or to couple a vibrotactile stimulation frequency that is higher with a higher force exerted by the robotic limb (Hussain et al., 2015). By removing the need for feedback decoding, the effort to facilitate feedback learning could be pushed toward a more efficient application by exploiting the spontaneous associations that characterize crossmodal correspondences, such as the well-documented space-pitch/loudness correspondence.


3.1. Application scenario: exploiting space-pitch/loudness correspondence for SRL localization

Pitch is consistently associated with spatial locations on the vertical (Bordeau et al., 2023), and to a lesser extent horizontal, axis, such that a low-pitched sound is more likely to be associated with a left/low location whereas a high pitch is associated with a right/high location (Mudd, 1963; Rusconi et al., 2006; Spence, 2011; Guilbert, 2020). At the same time, however, loudness is known to be an effective indicator of distance, such that, when presented with two sounds which differ only in loudness, people tend to associate the louder sound with a closer sound source, and vice versa (Eitan, 2013; Di Stefano, 2022).

Sonification is a strategy of heteromodal sensory substitution which relays kinematic and dynamic features of a movement with sounds (Castro et al., 2021a,b); however, its effectiveness is dependent on the specific rules used for encoding. Sonification can also be exploited to relay feedback related to an SRL. In light of enhancing the intuitiveness and hence usability of sensory substitution devices by means of the incorporation of crossmodal correspondence, we propose to use sound frequency and intensity (which determines perceived pitch and loudness, respectively) to help users to more easily localize the SRL in tri-dimensional space with minimal need for dedicated training, since pitch/space correspondence has been shown to occur spontaneously (Guilbert, 2020), even in new-borns (Walker et al., 2018), and space/loudness is a reliable and consistent association which reflects the regularities in the environment (Eitan, 2013) (see Figure 2). Given that the spatial resolution of pitch/space correspondences has yet to be determined, it is hard to provide clear indications on the effective contribution of this association to the spatial localization of SRLs. However, a rough indication on the region of space occupied by the SRL in terms of the two principal axes (i.e., up/down, and right/left) would be probably enough informative for these kinds of tasks, and we expect that such information can be likely provided intuitively, thus potentially reducing the learning time.
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FIGURE 2
Possible encoding strategy that exploit visuo/haptic/auditory crossmodal correspondences to facilitate the localization of an SRL end-effector. 3D space is represented as a sphere surrounding the user, while the possible location of the SRL end-effector is shown as an orange dot. Dimensions that could be delivered by modulating sound (or possibly vibrotactile) frequency are shown in red. Since pitch modulation has been associated with localization on both the x and, especially, y axis (red), disentangling them while using the same encoding strategy (i.e., frequency modulation) remains an open issue that could potentially be addressed initially by simplifying the scenario and considering only the y axis. Dimension that could be delivered by modulating either sound intensity or possibly vibrotactile amplitude is shown in green.


The association between pitch and the vertical/horizontal axes could also be used in human augmentation to generate more “instinctive” warning signals that might direct the operators’ spatial attention in an intuitive way, i.e., with no need for dedicated training (Ho and Spence, 2008). Finally, sonification has been shown to improve the behavioral performance of sportsmen (e.g., Maes et al., 2016; Lorenzoni et al., 2019; O’Brien et al., 2020), and thus coupling it with crossmodal correspondence mechanisms might further facilitate this beneficial effect. Since pitch is associated at the same time with both horizontal and vertical direction, it would be important to disentangle the modulation of these axis. This could be addressed initially by simply considering one of the two axes (2D workspace), and later by acting on how feedback is delivered (e.g., deliver two pitches sequentially, the first coding the x axis and the second coding the y axis). Additionally, while the loudness/distance association has been investigated primarily on the z axis, it should be tested whether it also consistently present on the others.

This perspective is further corroborated by studies involving blind participants, that show that the use of sensory substitution devices, despite not being devoid of challenges (Barilari et al., 2018; Hamilton-Fletcher et al., 2018; Sourav et al., 2019), is somewhat easier to learn if they are based on crossmodal correspondences (Hamilton-Fletcher et al., 2016) and a similar correspondence-based facilitation has also emerged in the case of language learning as well (Imai et al., 2008, 2015).

Moreover, it can be predicted that the haptic feedback might be used similarly to pitch, assuming that frequency and amplitude of a vibrotactile stimulation are associated with vertical/horizontal localization and with distance, or depth, respectively. Should this be confirmed empirically, it would represent a useful principle to guide the design of supplementary feedback. Additionally, given the multifaceted nature of the somatosensory modality, haptic feedback could potentially convey several informative contents simultaneously, so that multiple stimulus dimensions can be captured more clearly compared to information conveyed through auditory feedback. Indeed, somatosensation includes a great variety of sensory stimuli, such as, vibration, pressure, and skin stretch. Combining different types of stimuli, such as high frequency vibrotactile stimulation and skin stretch, to encode different information (e.g., coordinates on different axis), could reduce the risk of ambiguous encoding while maintaining a high informative value. Though, that being said, one should never forget the inherent limitations associated with the skin as a means of information transfer (see Spence, 2014).




4. Sensory transduction

Studies on human motor control have proven that proprioception is an unobtrusive yet rich sensory modality allowing people to complete dextrous motor tasks with minimal attentional effort (Proske and Gandevia, 2012). This is further confirmed in patients who lost proprioception, and must continuously rely on visual monitoring to carry out daily life actions, with a huge attentional effort and lower learning performance (Danna and Velay, 2017; Miall et al., 2019, 2021). Hence, relaying proprioceptive-like information concerning SRLs (i.e., joint angle, end effector acceleration or exerted force) to the user can result in improved SRL control. However, in the case of supplementary feedback, it is often difficult to adopt a homomodal coding approach (information related to a given sensory modality are fed back to the user exploiting the same sensory modality e.g., pressure on the robot surface with tactors upon the user skin). This is due to the fact that SRL’s proprioceptive parameters should be delivered using proprioceptive stimulation, and this is sometimes impossible or impractical (e.g., delivering joint angles by means of a kinesthetic illusion (Pinardi et al., 2020b) imposes heavy constraints on experimental protocols). Hence, translating a proprioceptive parameter of the robot (e.g., joint angle) into a pattern of tactile stimulation (e.g., vibratory stimulation) is easier to implement, resulting in heteromodal feedback. This approach solves a number of technical issues but introduces the need to translate supplementary sensory feedback from one modality (e.g., proprioception) to another (e.g., touch). Hence, the possibility of maintaining the benefits of crossmodal correspondence across different sensory modalities would be an empirical direction worth investigating. For instance, higher auditory pitch is associated with faster motion (Zhang et al., 2021) and higher physical acceleration (Eitan and Granot, 2006). However, in a human augmentation paradigm, participants would not be directly informed about speed or acceleration through supplementary feedback, but rather with vibratory stimulation that codes those parameters (e.g., higher vibrotactile frequency codes for higher acceleration). Hence, would the association between acceleration (or speed) and auditory pitch still be valid, if acceleration were to be substituted with a vibrotactile stimulation coding the same information?

To the best of our knowledge, there are no studies that directly address this question, however, considering that crossmodal correspondences have been demonstrated between every pair of sensory modalities (North, 2012; Nava et al., 2016; Wright et al., 2017; Speed et al., 2021) and are, by definition, cross-modal, it is likely that the underlying mechanisms would not be disrupted by sensory modality transduction.



5. Discussion and conclusion

In the present perspective paper, possible intersections between two different and, to the best of our knowledge, previously unrelated research fields, namely human augmentation and crossmodal correspondences have been explored. We propose that future research on the control and embodiment of SRLs could benefit from exploiting the spontaneous and widespread mechanisms of crossmodal correspondences, which have been shown to impact on spatiotemporal features and constraints of multisensory integration. The potential improvement of the control of SRLs would likely result as a by-product of the well-documented positive effect of crossmodal correspondence on attentional processing (Spence, 2011; Klapetek et al., 2012; Orchard-Mills et al., 2013; Chiou and Rich, 2015). Indeed, attention is considered a crucial resource when it comes to learning new motor skills and improving motor performance, especially in complex environments or during the performance of difficult tasks (Song, 2019), such as controlling an SRL. The link between motor control, attention and sensory processing is further demonstrated by the fact that multisensory contingencies can modulate the coupling between attention and motor planning (Dignath et al., 2019). However, further evidence is required to assess and disentangle the specific impact of crossmodal correspondences on motor control or attentional processing in the framework of human augmentation.

While the insights suggested here could be extended to any robotic teleoperated device, they are particularly fit for the field of human augmentation. Indeed, SRL users are supposed to control robotic limbs and natural ones at the same, while receiving feedback from both. This produces an additional challenge that is not present in prosthetics or when dealing with robotic teleoperation. The added sensorimotor processing required in human augmentation, and the absence of residual neural resources that can be repurposed for conveying feedback (Makin et al., 2017; Dominijanni et al., 2021) justifies the need for new strategies that minimize the effort required for sensory feedback learning and maximize its usefulness, and even though benefits of crossmodal correspondence have usually been observed in simple tasks (i.e., speeded target discrimination) and control and embodiment of an augmenting device are much more complex tasks, they ultimately rely on the same mechanisms of multisensory integration.

Finally, we argue that crossmodal correspondences could be exploited to deliver even highly sophisticated feedback with reduced cognitive burden. For instance, by capitalizing on the correspondence between tactile and auditory roughness (see Di Stefano and Spence, 2022, for a review), it might be possible to deliver the sensation of a rough texture through a rough sound (e.g., equal intensity for all frequencies, such as white noise, Pellegrino et al., 2022). More specifically, simply using a camera located on the tip of the end-effector, it would be possible to analyze surface texture, determine its roughness level through a machine-learning algorithm, and modulate the features of an auditory cue to provide information to the user on the surface tactile quality (Guest et al., 2002).
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In this paper, we present the findings of a study investigating the impact of shape on the taste perception of chocolate. Previous research has explored the influence of various sensory information on taste perception, but there has been little focus on the effect of food shape being eaten on taste perception. To explore this, we focused on the Bouba-Kiki effect, illustrating an interaction between shape and several modalities, and investigated the effect of Bouba- and Kiki-shaped (rounded and angular) foods eaten on taste perception. We utilized a 3D food printer to produce four different shapes of chocolate pieces based on the Bouba-Kiki. Participants tasted each piece and completed a chocolate flavor questionnaire. With Bayesian analysis, we determined that the Bouba-shaped chocolate pieces were perceived as sweeter than the Kiki-shaped ones, supporting earlier studies on crossmodal correspondences between shape and taste perception. However, there were no significant differences in ratings of other tastes, such as sourness and bitterness. Our research indicates that shape can affect taste perception during consumption and suggests that 3D food printers offer an opportunity to design specific shapes that influence taste experiences.
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1. Introduction

The experience of food results from the integration of multisensory information. Previous studies have shown that the visual and tactile characteristics of food [e.g., color: Spence et al. (2015), Velasco et al. (2016a), shape: Gal et al. (2007), Spence and Gallace (2011), Spence and Deroy (2014), and its texture: Slocombe et al. (2016)] affect taste perception. Extrinsic or environmental characteristics when eating also influence taste perception. For example, studies of taste perception and related experiences have demonstrated that the taste of food influenced by the characteristics of the cutlery (e.g., weight, size, shape, and color: Harrar and Spence, 2013; Michel et al., 2015b), how food is arranged on the plates (Michel et al., 2015a), environmental sound (Mesz et al., 2011; Bronner et al., 2012), atmosphere, and room lighting (Velasco et al., 2013; Spence et al., 2014; Nygård and Lie, 2020), product packages and labels (Velasco et al., 2016b), and congruency between content and glassware (Wan et al., 2015; Van Doorn et al., 2017). Such non-arbitrary associations among different modalities are called “crossmodal correspondences”, and various associations among modalities have been demonstrated for senses other than taste (Spence, 2011).

The Bouba-kiki effect is a well-known example of crossmodal correspondences that illustrate an interaction between shape and speech sound. Bouba-Kiki was derived from an earlier study (Köhler, 1929) that presented many people with similar associations between two non-sense words or pseudowords (Maluma/Taketa) and two types of geometric shapes (rounded/angular). Subsequently, Ramachandran and Hubbard (2001) mentioned that 95% of their participants responded to the same associations between the two types of rounded or angular shapes and speech sounds. Studies have extended the Bouba-Kiki effect to reveal correspondences between foods/flavors and words (Gallace et al., 2011), flavors of liquids (Deroy and Valentin, 2011), and between rounded/angular shapes and cheese taste (Spence et al., 2013). Moreover, some other studies have investigated the Bouba-Kiki effect in terms of different transparent window shapes in product packaging (Simmonds et al., 2019) and the effect of different bowl shapes on the expected taste for a dessert (Chen et al., 2018). The results showed correspondences between sweetness and rounded shapes and bitterness/sourness and angular shapes. Several reports have also demonstrated similar results (Ngo and Spence, 2011; Ngo et al., 2011; Wang et al., 2017). In addition, Salgado-Montejo et al. (2015) conducted an experiment on the Bouba-Kiki effect using two additional properties of the shapes and shape symmetry (Makin et al., 2012), and number of elements (Jacobsen et al., 2006; Palmer et al., 2013).

Many studies have demonstrated a relationship between the appearance and shape of food and its taste, including the Bouba-Kiki, but it remains unclear how taste changes when such shaped foods are consumed. For example, Lenfant et al. (2013) demonstrated that different shapes (e.g., rectangle, triangle, round) of dark chocolate pieces affect flavor and texture. In contrast, Baptista et al. (2022) revealed that differences in shape have an impact on expected/perceived creaminess but not on sweetness, bitterness, and likability through a large-scale experiment. Wang et al. (2017) suggested there are no differences in the taste ratings of different shaped (rounded and angular) chocolate pieces when consumed, although ratings of expected taste before eating did differ by shape. In contrast, a recent study reported that the 3D Bouba-shaped edible samples were perceived as sweeter than the Kiki-shaped samples (Cornelio et al., 2022). However, the edible sample was prepared and designed only for the experiments (the ingredients were water, pork gelatin, agar, and sugar); unlike foods normally consumed, the taste was relatively neutral. Hence, it is unclear whether the Bouba-Kiki effect applies to the taste perception of foods usually consumed.

In this paper, we investigated the effects of Bouba-Kiki-shaped edible samples of a commonly consumed food item (i.e., chocolate, Figure 1) on taste perception. Chocolate was chosen as a material for the edible samples because chocolate has some inherent flavors and aromas, and has been used in previous taste perception studies, as described above. Chocolate is a common material used for 3D food printing (Hao et al., 2010; Lanaro et al., 2019; Mantihal et al., 2019; Souto et al., 2022). Chocolate as a 3D food printer material enables easy to control of shape and permits the production of a large number of edible samples for experiment.


[image: Figure 1]
FIGURE 1
 Chocolate pieces used in the study. The alphabetical letter following the hyphen means symmetrical (S) and asymmetrical (A), and the number means the number of elements (6 or 10 in this study).


As discussed above, several studies of crossmodal correspondences have demonstrated that Bouba (rounded) shapes are associated with sweetness and Kiki (angular) shapes are associated with sourness/bitterness. Thus, we hypothesized that Bouba-shaped chocolate pieces would be rated as sweeter than Kiki-shaped pieces (H1), whereas ratings of sourness and bitterness would be greater for Kiki- than for Bouba-shaped pieces (H2:sourness/H3:bitterness). In addition, based on the premise that rounder, symmetrical, and those shapes with fewer elements are more likely to be judged as sweeter and angular, asymmetrical, and those shapes with a greater number of elements are more likely to be judged as more sour (Salgado-Montejo et al., 2015), we assumed that the symmetrical Bouba-shaped chocolate piece was more likely to be perceived as sweeter than the asymmetrical Bouba-shaped sample (H4) and the Kiki-shaped sample with a greater number of elements would be perceived as more sour than that with fewer elements (H5). Similarly, the effect of shape (an asymmetric shape with more elements) on bitterness was also investigated (H6).



2. Materials and methods


2.1. Taste stimuli
 
2.1.1. Stimulus design

We designed four Bouba/Kiki-shaped stimuli for this study (Figure 1). These shapes are derived from geometric forms, as shown in Köhler (1929). Each shape we designed was named according to its Bouba/Kiki form (i.e., rounded/angular), symmetry/asymmetry, and number of elements. For example, Bouba-S6 denotes a symmetric Bouba-shaped chocolate piece with six elements, whereas Kiki-A10 denotes an asymmetric Kiki-shaped chocolate piece with 10 elements.

First, two shapes with rounded or angular tips of the same basic shape (Bouba-A6 and Kiki-A6 in Figure 1) were chosen as a standard edible samples. This was consistent with our basic hypothesis, namely that a Bouba-shaped edible sample would be perceived as sweeter than an equivalent Kiki-shaped sample (conversely, a Kiki-shaped sample was hypothesized to be perceived as more sourer/bitter than the equivalent Bouba-shaped one). In addition, stimuli with modified symmetry and number of elements were designed (Bouba-S6 and Kiki-A10) because prior work demonstrated differences in taste expectation by changing the symmetry/asymmetry and number of elements of Bouba-Kiki-shaped stimuli (Salgado-Montejo et al., 2015). Therefore, we focused on these parameters, which had a particular influence on sweetness and sourness/bitterness in prior work, and designed symmetric Bouba-shaped stimuli with few elements (6 in our study), and asymmetric Kiki-shaped stimuli with a large number of elements (10 in our study).

Prior studies found no differences in participants' reports of taste differences following actual consumption of round and angular chocolate pieces (Wang et al., 2017). We assumed that the amount of chocolate eaten in this prior study was too large, which caused the actual taste to dominate any effect of perceived shape on taste. Therefore, we designed a ring-shaped stimulus that was not filled with chocolate at its center to avoid the need to consume excessive chocolate taste/flavor, while maintaining perceived differences in shape.



2.1.2. 3D modeling and printing

Here, we briefly explain the conditions for 3D modeling and chocolate printing.

We used 3D CAD software (Rhinoceros1) and its plug-in (Grasshopper2) to design the stimuli. The edible samples were 24 mm in width and depth, and 3–4 mm in height (Figure 2). This volume was determined based on the results of a pilot study. Participants found it easy to place the samples in their mouth in one bite. The height was designed to be greater than the minimum discriminable distance between two points on the tongue, namely 1.650 ± 0.433 mm at the tip of the tongue and 2.650 ± 0.856 mm and 1.675 ± 0.269 mm at the sides of the anterior margins of each side of the tongue (Maeyama and Plattig, 1989); thus differences in texture could be perceived. The minimum two-point discrimination distance was also used to determine the distance between the tips of the shape, and the number of elements. Additionally, to equalize the weight of each sample, the height of each sample was controlled by varying the number of layers from 7 to 10. The symmetry/asymmetry and number of elements of the Bouba-Kiki shapes were partly determined with reference to a previous study (Salgado-Montejo et al., 2015).


[image: Figure 2]
FIGURE 2
 3D model and its planar curve used to print the chocolate pieces.


To obtain precise and flexible control over the shape, mass, and volume when producing ring-shaped edible samples, a 3D food printer (Foodbot3) was used. This printer is designed for printing edible ingredients using a temperature-controllable food-grade syringe. The nozzle can also be changed to permit the printing of food objects with subtle textures and smooth surfaces. We used the nozzle of diameter of 0.6 mm in this study to make the edge of the Kiki-shaped samples precisely angular. The printer can directly read G-code files, which is a geometric code that controls printer direction, speed, and other relevant parameters (Derossi et al., 2019). In many cases, G-code is generated using slicing software. However, 3D objects can also be created and G-code generated using 3D CAD software and plug-ins. Printing conditions were determined based on previous studies that fabricated chocolate using 3D printers (Mantihal et al., 2017; Lanaro et al., 2019). Our printing conditions were as follows: print speed from 12.0 to 15.0 mm/s, extrusion multiplier of 0.8%, and layer pitch of 0.42 mm. Room temperature during printing maintained below 25.0°C to prevent the chocolate from melting.



2.1.3. Ingredients

The chocolate used as the edible sample was a commercially available 74% cacao couverture chocolate (ingredients: organic cacao mass, organic cane sugar, organic cacao butter, organic cacao powder, organic vanilla powder). This chocolate was used because lower-purity cacao complicates the tempering and printing process (Souto et al., 2022). That is, it is necessary to perform tempering to achieve crystallization of a stable form of chocolate that can be precisely printed. First, chocolate was melted at approximately 45°C, after which the temperature was reduced to 34°C. The chocolate was mixed with 1% (by weight of chocolate) cocoa butter powder as a seed crystal to produce stable form of chocolate (Lanaro et al., 2019). The temperature was maintained at 33°C at the end of this process. Mixing cocoa butter simplifies the tempering process and helps promote the growth of Form V crystal nuclei. The tempered chocolate was poured into a plastic syringe and printed using the 3D food printer.




2.2. Experimental setup and design

The experiment was conducted in a quiet room with closed blinds. The air conditioning was set at 23°C, and a fan was running quietly in the background. The participants were seated in the room and tasted one edible sample at a time and rated the samples using a questionnaire presented on a tablet. We collected demographic information (age and sex) and taste ratings for each sample. Participants rated the following questions in a visual analogue scale (VAS) ranging from 0 to 100:

1. How much sweetness did you perceive in the chocolate?

2. How much sourness did you perceive in the chocolate?

3. How much bitterness did you perceive in the chocolate?

The experimenter placed the edible samples individually on a disposable plastic spoon (white, 160 mm long, 38 mm wide, for hygienic reasons) on a paper plate in front of the participant. The edible samples were presented at room temperature. The experiment was conducted using a within-participants design. Each participant consumed four samples with different shapes. The order in which the participants consumed the samples was predetermined by Latin square design, resulting in 24 possible sequences (factorial of 4 = 24).



2.3. Participants

Twenty-four Japanese participants (12 male, 12 female; age range 22–47 years, average age 33 years) without chocolate or dairy product allergies were recruited for this study. They were requested not to consume spicy food 24 h prior to the experiment, alcohol 6 h prior, or any food or drink (except water) 1 h prior (Obrist et al., 2014). Ethical approval was obtained from the Research Ethics and Review Committee of our company and written informed consent was obtained from all participants.



2.4. Procedure

The procedure of the experiment was as follows (Figure 3):

1. The experimenter put one piece chocolate sample on the spoon.

2. The participant was instructed to bring the sample to their mouth with the spoon and put it on their tongues. They were instructed to let the sample melt in their mouth and avoid biting. They were allowed to move the sample into their mouths, and the movement of their tongue was not restricted.

3. After the sample was melted and the participant swallowed it, they were instructed to wait 30 s to perceive the aftertaste of the sample.

4. The participant was then asked to complete a questionnaire that was presented on a tablet. They rated each sample in terms of three characteristics (sweetness, sourness, and bitterness).

5. The participant was asked to clear the aftertaste from their mouth by drinking room-temperature mineral water. After drinking the water, they remained in their seats and rested for 3 min each time to avoid any carry-over effect. In this study, we used room-temperature water, which is effective for cleaning the taste of astringent foods (Lee and Vickers, 2010).
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FIGURE 3
 The experimental procedure followed by the participants. Step 1 to 5 were repeated four times.


The experiment consisted of repeating steps 1–5 four times and was completed in approximately 30 min. The study was conducted in Japanese, and the questionnaires used in the study were written in Japanese.



2.5. Analysis

We performed a statistical analysis4 of the experimental results using Bayesian analysis with Markov chain Monte Carlo methods (MCMC). We employed Bayesian analysis as it facilitates a natural interpretation of the probability that the research hypothesis holds true, and it directly provides the probabilistic range of the parameters, enabling flexible hypothesis evaluation.

We used Python3 (v3.8) for data preprocessing and Bayesian analysis via PyMC (v4.1),5 which is a Python package for the Bayesian statistical modeling of advanced MCMC. Five chains of 5,000 samples were generated using PyMC. The burn-in period was set to 1,000, 20,000 random numbers obtained using the No-U-Turn Sampler (NUTS) method were used to approximate the posterior and predictive distributions. The convergence in sampling was diagnosed using the Gelman-Rubin statistic, [image: image] for all parameters, and visually confirming indicate that the each Markov chain was converging to a stationary state properly.

It was assumed that each edible sample has its estimated value of population mean and population standard deviation denoted as μi, σi, and each of them follows a uniform distribution as a prior distribution.

[image: image]

The calculation of the multivariate normal log-likelihood that we used as the likelihood in our analysis requires a vector of means and a variance-covariance matrix. Since the variance-covariance matrix can be generated from the correlation matrix and the variance of each variable, we used the LKJ (Lewandowski-Kurowicka-Joe) correlation distribution (Lewandowski et al., 2009) as a prior distribution for the correlation matrix.

[image: image] was set to compare the population means of the two edible samples. The probability that the hypothesis is true, p(μi−μj>0), was evaluated by the EAP (expected a posteriori) of the following generated quantity:
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3. Results


3.1. Perceived sweetness

Figure 4 shows the box-plot of participants' sweetness ratings for each edible sample.


[image: Figure 4]
FIGURE 4
 VAS (Visual Analog Scale) scores in participants' sweetness ratings. The boxes represent the middle 50% of the data, and the inside thick gray lines indicate the median value while the triangles indicate the mean value. The whiskers represent the maximum or minimum value of the data within 1.5 times the length of the box. Values not within this range were considered outliers (shown as individual data points).


Point estimates of the population mean of perceived sweetness using EAP for Bouba-A6, Kiki-A6, Bouba-S6, and Kiki-A10 were as follows: 38.52 (3.59) [31.21, 45.27], 28.90 (3.39) [21.96, 35.25], 40.63 (4.80) [31.58, 50.29], and 30.67 (3.73) [23.04, 37.76], respectively. Note that “( )” denotes the posterior standard deviation and “[ ]” denotes the 95% HDI (highest density interval).

Table 1 lists the probability that the sample in row i was perceived as sweeter than that in column j. Comparison of the population mean of perceived sweetness between the basic Bouba-shaped sample (Bouba-A6) and Kiki-shaped sample (Kiki-A6) (H1: Bouba-A6 > Kiki-A6) shows the Bouba-A6 was perceived as sweeter than the Kiki-A6 with a probability of 98.7%.6 Regarding H4 (Bouba-S6 > Bouba-A6), the probability of differences in the perceived sweetness due to minor shape differences was 65.5%.7 The posterior distribution of the difference in population means between each sample and the 95% HDI is shown in Figure 5.


TABLE 1 Probability that the sample in row i was perceived as sweeter than the sample in column j.

[image: Table 1]
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FIGURE 5
 The posterior distribution of the difference in the population means for perceived sweetness between each sample, and the 95% HDI. Here, μi denotes the population mean of each edible sample (μ1: Bouba-A6, μ2: Kiki-A6, μ3: Bouba-S6, μ4: Kiki-A10). The vertical thick bar indicates the position of 0 and means the reference value. Note that a% < 0 < b% of μi−μj next to the vertical thick bar denotes that the research hypothesis μi>μj holds the probability at b% and μi < μj holds at a%.



3.1.1. Perceived sourness

Figure 6 shows a box-plot of participants' ratings of sourness for each edible sample.


[image: Figure 6]
FIGURE 6
 VAS scores in participants' sourness ratings.


Point estimation of population mean on perceived sourness by EAP regarding Bouba-A6, Kiki-A6, Bouba-S6, and Kiki-A10 are as follows: 28.49 (4.54) [19.20, 37.75], 33.45 (5.87) [22.41, 45.23], 25.75 (5.02) [15.88, 35.52], and 28.91 (5.40) [17.81, 39.36], respectively.

Table 2 lists the probability that the sample in row i is perceived as more sour than that in column j. A comparison of the population mean for perceived sourness between the basic Kiki-shaped sample (Kiki-A6) and Bouba-shaped sample (Bouba-A6) (H2: Kiki-A6 > Bouba-A6) indicates that Kiki-A6 was perceived as more sour than Bouba-A6 with a probability of 82.0%.8 Regarding H5 (Kiki-A10 > Kiki-A6), the probability of differences in perceived sourness due to minor shape differences was 22.1%.9 The posterior distribution of the differences in the population means of each sample and the 95% HDI are shown in Figure 7.


TABLE 2 Probability that the sample in row i was perceived as more sour than the sample in column j.
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FIGURE 7
 The posterior distribution of the difference in the population means for perceived sourness between each sample, and the 95% HDI.





3.2. Perceived bitterness

Figure 8 shows a box-plot of participants' ratings of bitterness for each edible sample.
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FIGURE 8
 VAS scores in participants' bitterness ratings.


Point estimates of population mean for perceived bitterness by EAP for Bouba-A6, Kiki-A6, Bouba-S6, and Kiki-A10 were as follows: 54.29 (3.84) [46.62, 61.74], 55.21 (4.06) [47.07, 62.94], 49.14 (5.11) [38.94, 58.90], and 54.40 (5.24) [44.39, 65.04], respectively.

Table 3 lists the probabilities that the sample in row i was perceived as more bitter than that in column j. Comparison of the population mean of perceived bitterness between the basic Kiki-shaped sample (Kiki-A6) and Bouba-shaped sample (Bouba-A6) (H3: Kiki-A6 > Bouba-A6) showed that Kiki-A6 was perceived as more bitter than Bouba-A6 with a probability of 57.3%.10 Regarding H6 (Kiki-A10 > Kiki-A6), the probability of differences in perceived bitterness owing to minor differences in shape was 43.7%.11


TABLE 3 Probability that the sample in row i was perceived as more bitter than the sample in column j.
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The posterior distribution of the difference in population means between each sample and the 95% HDI is shown in Figure 9.


[image: Figure 9]
FIGURE 9
 The posterior distribution of the difference in population means for perceived bitterness between each sample, and the 95% HDI.





4. Discussion


4.1. Reflections on study results

This study investigated crossmodal correspondences between food shape and taste. We found that Bouba-shaped (round) chocolates were perceived as sweeter than Kiki-shaped (angular) chocolates. The results supported the first hypothesis (H1) and did not support the other hypotheses.

Regarding sweetness, our results supported H1 and did not support H4. The result for H1 is consistent with previous studies on crossmodal correspondences between shape and taste perception, in other words, basic Bouba-shaped (rounded) stimuli are perceived as sweeter than Kiki-shaped (angular) stimuli. In particular, our results are consistent with previous studies showing crossmodal correspondences between round shape and sweetness both in visual food perception (Deroy and Valentin, 2011; Ngo et al., 2011; Salgado-Montejo et al., 2015) and in actual consumption experiments (Lenfant et al., 2013; Cornelio et al., 2022). However, it is possible that the participants in our experiment did not perceive a sufficient difference in the tactile stimulation provided by the different edible samples, even though we designed the samples considering the tip distances at the shape extremities.

Regarding sourness, the results did not support H2 and H5. A closer look at the ratings of sourness (Figure 6) showed that the average values of each sample were lower than the other two tastes. Based on these results, the following hypothesis is proposed: it was unfamiliar or unclear for participants to rate the sourness of the chocolate samples, unlike ratings of sweetness and bitterness. This will play a role in constructing a further studies to understand correspondences between shape and sourness: one might use a standard sample as a sour taste reference, with participants rating the difference between each sample and this reference, so that participants can more easily estimate the range of differences.

Finally, regarding bitterness, the results did not support H3 and H6. Bitterness is the most complex of the basic tastes (sweet, sour, bitter, salty and umami) (Trivedi, 2012) and the ability to detect bitter tastes decreases with age (Drewnowski, 2001). Thus, it is possible that the age range of the participants in our study caused the lack of shape effects on bitterness.

To further explore the relationship between shape and taste, the four types of chocolate used in the experiment were analyzed separately for Bouba- and Kiki-shaped samples. Assuming (μi, μj)>(μk, μl), in which there is no up-down relationship between i and j or between k and l, but there is an up-down relationship between the two groups, the probability of this hypothesis being true can be obtained by calculating the EAP of the generation of the following Equation 2.
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The overall probability of Bouba-shaped samples being perceived as sweeter than the Kiki-shaped samples, regardless of shape differences, was 90.0% (0.900 = 0.956 × 0.987 × 0.987 × 0.966). For some of those sample pairs, the 95% HDI included zero; however, the probability mass of the posterior distribution was concentrated in the positive or negative range. Therefore, a small effect might have been present. Regarding sourness and bitterness, the results showed no significant difference between the taste of Bouba-shaped and Kiki-shaped samples. The overall probability of Kiki-shaped samples being perceived as more sour than the Bouba-shaped samples, regardless of shape differences, was 29.2% (0.292 = 0.820 × 0.917 × 0.535 × 0.728). The overall probability of Kiki-shaped samples being perceived as more bitter than the Bouba-shaped samples, regardless of shape differences, was 19.6% (0.196 = 0.573 × 0.851 × 0.506 × 0.794).

We should note that generalizing the above results, namely the overall probability regardless of shape differences, may be challenging due to the limited samples. This limitation stems from our adoption of an asymmetric experimental design with a reduced sample size, which was intended to focus on examining the effects of the most likely effective parameters. Further study would be needed to test the influence of shape type, (a)symmetry, and a number of elements. In addition, we are still uncertain how much the change in taste/flavor itself affects generalization. In future work, we need to conduct experiments to see if the same round shape but different taste/flavor chocolate samples (e.g., milk chocolate, white chocolate) are perceived as sweeter than the angular shape.



4.2. Consideration for actual eating experiments

Although we have demonstrated the possibility of crossmodal correspondences between shape and taste, some limitations such as visual stimuli, food structure, individual differences, and expansion to other modalities and taste characteristics remain uncertain in our study. We briefly discuss them as below.


4.2.1. Visual influence and tactile influence

One limitation of our study is that we could not distinguish between the effects of visual and tactile (mouthfeel) sensations of food shape on taste perception. It is known that visually perceived shape influences expectations regarding food taste. For example, consumers make judgments of food taste based on its packaging (Schifferstein, 2001). It is also known that haptic information through a hand plays a significant role in modulating food perception (Barnett-Cowan, 2010; Biggs et al., 2016). We focused on the effect of food shape on taste perception, and conducted an experiment in which participants ate four chocolate pieces with difference shapes. However, in the experiment, the participants could see the samples before eating to ensure that they were putting something edible into their mouths. Thus, we did not investigate the independent effects of visually perceived shape and tactile perceived shape. Further experiments are required to compare the results with and without observing stimuli. This would contribute to investigating crossmodal effects on taste, focusing only on shape stimuli perceived through the sense of touch.

Besides, we can also present a standard sample shape to clarify a taste evaluation baseline. Such an experimental design will help distinguish whether our results were perceived through food consumption or attributed through crossmodal correspondence, which our study did not clarify.



4.2.2. Food structure, fragility, and amount

In our experiment, we used two main characteristic shapes (round and angular) to measure the influence of food shape. The weights of the edible samples were balanced, and the influence of differences in the amount of material was controlled. However, structural engineering properties such as brittleness, fragility, and elasticity of the edible samples, were not included in the design parameters. In their open-ended responses, several participants stated that the Kiki-shaped (angular) samples crumbled more easily and quickly transformed into small particles that melted more quickly. There is a possibility that the Kiki-shaped samples had areas of greater structural stress and quickly crumbled into smaller particles, even though the edible samples were not bitten.

On the other hand, a previous study found that the ease of crumbling depended on the direction in which the mechanical metamaterial chocolate was bitten, and that there was a positive correlation with the number of cracks and sensory ratings (e.g., how crunchy and easy to bite) of the overall taste (Souto et al., 2022). Another study showed that food with a honeycomb infill pattern requires longer to chew than food with a rectilinear pattern (Lin et al., 2020). A longer chewing time indicates that the food is structurally stronger. If this structure is related to the ease of melting, it could be utilized when studying how taste perception may be related to changes in structure.

Finally, we believe the ring-shaped samples used in our study could be generalized for comparing other shapes, such as circles vs. triangles. However, we assume that if the surface area expanded, the difference in taste perception would be smaller. As we pointed out in the Introduction and Section 2.1.1, we assumed that the filled samples had too much chocolate to be sufficiently discriminable in a previous study (Wang et al., 2017). Although we recommend using ring-shaped samples, the optimal amount of chocolate needs more exploration to be addressed in future research.



4.2.3. Relationships between shapes and other taste characteristics

In this study, we focused on sweetness, bitterness, and sourness, which are basic human taste characteristics and tastes/flavors that chocolate typically has. However, there are other taste/flavor expressions such as spicy, oily, bland, astringency, and so on. Especially, astringency is a term that implies a characteristic of chocolate, wine, coffee, and so forth. When it comes to taste characteristics associated with chocolate, it may be possible to influence astringency by controlling the shape itself. Di Stefano and Spence (2022) noted that tactile stimuli produced by physical/mechanical contact between the food and the palate contribute to texture determination. These tactile stimuli include hardness, viscosity, elasticity and roughness. The study also discussed the relationship between roughness and astringency. In addition, Breen et al. (2019) showed that participants in the higher roughness sensitivity group responded to more subtle differences in chocolate roughness than those in the lower sensitivity group, suggesting that texture perception may be controllable. Roughness (which is angular), which tends to be perceived as unpleasant, like auditory and some visual and tactile stimuli, affects sensory and aesthetic responses in taste. Although our study highlighted results related to roundness and sweetness, it may be a good topic for future work to examine the possibility of manipulating the astringency evaluation by considering angularity as roughness.

Roughness, synonymous with angularity in this context, tends to be perceived as unpleasant and affects sensory and aesthetic responses to taste. Juravle et al. (2022) found that angular shapes, such as the Platonic solids, were typically associated with sour and bitter tastes. On the other hand, the study revealed a preference for sweetness and umami tastes with rounded shapes, such as spheres. This result suggests that the perception of different taste characteristics, including astringency, could be manipulated through the shape's angularity or roundness. Although our study primarily highlighted results related to roundness and sweetness, future work could consider the possibility of influencing astringency evaluations by manipulating the shape's roughness or angularity.

Moreover, regarding melting, Szubielska (2019) showed that chocolate was rated as tastier and more melt-in-the-mouth when eaten barefoot on a soft and smooth surface than a rough and hard surface. This study showed that taste perception also depends on the tactile properties of a contextual stimulus that occurs in the eating situation but is not related to the food itself, and this is in contrast to our finding that rough stimuli of the food itself influence melt-in-the-mouth. It will be interesting in future work to test which variable affects taste perception more between tactile contextual indicators or the tactile stimuli of the food itself.



4.2.4. Individual and cultural differences

The other consideration is individual differences in taste perception. Individual differences, e.g., gender/age/sweetness preference, could influence taste perception, which Bertelsen et al. (2020) demonstrated through their large-scale experiment. The ratings of chocolate samples might have changed slightly during the experiment depending on whether one prefers sweet or bitter foods. The chocolate used in our experiment was 74% cacao, which is relatively bitter. Those who prefer sweeter chocolate may have perceived a stronger bitter taste when they tasted the edible samples. One of the participants stated, “I found the sourness was not my thing because I like sweet chocolate”, in the open-ended responses. In future work, we would like to investigate a correlation between individual differences and their evaluation of taste.

Geographical and cultural diversity should also be considered. A study focusing on the shape-taste matching of Bouba-Kiki showed that the effect size of each factor affecting shape-taste matching differed between the experimental participants from two different countries, namely the United Kingdom and Colombia (Salgado-Montejo et al., 2015), Taiwan and North America (Chen et al., 2016). Their study showed that shape-taste matching was similar across countries. On the other hand, Bremner et al. (2013) showed that the Himba of northern Namibia tended to associate less bitter chocolate samples with angular rather than rounded shapes, which is the opposite mapping to that shown by Westerners. It is prudent to continue to consider the possibility of cross-cultural differences in taste preferences (Prescott and Bell, 1995).



4.2.5. Crossmodal harmony

Besides, there is a recent study that argues about the “harmony” of multiple modalities. Various food scientists have used the term “crossmodal harmony” to represent this notion. Some of them work on the combination of fragrances and flavors and use it to “refer to fused, or united, percepts while at the same time talking of the balanced composition of a mixture of elements” in a dish (Spence and Di Stefano, 2022). A congruent crossmodal will be associated with an affectively more positive value. As we obtained from the open-ended responses, the participants stated, “I was curious to see unusual star-shaped chocolates.” or “This is the first time I had ever eaten chocolate in such a unique shape, and it is interesting.” They enjoyed the opportunity to eat unique-shaped chocolate, which might positively affect them. It would be highly insightful as future work to comprehensively capture variables such as visual appearance, taste, tactile, and shape to consider evaluating their balance and perceptions. Such a comprehensive perspective regarding harmony will be meaningful for studying taste perception through actual food consumption.





5. Conclusion

This study focused on the crossmodal correspondence between the food shape and taste perception. Accordingly, in an empirical experiment, participants ate Bouba- and Kiki-shaped chocolate pieces that were created using a 3D food printer and sensory evaluations were performed. A Bayesian analysis of the survey results revealed that participants perceived the Bouba-shaped (round) chocolate pieces as sweeter than the Kiki-shaped (angular) pieces. Our findings follow previous research on the crossmodal correspondences that occur between visual stimuli and taste perception. The results of this study will contribute to broadening the scope of food shape design and the proposal of new dining methods and experiences, as well as developing further crossmodal research.

Our results may enrich the dining experiences in the metaverse, which is a line of research that has gained momentum in recent years (Jaller et al., 2021; Cornelio et al., 2022). Research exploring dining experiences in VR spaces has already begun and is expected to become an area that will increasingly attract in the future. Similarly, some researchers are exploring the association between 3D shapes and expected taste, liking, and so on (Chen et al., 2019), which could lead directly to the dining experiences in the metaverse. The results of the present study suggest that taste perception can be controlled by changing the shape of food. In addition to visually manipulating taste (Narumi et al., 2011; Narumi, 2016), our study may contribute to approaches that use non-digital elements (Harley et al., 2018) and augment the visual experience with other sensory stimuli (Velasco et al., 2018).

In addition, we believe that it is worth exploring the effects of such a multi-sensory tasting to enrich the dining experiences and contribute to providing sustainable food experiences (Pedersen et al., 2021) in a way that reveals not only what to eat but also how to eat. In fact, chocolate has the highest carbon footprint of any plant-based food, emitting 19 kg of CO2 equivalents per kilogram, compared to 17 kg for coffee and 8 kg for palm oil.12 Given that the shape of chocolate can affect the perception of sweetness, it may be possible to deliver the same or much more sweetness with a smaller amount of chocolate by changing its shape, as demonstrated by the ring-shaped pieces used in this study. From the perspective of 3D printing, or additive manufacturing, this production process has potential environmental benefits (Jambrak et al., 2021). It is possible to decentralize the production site, to produce the designed chocolate locally at the desired time/unit, and to reduce CO2 emissions during the production process, especially during transportation. If we can enjoy eating experiences with less chocolate, this will lead to a reduction in the ingredients needed and greenhouse gases from land use change and farm stage of the supply chain, which are the main contributors to emissions.
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Footnotes

1https://www.rhino3d.com

2https://www.grasshopper3d.com

3https://www.3dfoodbot.com

4The code is available here: https://github.com/omron-sinicx/ComputationalMouthfeel.

5https://www.pymc.io/welcome.html

6For reference, the results of a t-test instead of a Bayesian analysis are presented here. Cohen's d is used to represent the effect size. The t-test results, t(23) = 2.22, p = 0.018, d = 0.45, also show a significant difference between the two samples, supporting hypothesis H1.

7The t-test results, t(23) = 0.47, p = 0.321, d = 0.10, suggest that the p-value is greater than the conventional significance level of 0.05. This value indicates a failure to reject the null hypothesis, as it does not provide significant statistical evidence to support the alternative hypothesis H4.

8The t-test results, t(23) = 1.21, p = 0.120, d = 0.25, indicate that the p-value is greater than the conventional significance level of 0.05. The results do not provide substantial statistical evidence to support the alternative hypothesis H2.

9The t-test results, t(23) = −0.99, p = 0.834, d = −0.20, indicate that the p-value is considerably higher than the conventional significance level of 0.05. Consequently, the results do not provide substantial statistical evidence to support the alternative hypothesis H5.

10The t-test results, t(23) = 0.22, p = 0.414, d = 0.05, indicate that the results do not provide substantial statistical evidence to support the alternative hypothesis H3.

11The t-test results, t(23) = −0.17, p = 0.568, d = −0.04, indicate that the results do not provide substantial statistical evidence to support the alternative hypothesis H6.

12https://ourworldindata.org/food-choice-vs-eating-local
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Mental imagery refers to the representation of stimuli that are not physically present and has long been a subject of interest in psychology. However, most research on mental imagery has been limited to visual images, with other types of imagery, such as sound and smell, receiving little attention. A possible reason for this is the lack of appropriate scales to measure the vividness of multisensory imagery. The Plymouth Sensory Imagery Scale (Psi-Q) has been developed to address this issue and has been used in several studies to measure the vividness of seven imageries: vision, sound, smell, taste, touch, body, and feeling. In this study of 400 participants in Japan, the Psi-Q was translated into Japanese and tested for reliability and validity. The results showed good internal reliability and retest reliability and moderate to high correlations with other measures of construct validity, including mindfulness, Big Five, and life satisfaction. Additionally, there is no significant difference in total Psi-Q scores between the Japanese and British samples, although some differences are found in individual sensory imagery abilities. This study provides valuable insights into multisensory mental imagery, and it is expected that research dealing simultaneously with the responses of multisensory modalities will further accumulate.
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1. Introduction

Mental imagery is defined as “an internal representation of stimuli that are not physically present (Shaw, 2008, p. 175)” and has been a central theme in psychology over the past several decades (Pylyshyn, 1973; Pearson, 2019). The range of topics utilizing mental imagery includes physiology, perception, learning, memory, and exercise (Hatakeyama, 2019), and applied research has been conducted in areas such as marketing and medicine (e.g., Pearson et al., 2015; Zaleskiewicz et al., 2020). However, most of these studies regarding mental imagery have been limited to vision; other mental imagery, such as sound and smell, have been studied less actively (Andrade et al., 2014). This is contrary to the growing interest in the topic of crossmodal correspondence, which attempts to examine the interaction of multiple sensory perceptions rather than just one (Uno and Yokosawa, 2022). One possible reason for this is that there is a lack of a scale with sufficient validity and reliability available to measure the vividness of multisensory imagery simultaneously. In reality, some scales such as the Questionnaire upon Mental Imagery (QMI; Betts, 1909; Sheehan, 1967 for short version) and the Survey of Mental Imagery (SMI; Switras, 1978; Grebot, 2003 for French version), which can measure multisensory imagery ability, have been developed, but these measures are problematic in three aspects. First, the scales were not created through adequate psychometric testing (McAvinue and Robertson, 2007; Andrade et al., 2014). For example, the SMI does not examine correlations with existing scales to determine construct validity, and there are no reports of test–retest reliability. Second, the QMI and SMI are long scales with 150 and 86 items, respectively, which has the disadvantage of placing a high burden on respondents. Third, these scales have been in development for a long time, and the wordings of some items are not suitable today. For example, the QMI uses items that reference the whistle of a locomotive (sound), velvet (touch), and smoke from a train (smell), which are no longer common experiences. Based on these observations, the Plymouth Sensory Imagery Scale (Psi-Q; Andrade et al., 2014) was developed to overcome these problems and simultaneously measure the vividness of seven modality imageries: vision, sound, smell, taste, touch, body sensation, and feeling. Andrade et al. (2014) sampled extensively across multisensory modalities, reviewing the QMI and the Vividness of Visual Imagery Questionnaire (VVIQ; Marks, 1973). Consequently, two items were retained and eight items were rephrased from the short version of the QMI, and 25 new items were added. The scale was developed through three experiments (N = 854). This has demonstrated construct validity (r = 0.18–0.40 with the Spontaneous Use of Imagery Scale (SUIS); Reisberg et al., 2003), internal reliability (α = 0.93–0.96 for the Psi-Q; α = 0.80–0.97 for the subscales), and retest reliability (r = 0.43–0.84). Since then, the Psi-Q has been translated worldwide, including a Spanish version (Pérez-Fabello and Campos, 2020) and a Dutch version (Woelk et al., 2022), and has become a leading scale for measuring multisensory imagery ability. The Spanish version showed a seven-factor structure as in the original version, despite having removed four items, with adequate to high internal consistency (α = 0.92 for the Psi-Q; α = 0.68–0.77 for the subscales) and correlation with the QMI (r = 0.40–0.56), confirming its construct validity. The Dutch version showed a seven-factor structure, similar to the original version, with adequate to good internal consistency (α = 0.94–0.96 for Psi-Q; α = 0.76–0.88 for subscales) and test–retest reliability (r = 0.83 for Psi-Q; r = 0.67–0.75 for subscales), and construct validity (r = 0.32 with SUIS) using two surveys of students and a general sample. Translating and developing the Psi-Q in Japan will ensure the measurement of multisensory imagery ability simultaneously and confirm that the same factor structure can be found across cultures.

The Psi-Q has been employed in a variety of surveys and experiments (e.g., Kharlas and Frewen, 2016; Clark et al., 2020; Koivisto and Grassini, 2022). Kharlas and Frewen (2016) have examined a trait mindfulness scale’s association with the Psi-Q and found moderate positive correlations between its five subscales and each of the Psi-Q’s sensory imagery abilities. In particular, the “Observe” factor of the trait mindfulness scale was significantly correlated with mental imagery in all seven sensory organs (r = 0.23–0.47, ps < 0.01), while only bodily and feeling imagery was not correlated with “Act with awareness” (r = 0.06–0.18, ps > 0.05), suggesting that there were differences across sensory organs. In addition, the Psi-Q has been used in behavioral experiments; for example, Koivisto and Grassini (2022) have shown that images of nature (vs. urban environment and architecture) are associated with positive affect and relaxation. They further have found that visual imagery ability in the Psi-Q predicted the vividness of imagery most successfully (B = 0.34, p < 001), while bodily imagery ability predicted relaxation most successfully (B = 26, p = 0.002). Thus, it is important to simultaneously measure individual differences in multisensory imagery ability and identify commonalities and differences among sensory organs. In this study, in addition to mindfulness, we further aim to deepen our understanding of multisensory mental imagery by examining its relevance to other scales, such as the Big Five and Satisfaction with Life Scale, because these measures have not yet been examined in relation to multisensory imagery abilities but have been shown to be associated with single modalities such as visual imagery (e.g., Wilson et al., 2018; Budnik-Przybylska et al., 2023). We hypothesized, with reference to these previous studies, that multisensory imagery ability would correlate positively with mindfulness, negatively with neuroticism, positively with openness and extraversion, and positively with life satisfaction.

Scales measuring the individual differences in mental imagery have developed for each modality rather than multiple modalities simultaneously. For example, the Vividness of Visual Imagery Questionnaire (VVIQ; Marks, 1973), Vividness of Olfactory Imagery Questionnaire (VOIQ; Gilbert et al., 1998), and Auditory Imagery Questionnaire (AIQ; Hishitani, 2009), which measure visual, olfactory, and auditory imagery abilities, respectively, have been developed. Japanese versions of these scales likewise exist and have been widely used (Hishitani, 2005; Hishitani, 2011; Yamamoto et al., 2018). However, there is a growing need to simultaneously measure multisensory mental imagery abilities for use with other scales and behavioral experiments; therefore, it is important to develop a Japanese version of the Psi-Q.

To our knowledge there are no studies examining the cultural differences in multisensory imagery ability. While not comparing countries, Talamini et al. (2022) has examined musicians’ and non-musicians’ questionnaire responses regarding visual and auditory imagery abilities and found that musicians had higher auditory imagery abilities than non-musicians, however, there was no difference in visual imagery abilities. The results suggest that mental imagery is influenced by culture and environment and that this influence differs from one sensory system to another. These differences are not only in the concepts that have been treated in psychology, such as the cultural self (Markus and Kitayama, 1991) and genotypes associated with depression (Chiao and Blizinsky, 2010), but also in the customs and food culture. Therefore, it is vital to exploratively examine the cultural differences of multisensory imagery.


1.1. Aims

In this study, we first translated the original version of the Psi-Q (Andrade et al., 2014) to develop a Japanese version, and then examined its validity and reliability. To examine construct validity, we measured existing imagery ability scales, such as the VOIQ, and examined relationships with individual differences in the Big Five, trait mindfulness, and life satisfaction. Finally, an exploratory examination of cultural differences in multisensory imagery ability between the United Kingdom and Japan was conducted using original data (Andrade et al., 2014). This study can inspire research on cultural comparisons of multisensory imagery abilities which have not yet been directly compared, despite the repeated implication that they are influenced by culture and environment.




2. Methods

This study was approved by the Ethics Committee of Kyoto University (CPE-496). All data and scripts are available online.1


2.1. Participants

Four hundred people were recruited through the Japanese crowdsourcing platform CrowdWorks.2 Of these, 389 (M = 40.72, SD = 10.73; 155 men, 234 women) were analyzed, excluding those with extremely short response times and those who missed the attention check. To examine retest reliability, the same participants were invited to respond again 1 week later. Data from 344 participants (M = 40.85, SD = 10.65; 137 men, 207 women), whose ID matched their first completed questionnaire, were used for the retest reliability analysis.



2.2. Materials


2.2.1. The Plymouth sensory imagery scale (Psi-Q)

After obtaining permission from the original authors, the first author, a fluent and native Japanese speaker, translated the Psi-Q into Japanese (Andrade et al., 2014). All items used in the original version of the Psi-Q were not changed to consider cultural influences because they all are familiar to Japanese. For the Japanese version, we conducted three preliminary surveys with a sample size of 100–150 participants and made minor revisions to the items. Back-translation was then performed using a translation service (NAI Inc.3). The original author was then asked to confirm whether there were any differences in meaning or intent from the original version. The original version of the scale consists of seven subscales, five items each, for “vision,” “sound,” “smell,” “taste,” “touch,” “body,” and “feeling,” for a total of 35 items. A shortened version, with three items each for a total of 21 items, has also been developed. For example, in the case of “sense of smell,” the participants are asked to respond to the question, “Imagine the smell of a rose,” using a 7-point scale from 1, “I cannot imagine it at all,” to 7, “It is as vivid as if it were right in front of my eyes.” The completed Japanese version of Psi-Q is described in Table 1.



TABLE 1 Factor loadings for each item in the factor analysis with a six-factor structure (only items with factor loadings of 0.4 or higher are shown).
[image: Table1]



2.2.2. The vividness of olfactory imagery questionnaire (VOIQ)

The VOIQ is a 14-item scale measuring olfactory imagery ability (Gilbert et al., 1998; Yamamoto et al., 2018). The responses are provided using a 5-point scale, ranging from 1, “I cannot smell anything at all, I just know that I am thinking about the smell that I am told,” to 5, “I can smell the smell completely clearly, as if I am smelling a real object.”



2.2.3. The auditory imagery questionnaire (AIQ)

The AIQ is a 12-item scale measuring auditory imagery ability (Hishitani, 2009), using a 5-point scale ranging from 1, “I have no image at all, I just ‘know’ that I am thinking about what I am told,” to 5, “It is completely clear, like I am hearing a real thing.”



2.2.4. Short version of the Japanese Big Five Scale

This shortened version of the Big Five Scale is a 29-item scale measuring the Big Five of extraversion, agreeableness, neuroticism, openness, and conscientiousness (Namikawa et al., 2012). The responses to the personality adjectives are provided on a 7-point scale ranging from 1, “not at all true,” to 7, “very true.” Although no studies have examined the relationship between multisensory mental imagery ability and Big Five personality, visual imagery ability and Big Five extraversion have been found to be positively related (McDougall and Pfeifer, 2012), and thus construct validity can be examined. In addition, we also examine the correlations between other personalities and mental imagery abilities in an exploratory manner.



2.2.5. Short version of the five facet mindfulness questionnaire (FFMQ)

The shortened version of the Five Facet Mindfulness Questionnaire is a 24-item scale consisting of five factors (Observing, Non-reactivity, Non-judging, Describing, and Acting with awareness) measuring trait mindfulness (Takahashi et al., 2022). A 5-point scale ranged from 1, “not at all true,” to 5, “always true.” It has shown a moderate correlation with the Psi-Q (Kharlas and Frewen, 2016) and serves as an index for examining construct validity.



2.2.6. The satisfaction with life scale (SWLS)

The Satisfaction With Life Scale is a one-factor, five-item scale measuring life satisfaction (Diener et al., 1985; Sumino, 1994). A 7-point scale ranging from 1, “not at all agree,” to 7, “very much agree,” is used to answer the questions. To our knowledge, there are no studies that examine the correlation between multi-sensory mental imagery ability and life satisfaction. However, well-being and mental imagery are related, as people with higher depression experience more negative imagery (Holmes et al., 2016); therefore, it will be interesting to look at the relationship between other-sensory imagery ability and life satisfaction in this study.




2.3. Procedure

The participants, recruited through Crowdworks, completed a web-based questionnaire created by Qualtrics. The participants were briefed on the survey and signed an informed consent form. They then began with responding to the Psi-Q, followed by the other five scales, which were presented in a randomized order. The items were also presented in a randomized order. The survey took approximately 10 min to complete. One week later, the same participants responded to the Psi-Q as described above.



2.4. Data analysis

First, using the fa function of the psych package (Revelle, 2022) in R (ver. 4.2.2; R Core Team, 2022), an exploratory factor analysis was conducted. A confirmatory factor analysis as well as a comparison of the models was then conducted using the cfa function from the lavaan package (Rosseel, 2012). Based on previous research (Yong and Pearce, 2013), we set a cutoff criterion of 0.4. To compare the model fit, we used chi square (χ2), goodness of fit index (GFI), adjusted GFI (AGFI), normed fit index (NFI), comparative fit index (CFI), root mean square error of approximation (RMSEA), and Akaike’s information criterion (AIC). To examine internal reliability, we used the alpha function from the psych package, and retest reliability was confirmed by calculating correlations with data obtained from the same sample 1 week later. For the British sample, we used data from Study 2 of Andrade et al. (2014), using the t.test function and the mes function from the compute.es package (Del Re, 2013) for effect size calculations.




3. Results


3.1. Factor structure

First, exploratory factor analysis was conducted to examine the eight-factor structure indicated by the scree plot, which resulted in only two items loading on “body” and two “feeling” factors (Supplementary Table S1). Alternatively, when the factor analysis was conducted assuming a six-factor structure, excluding the “feeling” factor from the original version, all factors loaded three or more items, resulting in a cohesive result (Table 1 and Supplementary Table S2 showing all factor loads).

As is clear from the model fit indices such as GFI and AIC in Table 2, the six-factor structure excluding the “feeling” factor is a better model than the original seven-factor structure.



TABLE 2 Comparison of the goodness of fit for each model.
[image: Table2]

Following the original study (Andrade et al., 2014), we also examined the factor structure of the short version of the Psi-Q, excluding two items from each of the six factors. The results show that the factor loadings for the three items did not exceed 0.4 but generally showed good coherence (Supplementary Table S2).



3.2. Descriptive statistics and reliability

As a result of the factor analysis, a six-factor Psi-Q structure was employed, and its descriptive statistics and internal reliability for the entire scale and each factor were calculated (Table 3). The results show good internal reliability, α = 0.78 ~ 0.94, and good retest reliability, r = 0.67 ~ 0.82 (ps = 0.00), when retests were conducted 1 week apart.



TABLE 3 Descriptive statistics and retest reliability of the Plymouth Sensory Imagery Questionnaire, compared to United Kingdom data.
[image: Table3]



3.3. Examination of construct validity

To examine construct validity, correlations with other measures were calculated (Table 4).



TABLE 4 Correlations between subfactors of the Plymouth Sensory Imagery Questionnaire and correlations with other scales.
[image: Table4]

The results show moderate to high correlations and validity with existing measures of imagery ability, with total Psi-Q scores correlating with the AIQ (r = 0.68, p = 0.00), which measures auditory imagery ability, and the VOIQ (r = 0.59, p = 0.00), which measures olfactory imagery ability. There are also positive correlations with the Big Five factors of extraversion (r = 0.27, p = 0.00), openness (r = 0.19, p = 0.00), and agreeableness (r = 0.14, p = 0.00), and a negative correlation with neuroticism (r = −0.13, p = 0.01). In addition to the positive correlation between the total FFMQ scores and the Psi-Q (r = 0.24, ps = 0.00), the Observe factor and each subfactor of the Psi-Q shows moderate correlations (r = 0.18 ~ 0.32, p = 0.00). Life satisfaction and total scores on the Psi-Q and each subscale are positively correlated (r = 0.16 ~ 0.24, p = 0.00). Age (r = 0.21, p = 0.00) and gender (r = 0.14, p = 0.01) also correlated positively with the Psi-Q. This indicates that older participants and female participants have higher imagery ability. These correlations indicating construct validity were significant, but the effect sizes were week to moderate.



3.4. Cultural comparison

Finally, we compare the Psi-Q scores of the Japanese sample in this study with the British sample in the original study (Table 1 and Figure 1). ANOVA results showed a non-significant main effect of culture [F(1, 596) = 1.06, p = 0.30, η2 = 0.001], a significant main effect of modality [F(6, 3,576) = 243.31, p = 0.00, η2 = 0.13], and a significant interaction [F(6, 3,576) = 28.17, p < 0.001, η2 = 0.02]. Multiple comparison showed significant differences of sound [F(1, 596) = 25.50, p < 0.001, η2 = 0.04], smell [F(1, 596) = 8.81, p = 0.003, η2 = 0.01], taste [F(1, 596) = 25.75, p < 0.001, η2 = 0.04], and touch [F(1, 596) = 5.18, p = 0.02, η2 = 0.01] between cultures. For sound and taste, Japanese scores were higher than British scores. For smell and taste, British scores were higher than Japanese scores. The culture differences for overall Psi-Q score [F(1, 596) = 1.06, p = 0.30, η2 = 0.002], vision [F(1, 596) = 0.88, p = 0.35, η2 = 0.002], and body [F(1, 596) = 1.02, p = 0.31, η2 = 0.002] were non-significant.

[image: Figure 1]

FIGURE 1
 Box plot showing the Japanese-United Kingdom comparison of Plymouth Sensory Imagery Questionnaire.





4. Discussion


4.1. The Japanese version of Plymouth Sensory Imagery Questionnaire

In this study, we developed a Japanese version of the Psi-Q (Andrade et al., 2014), which measures individual differences in multisensory imagery abilities. Internal reliability and retest reliability for this scale were high. The original version measured imagery ability on seven subscales: vision, sound, smell, taste, touch, body, and emotion; however, the Japanese version, which was administered to a Japanese sample, showed the best coherence on six subscales, excluding the emotion factor. When considering the sensory organs, the emotional factor is rarely included, and it is thought to work well as a scale measuring multisensory imagery ability.



4.2. Construct validity of the Japanese version of Psi-Q

To examine construct validity, we used scales that have already been shown to be related to existing imagery ability scales and the Psi-Q, as well as scales that are newly examined in the present study. First, the validity of the Japanese version of the Psi-Q was confirmed by its moderate to high positive correlations with olfactory imagery ability (Gilbert et al., 1998) and auditory imagery ability (Hishitani, 2009). In particular, the correlation between olfactory imagery ability, as measured by the VOIQ, and the smell subfactor, measured on the Psi-Q, was higher than the correlations for the other modalities, suggesting that it is correctly measuring what it should measure. We also replicated previous research (Kharlas and Frewen, 2016) and found correlations with trait mindfulness, which has been shown to be related to multisensory imagery ability. Individual differences in mental imagery vividness are thought to be related to actual perceptual, emotional, and physical experiences (Cui et al., 2007; Kharlas and Frewen, 2016). Indeed, a positive correlation between participants’ ages and Psi-Q total and subfactor scores was found in this study and suggests that an increase in the accumulation of real experience makes images more vivid until the middle age of life. In this way, it can be interpreted that mental imagery vividness is related to methods of self-emotional and physical regulation, such as mindfulness. We further found a relationship between multisensory imagery ability and the Big Five personality factors. Specifically, extraversion was associated with imagery vividness in all modalities. Again, this could be explained similarly to mindfulness and age, as individuals with high extraversion are likely to have more sense or opportunity to have a greater variety of perceptual and emotional experiences than those with low extraversion, which may be linked to mental imagery ability. Similarly, in this study, we found, for the first time, a positive correlation between multisensory imagery ability and life satisfaction. Individuals with vivid multisensory imagery may lead more fulfilling lives, both in their everyday and non-everyday life. For example, it is known that the higher their visual imagery ability, the more people appreciate the beauty of poetry (Hitsuwari and Nomura, 2021), which may potentially enhance their art experience. These relationships between trait mindfulness, the Big Five, life satisfaction, and multisensory imagery ability are correlational, and causal relationships are unresolved and should be explored in future research.



4.3. Cultural comparison of multisensory imagery ability

This study was the first to examine cultural differences in multisensory imagery ability. The results reveal that while there is no difference in general imagery ability between the Japanese and British samples, however, auditory and gustatory imagery is higher among the Japanese sample, and olfactory imagery is higher among the British sample. By measuring multisensory imagery simultaneously, we can show these differences by modality. First, regarding differences in sound imagery, there are cultural differences in the occurrence of the McGurk effect,4 which is less pronounced in the Japanese sample (Sekiyama, 1994). Sekiyama (1994) has argued that Japanese people are less likely to engage in face-to-face communication and the simplicity of the Japanese phonological structure may allow language interaction based on auditory information alone, without reference to visual information. Second, regarding smell imagery, the influence of COVID-19 must be considered (c.f., Olofsson and Pierzchajlo, 2021). In 2022, the year in which data were collected from the Japanese sample, people were permanently wearing masks to prevent the spread of infection; however, this was not so in 2014 when the data were collected from the British sample. This continued wearing of masks (Ataka, 2022) may have caused reduced smell sensitivity and imagery for the Japanese sample. Third, regarding taste imagery, it is thought that there are cultural differences regarding sensitivity to taste. For example, umami is the fifth primary taste in European taste tests and tends to be defined as salty or sweet (Mueller et al., 2011), however, Japanese people are more familiar with umami foods, such as dashi (Satoh-Kuriwada et al., 2014). Nevertheless, these interpretations of cultural differences particularly in sound, smell, and taste are only tentative and must be verified in the future. Furthermore, the Psi-Q has already been translated into Spanish (Pérez-Fabello and Campos, 2020) and Dutch (Woelk et al., 2022), and comparative studies with more diverse cultures should be conducted.



4.4. Limitation and future direction

Although we were able to develop a Japanese version of the Psi-Q and validate its validity and reliability in this study, several limitations must be mentioned. First, as with the original and translated versions (Andrade et al., 2014; Pérez-Fabello and Campos, 2020; Woelk et al., 2022), the short version was created by reducing items from the long version, and some concerns have been noted with this method of creation (c.f., Aquino et al., 2018), as the same item may be regarded differently in the long and short versions. Second, although we made cultural comparisons, these are exploratory results, and based on the results obtained in this study, hypotheses need to be developed and factors that cause cultural differences in multisensory mental imagery abilities need to be further explored.




5. Conclusion

In this study, we developed a Japanese version of the Psi-Q, a scale measuring multisensory imagery ability with high validity and reliability and were able to produce a sufficient measure. Additionally, correlations with various scales, including the Big Five and life satisfaction scales, which had not been examined before, were clarified, and the adequate construct validity was demonstrated. In the Japanese-British comparison, cultural differences in multisensory imagery ability between the Japanese and British cultures could be noted for the first time. In the future, comparing the Psi-Q with other scales and using it in combination with behavioral experiments and functional brain imaging studies can increase our understanding of multisensory imagery ability. Future research should also conduct multicultural comparisons, not only between Japanese and British samples. The number of studies dealing with multiple modality senses simultaneously remains small, and it is expected that the Psi-Q will enable us to advance this field.
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Footnotes

1   https://osf.io/u8cpd/

2   https://crowdworks.jp/

3   https://www.nai.co.jp/

4   A phenomenon in which a third phoneme is perceived when a video of one phonological speech utterance is viewed in combination with another (McGurk and MacDonald, 1976).
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Introduction: This research investigates consumer acceptance of alternative methods for communicating information about wine, focusing on the alignment between sensory attributes and consumer expectations.

Methods: A survey was administered to wine enthusiasts to assess their attitudes toward crossmodal communication.

Results: The findings reveal significant associations between consumer behaviors and acceptance of alternative communication methods, highlighting the emerging field of crossmodal correspondences.

Discussion: These results suggest that leveraging crossmodal correspondences can enhance the match between a product’s sensory qualities and consumer expectations, potentially reducing wine wastage resulting from unmet consumer preferences. These findings have implications for improving communication strategies in the wine industry and enhancing consumer experiences.

KEYWORDS
 crossmodal correspondence, multisensory experience, crossmodal communication, product matching, wine communication


1. Introduction

Multisensory research is important if one is to understand how to optimize communication, since it involves much more than just spoken or written language. As humans, we use multiple senses such as sight, hearing, touch, taste, and smell, to gather information and communicate with others. Research on the crossmodal correspondences can provide an efficient tool for communication by leveraging the connections between the senses, not least when it comes to wine (see Spence, 2023). This is accomplished by involving a combination of different senses to increase the potential success of product communication, depending on the product, potential consumer, and purpose. For example, this could include different kinds of visual cues, such as shapes and colors (Spence, 2023), to support the communication of complex multisensory products, which on a single-sense basis can be hard to fully communicate/understand for the regular consumer. It could also be the use of mental pictures, metaphors and analogies relating to common recognizable human characteristics (Herdenstam et al., 2009, 2018, 2020). In this context it could be argued that consumers in general are well-experienced using crossmodal descriptions and sensory metaphors in their daily speech. For example: warm welcoming and bubbly personality (touch), bright idea and glowing review (vision), end on sour note and such a sweet personality (taste), love stinks and sweet smell of success (odor), music to my ears and the world is listening (sound).

In this context, a question arises as to whether this could be a tool not only to help understand the correspondence between different senses, but also as a tool to meet future challenges in regard to food communication and ultimately food waste (Uiterkamp and Vlek, 2007; Rosen, 2009; Adams, 2010; Hopton et al., 2010; Stock and Burton, 2011; De Soete, 2016; Rinaldi, 2017; Dondi et al., 2020; Martini et al., 2021). As mentioned already, there is a need to implement new strategies to decrease the climate footprint, both in the wine industry as well as beyond (Christ and Burritt, 2013; Galbreath et al., 2020). Strong communication and learning from the sensory perspective of crossmodal correspondence can potentially be used to enhance sensory training by creating more immersive and interactive learning experiences as a tool to help individuals better retain information about a product (Ahn, 2011; Ghosh et al., 2016), especially one with a complex flavor profile such as wine. This is a critical subject when it comes to the communication of olfactory experiences, both with regard to limitations in verbally and linguistically grasping the message as well as in terms of understanding sensory complex food products such as wine (Paradis and Eeg-Olofsson, 2013).

In the realm of sensory marketing, the utilization of multisensory stimulation has traditionally served as a valuable tool for understanding consumer responses to products in relation to the fulfillment of their expectations (Elder and Krishna, 2010; Varela and Ares, 2012; Spence et al., 2013; Krishna and Schwarz, 2014; Croijmans and Wang, 2021; Spence, 2022a). This line of research focuses, in part, on consumer acceptance while acknowledging the efficacy of imagery and text in marketing, as well as the interaction between visual and linguistic elements in such contexts (Bolognesi and Strik Lievers, 2018). Nonetheless, it is crucial to explore how various visual cues (e.g., Lick et al., 2017; Baptista et al., 2022; Nguyen and Durner, 2023; Spence, 2023) and haptic sensations (Piqueras-Fiszman and Spence, 2012; Wang and Spence, 2018) may influence consumer preferences and correlate with taste and texture. Within this context, research has indicated that imagery depicting wine plays a significant role in the recollection and communication of sensory experiences (Herdenstam et al., 2009, 2018; Croijmans et al., 2020) and that certain training and expertise can enhance imagery abilities among wine-interested consumers (Croijmans et al., 2020; Herdenstam et al., 2020). In a recent study, consumers with varying levels of self-reported imagery vividness were examined (Croijmans and Wang, 2021). The findings suggested that the vividness of mental imagery might be a crucial factor to consider, as multisensory wine descriptions can help stimulate purchase intentions among consumers with lower imagery vividness, particularly in terms of their desire to drink the wine (Croijmans and Wang, 2021). Conversely, consumers with higher vividness reported a greater desire to drink the wine even in the absence of multisensory descriptions in imagery (Wang et al., 2022).

Overall, the understanding of mental imagery vividness, is an important factor to consider when it comes to finding better tools for the communication of wine (Spence, 2017; Spence, 2022c). This approach might be applied for understanding how other complex food products communicate, as they contain layers of volatile odors, flavors, and tactile sensations, and this tool might be critical in understanding linguistic communication and different consumer group’s attraction to a product (Paradis and Eeg-Olofsson, 2013). In this context, investigating the multisensory environment and its impact on consumer acceptance has also shown how important it is to consider the sound and hearing aspects when tasting wine (Spence and Wang, 2015a,b,c).

Recent research studies have shifted their focus towards comprehending the comprehensive impact of multisensory environments, surpassing earlier studies that examined sensory experiences on an individual basis. These studies aim to gain insights into consumer experiences (Maziriri et al., 2021; Spence and Van Doorn, 2022; Wörfel et al., 2022; Spence, 2022a). This emphasis is particularly significant in unraveling the reasons behind consumers’ product choices (Spence, 2020, 2022a,b).

In the past, a large body of wine research has demonstrated a wide variety of influences affecting the consumer’s esthetic and hedonic relation to sensory experience (Spence et al., 2014). One possible reason is that traditional and cultural aspects of the wine industry are reflected in idyllic images with beautiful landscapes, which has led to a perception that wine is considered as an environmentally friendly product (Ruggieri et al., 2009; Christ and Burritt, 2013). On the contrary, the United Nations has made it clear that there is an inevitable need to increase resources used in the food industry through environmental, sustainable, and cost-effective solutions (Roy et al., 2009; Ghosh et al., 2016; Merli et al., 2018). According to the above-mentioned studies, it can be argued that finding alternative ways to communicate about wine and other complex food products, novel or otherwise, could be helpful to both the consumer experience and the environment (Ahn, 2011; Ghosh et al., 2016). This is partially due to the demonstrated limits of language in describing sensory experiences that derive from the olfactory domain when experiencing wine (Paradis and Eeg-Olofsson, 2013).

This questionnaire-based study aimed to explore the attitudes of wine consumers towards crossmodal communication and assess the effectiveness of crossmodal correspondence as a potential communication tool for wine and other complex food products. The primary motivation behind this study was to explore innovative approaches to enhance the alignment between consumer expectations and sensory experiences, particularly by identifying novel and effective tools to address challenges associated with food production and waste.



2. Materials and methods


2.1. Ethics statement

All of the participants were over 20 years of age, and informed consent was obtained from all of those taking part in the study. All of the data and analysis files were kept in accordance with legislated and regulated data handling practices.



2.2. Participants

The participants consisted of 329 students from different sections of the 7.5-credit, 15-week distance course ‘Beverage knowledge’ offered through Örebro University (Sweden). The students received training in which they learned a common methodology to analyze wine. One important factor in the selection of these group of participants was their common experience of partly being exposed of effects of crossmodal correspondence during their training sessions, learning the basics of wine tasting. Both theoretically, by taking part of research during the course, and also practically, through the tasting exercises, experiencing crossmodal correspondences affects when moving from one sense modality to another. They were instructed first to look at a wine’s appearance qualities in order to make visual judgments concerning its color, intensity, maturity, age, freshness, acidity, and concentration. They were then encouraged to validate these first impressions on the nose, and subsequently on the palate, observing the effect of crossmodal correspondence and their notable impact during the professional wine tasting procedures, assessing first visual impressions, then the bouquet with layers of aromas, and lastly taste and oral-somatosensation while during this multisensory experience also being intervened by the retronasal effect of the odors in the palate. The majority of the participants were female (59%) and lived in the city (76%). Almost all had previously studied at university (94%), and most of them had received a bachelor’s degree, or higher (74%). As a group, they considered that they had better than average wine knowledge (76%). Most of the participants consumed wine on a weekly basis (87%), which they typically purchased at Systembolaget (Sweden’s nationally regulated liquor monopoly; 81%) and then consumed at home (80%; see Appendix A).

The participants shared the following traits:

i. They had all tasted the same wines and other beverages and had therefore shared a variety of sensory experiences within their training program.

ii. They had all learned a common approach and methodology when it came to the sensory analysis of wine. It can therefore be presumed that, as a group, they had an awareness of the importance of (all) the senses in the analysis process, including vision, olfaction, taste, touch, and sound.

iii. They had all experienced crossmodal correspondence during the tasting methodology practice. In other words, they were aware that the senses could not be totally isolated from one other during the process of analyzing the wine and, subsequently, communicating about the multisensory experience.



2.3. The questionnaire

The questionnaire used in this study comprised four sections. This section focuses on the analysis of the first section, which included inquiries about demographics, as well as single-choice and multiple-choice (check-all-that-apply; CATA) questions pertaining to purchase and consumption behaviors, communication practices, and sensory experiences related to wine. The remaining sections, which investigated visual aspects, the use of specific symbols, and alternative communication methods, were analyzed and presented separately based on the results of the statistical analysis. The questionnaire was distributed to participants upon completion of the course. In addition to collecting demographic information, it encompassed single-choice and multi-choice (CATA) questions concerning purchase behaviors, consumption habits, communication preferences, and sensory experiences (see Appendix B).


2.3.1. Examples of single-choice questions

1) Where do you primarily purchase wine? 2) Where do you primarily consume wine? 3) To what extent would you consider buying a wine based only on sensory information – i.e., if no other conventional information were available?



2.3.2. Examples multi-choice questions (CATA)

1) When purchasing wine from your selected choice in the question above, what factors influence your choice? 2) When consuming your wine at your selected choice in the question above, which factors primarily influence “your experience”? 3) If you could freely choose an alternative to regular communication on a wine label, what would you prefer?




2.4. Data analysis

EyeQuestion version 5 (Logic 8, Elst, Netherlands), a software program for sensory and consumer testing, was used to collect the participants’ responses. The software package R (R Core Team, 2021) was used to analyze the data.




3. Results

We analyze the influential factors when purchasing and consuming wine (in section 3.1) and reported preferences towards alternative wine communication (in section 3.2) including their associations to demographics and influential factors (in section 3.2.1–7). The relations between preferences are then analyzed (in section 3.3) and followed up by investigating the most frequent preference combinations and their associations to demographics and influential factors (in section 3.4).


3.1. Reported factors influencing purchasing and consumption of wine

The most influential factors reported by the participants when purchasing wine were (in descending order of importance): type of grape (77%), prior experience of the wine (72%), country of origin (72%), external recommendations (68%), style (65%), and price (62%). At the same time, the sensory descriptors communicated on the wine label or on the shelf were also reported to be an important factor for just under half of the participants.

The dominant factors influencing the choices reported by this group of engaged wine consumers would appear to be of a more general character. On the other hand, more specific aspects such as: sensory indicators of the experience, name of the producer, alcohol or vintage information, overall product communication in the store, shelf information and producer information (on the bottle design) were considered to be less important (see Table 1).



TABLE 1 Reported factors influencing wine purchasing behavior (CATA).
[image: Table1]

The most influential sensory factors reported by the group of wine enthusiasts when consuming wine were as follows: taste (94%), tasting/dinner setting (66%), and smell of the wine (65%). Far fewer of the participants reported being influenced by the other senses during their consumption: vision (26%), touch (12%), sound (8%). Here, a discrepancy was noted, with the reported factors influencing purchasing being dominated by more general information rather than sensory indicators, and the sensory indicator of taste was reported as the single most important factor when consuming the wine (see Table 2).



TABLE 2 Reported factors influencing experience of consuming wine (CATA).
[image: Table2]



3.2. Reported attitudes towards alternative wine communication

When the participants were asked whether they might consider buying wine based only on sensory information and no conventional label information, most of them had positive reactions to buying a bottle just so long as the sensory descriptors matched their own personal preferences (91%). Another question asked if they would also consider buying a wine with no specific origin, for example, a blend of different wines from different origins. Here, the participants reacted positively to the thought of buying a bottle if the descriptors happened to be equivalent to their sensory profile (95%). In terms of sustainability, 76% of them answered that they, to varying extents, would consider climate change into when making a decision about what wine to buy (see Appendix C).

In the questionnaire, the participants were introduced to alternative ways of communicating about the sensory experiences of wine and were asked to freely choose from examples of different modalities (see Appendix B). Visual communication using shapes and colors were the most frequently requested (54%), while flavor (45%) and odor/aroma (38%) were also highly ranked alternative means of communication. The least popular alternatives were those communicated auditorily, such as speech (9%), music (8%), and sounds (6%), see Table 3.



TABLE 3 Reported alternative communication to regular wine label (CATA).
[image: Table3]

In sections 3.2.1–3.2.7 we explore each of the alternative ways of communicating in relation to reported demographics (see also Appendix D) and purchase choice (Appendix E) and consumption experience (Appendix F), using two-sided hypothesis tests of, association (Kendall’s Tau rank correlation coefficient, Fisher’s exact test and Chi-square test), and of equal location among groups (Mann–Whitney U test and for significance to categories Kruskall-Wallis test, Wilcoxon rank sum test and t-test), see Appendix D. When studying the relation to purchase choice and consumption experience, as to rule out the influence of the reported locale, we also use binary logistic regression to regress the preferred alternative way of communication on the locale and the influential factor under study. Logged odds ratios (logOR) are used to represent 2*2 categorical associations, as exemplified at the start of section 3.2.1.


3.2.1. Shapes/colors (other visual symbols)

There were 62 males and 115 females who preferred shapes/colors as a means of communication, while 115 males and 80 females did not. A positive (negative) logged odds ratio indicates larger (smaller) odds amongst males who preferred shapes/colors as communication, relative to the odds among females, while a value of zero indicates no difference in odds. Since the odds amongst females (115/80 = 1.44) is higher than amongst males (62/70 = 0.89), the positive logged odds ratio, logOR = log(1.44/0.89) = 0.48, indicates that females were more likely than males to prefer shapes/colors as a means of communicating about wine. Using Fisher’s exact test, under the null hypothesis that gender and preference for shapes/colors are independent, the probability of an outcome at least as extreme as the observed (i.e., the p-value) is 0.042, which is less than 0.05. Thus, females (59%) are significantly more open to communications involving vision (using shapes/colors) to describe the multisensory experience of wine, compared to males (41%), see Tables AD.1, AD.2.

Regarding reported influencing purchasing factors (Table AE.1), the odds of preferring visual communication were significantly smaller for respondents influenced (relative to those not influenced) by vintage (logOR = −0.63), and significantly larger for respondents influenced by the climate impact (0.66), the bottle design (0.76), the illustrations on the label (1.15) or the front label (0.67). The sensory indicators (0.48) and the price (0.50) were also significantly larger, but not after controlling for the locale of purchase (Table AE.2).

Among the factors influencing the experience (Table AF.1), the odds of preferring visual communication were significantly larger for respondents influenced by taste sensations (logOR = 1.34) or hosts/professionals/staff (0.55), also after controlling for the locale of consumption (Table AF.2).



3.2.2. Flavors (tastes)

Neither any demographical factors (Appendix D) nor any factors influencing wine purchasing (Appendix E) were significantly related to preferring flavors (tastes) as means of communication. The only association found to be statistically significant (Table AF.1), which also held after controlling for the locale of consumption (Table AF.2), was the smaller odds of preferring flavors (logOR = −0.55) for respondents whose experience was affected by the overall room environment.



3.2.3. Odors/aromas (smells)

The median income was significantly lower amongst those respondents who were open to (35,000 SEK) vs. those who were not open to (40,000 SEK) communication through odor/aromas (Table AD.4 and Figure AD.2).

Among the factors influencing the purchase (Table AE.1), the odds of preferring communication via odors/aromas were significantly larger for respondents influenced by the country of origin (logOR = 0.74), the type of grape (0.70), the style (0.54), the sensory indicators (0.63) or the bottle design (0.72) respectively, also after controlling for the locale of purchase (Table AE.2).

Regarding influence on consumption experience (Table AF.1), only one association was found to be statistically significant, where the odds of preferring odor/aromas was (intuitively) larger for those whose experiencing was influenced by smell/odor (logOR = 0.86), also after controlling for the locale of consumption (Table AF.2).



3.2.4. Touch (tactile)

Consumers open for communication involving touch were on average significantly younger (35.2 years) than those who were not open (42.4 years) to this form of communication (Table AD.3 and Figure AD.1). Their median income was also significantly lower (34.3’ SEK) compared to those who were not open to communication through touch (39’ SEK), see Table AD.4 and Figure AD.2. The respondents open to vs. not open to communication through touch differed significantly in their distribution of wine consumption, and those more open to this modality were less likely to consume wine frequently (33% more than once weekly) compared to respondents that were not open to this modality (55% more than once weekly). Also, they were significantly more likely to primarily consume wine in restaurants (12%) and not with friends or family/in a wine tasting group (8%) compared to others (4 and 15% respectively), see Table AD.5.

Regarding statistically significant associations between reported factors influencing purchase of wine (Table AE.1) and the preference for tactile alternative communication the odds was (intuitively) larger for respondents who preferred communication via touch for the illustrations on the label (logOR = 1.61) but as well for the front label (1.16), and the bottle design (0.84), also after controlling for the locale of purchase (Table AE.2).

The only association found to be statistically significant was the (intuitively) larger logged odds (logOR = 0.91) of preferring touch for consumers whose experience were influenced by tactile sensations (Table AF.1), which also held after controlling for the locale of consumption (Table AF.2).



3.2.5. Speech (hearing)

Neither any demographical factors (Appendix D) nor any factors influencing the consumption (Appendix F) were significantly related to preferring speech (hearing) as a means of communication. The only association found to be statistically significant (Table AE.1) was the larger logged odds of preferring speech as alternative communication for respondents whose wine purchasing were influenced by the country of origin (logOR = 1.34), also after controlling for the locale of purchase (Table AE.2).



3.2.6. Music (hearing)

Respondents open to alternative communication via music were on average significantly younger (36.4 years) compared to others (41.8), and lived in more densely populated areas (96% vs. 74% in capital or city), see Table AD.3 and Figure AD.1.

For influence on purchase and consumption of wine, only a single factor each was significantly associated to preferring music as alternative communication, also after controlling for the locale. Regarding purchase, the odds of preferring music were higher for the bottle design (logOR = 1.27), see Appendix E, and for consumption the odds of preferring music were higher for the sound environment (logOR = 1.75), see Appendix F.



3.2.7. Sounds (hearing)

Respondents open to alternative communication via sounds were on average significantly younger (34.8 years) compared to others (41.7), and lived in more densely populated areas (95% vs. 74% in capital or city), see Table AD.3 and Figure AD.1.

None of the factors influencing consumption experience (Appendix F) were significantly associated with the preference for sounds as alternative communication. Regarding influence on purchase of wine a single factor was statistically significant (Table AE.1) with a larger odds of preferring sounds in relation to sensory indicators (logOR = 1.18), also after controlling for the locale of consumption (Table AE.2).




3.3. Associations between reported alternatives to regular wine communication

We study the pairwise associations between the seven preferences for alternative wine communication using logOR and correlations, and then look for higher dimensional structures. While most consumers reported only one alternative (45.9%), very few reported no alternative (6.1%), so almost half (49.0%) checked at least two of these alternatives (see Table 4).



TABLE 4 Total number of reported alternatives (Shapes/Colors; Sounds; Music; Speech; Touch; Odors/aromas; Flavors) to regular wine communication among respondents.
[image: Table4]

When pairs of reported alternatives were considered, about half of them had a significant relationship (see Table 5). Since all significant logORs/correlations were positive, except for shapes/colors, where only touch was positive and the others significantly negative, the occurrence of a reported alternative generally had an increased probability of also having other alternatives reported. Particularly, the logOR/correlation between sounds and music were large (2.89/0.40), although both alternatives were quite infrequent in total (6.1 and 7.0%). The logOR/correlation was also fairly high between Odors/aromas and Flavor (1.32/0.31). The other logORs involving Speech, Music, Sounds and Touch (except for Music and Touch) were about as high (1.02–1.49) although the correlations were somewhat lower (0.10–0.18). For preferred alternatives Shape/colors and Flavors, the logOR was not as high (0.90) but the correlation was somewhat higher (0.22).



TABLE 5 Pairwise logged odds ratios (upper right) and correlations (lower left) of reported alternatives to regular wine communication.
[image: Table5]

Among the respondents there were 51 different combinations of preferences for alternative wine communication, including the combination with no preferences at all. After applying logistic principal component analysis for dimensionality reduction on the preferences, we kept the first three extracted principal components (PCs) since they accounted for as much as 79% of the total deviance among the preferences (44, 19 and 16% respectively), involved all preferences with (very) high loadings and resembled the correlational structure well, see Table 6. The first PC had high loadings (absolute value larger than 0.3) of Sounds, Music, Speech and Touch, the second had a very high loading (absolute value larger than 0.6) of Shapes/colors but also high of Odors/aromas and Flavors, while the third PC had a very high loading of Shape/colors, but also high of Odors/aromas and Touch.



TABLE 6 Loading matrix from logistic principal component analysis on preferences for alternative wine communication.
[image: Table6]

After plotting the respondents scores on the three extracted PCs, see Figure 1, we identified three groups (plus two deviant single combination groups) of observations which (by construction) differed significantly in terms of their preferences of alternative wine communication, see Table 6.

[image: Figure 1]

FIGURE 1
 Respondents scores (with groupings colored and single group combinations in black) on three extracted PCs (from preferences of alternative wine communication).


The number of preferences also differed significantly between the groups, the bottom group (in red, named G1) with fewest (0–3), the middle group (green, G2) with slightly more (1–4) and the top group (blue, G3) with most preferences (2–5), see Figure 1. and Table 7. The left single combination group (black, G4) had 80 respondents preferring only Shapes/colors, while the utmost right (black, G5) had four respondents preferring all the seven ways of alternative wine communication.



TABLE 7 General characteristics and preferences for wine communication by group (G1-G5).
[image: Table7]

Relatively many in group G1 preferred hearing and tactile, but fewer in G2 and G3. While none in group G1 preferred smells and taste, about half in G2 and everyone in G3 did. The groups also differed significantly in terms of age (G5 youngest, G3 and G4 oldest), see Table 7, and to the degree which they selected wine with regard to sustainability (Table AG.1).

In studying the relation to purchase choice and consumption experience we use multinomial regression and regress the group (but to enable reliable estimation we exclude group G5) on the locale (as to rule it its effect) and the influential factor under study, see Table AG.2. In addition to previously found significant factors (see sections 3.2.1–7) influencing purchase (country of origin, grape, illustrations on the label, vintage), the wine producer was also found to be significant. Regarding consumption experience (Table AG.3) the situation was similar (with smell/odor and tactile sensations, overall room environment and hosts/staffs from before) adding visual impression.

We summarize the description of the groups in Table 8.



TABLE 8 Salient features among groups compared to the least salient (reference) group.
[image: Table8]



3.4. Most frequent combinations of reported alternatives to regular communication of wine

Given the frequencies in Table 3 it is as expected that the most frequent combinations (63.2%) of reported alternatives (see Table 9) only involved the univariately most frequent alternatives: shapes/colors (54.1%), flavors (38.0%) and odors/aromas (45.0%). Almost half of those who reported any three alternatives (13.7%) specifically reported these three (6.4%). However, no one reported the specific combination of shapes/colors and odors/aromas. The most common combination was the group G4 (see section 3.3) with 80 respondents only preferring shapes/colors as alternative communication.



TABLE 9 Observed combinations of the most frequently reported alternatives to regular wine communication (shapes/colors, flavors and odors/aromas).
[image: Table9]

It is hard to detect significant differences between the combinations since they are relatively small (except for G4). Still, the age of respondents was significantly higher among the combination odors/aromas and flavors (49.7 years), relative to those only reporting the alternative odors/aromas (37.9 years), but not among those only preferring flavors (45.4 years), see Figure AH.1. A few influential factors on the choice of purchase (illustrations on the label, sensory indicators), see Table AH.1, and on the consumption experience (taste sensations), see Table AH.2, differed significantly between the combinations. Due to scarcity of observations, we did not control for the locale.




4. Discussion

The findings of this study revealed that taste (94%), tasting/dinner setting (66%), and the smell of the wine (65%) were the most influential self-reported sensory factors during wine consumption. In contrast, a smaller percentage of participants reported being influenced by other senses, such as vision (26%), touch (12%), and sound (8%). These results suggest that there is relatively low awareness of crossmodal correspondence and the effects of the multisensory environment among this group of engaged wine consumers. This highlights the potential for more serious attempts to implement the findings of this research in the food industry, considering the valuable role that alternative multisensory communication tools have played in sensory marketing and increasing sales (Elder and Krishna, 2010; Varela and Ares, 2012; Spence et al., 2013; Krishna and Schwarz, 2014; Croijmans and Wang, 2021; Spence, 2022a).

Despite the extensive research demonstrating the influence of senses like vision and touch on crossmodal correspondence (Lick et al., 2017; Baptista et al., 2022; Nguyen and Durner, 2023; Spence, 2023) and the role of haptic sensations (Piqueras-Fiszman and Spence, 2012; Wang and Spence, 2018), the participants in this study reported these factors as being influential for only a few of them. However, when asked if they would consider purchasing wine based solely on sensory information, the majority of participants reacted positively, particularly if the sensory descriptors aligned with their personal preferences (91%). Similarly, when asked about purchasing a wine with no specific origin but blended from different wines, participants responded positively (95%) if the descriptors matched their sensory profile.

Furthermore, when it came to the primary choice of alternative communication for wine, visual cues were rated the highest (54%). This supports the idea that this group of participants is open to buying wine based solely on sensory information, without considering origin or blending. By analyzing the respondents’ scores on the three extracted principal components, three groups (along with two deviant single combination groups) were identified. These groups exhibited significant differences in their preferences for alternative wine communication. This result suggests the potential for a strategic communication approach that employs different forms of communication tools to target different consumer groups through alternative communication methods. It also highlights the importance of utilizing such tools to support specific consumer groups in need of special assistance (Spence, 2022c).

As mentioned earlier, one of the motivations behind this research is to explore how novel sustainable products that are resource-efficient and have a reduced carbon footprint can be effectively communicated and validated for consumer acceptance (Lévy et al., 2006; Peschel et al., 2019; Herdenstam et al., 2022). This research aims to enhance researchers’ understanding of how consumers perceive a product in relation to meeting their expectations, thereby contributing to the communication and acceptance of such products.



5. Conclusion

These results provide insights into the factors that influence wine purchasing and consumption, as well as the preferences and attitudes towards alternative wine communication. They highlight the importance of sensory information, particularly taste, and the potential for using visual and other alternative means to communicate the sensory experience of wine. Understanding these preferences and associations can assist in developing effective strategies for wine marketing and communication, addressing better resource use. Overall, these findings suggest that wine consumers consider various factors when purchasing and consuming wine, including sensory indicators, personal preferences, and influential factors. There is openness to alternative means of wine communication, particularly visual communication using shapes and colors. The associations between preferences and demographics/influential factors highlight the individual differences in wine communication preferences. It’s important to note that these conclusions are based on the information provided in the given sections. Further analysis and research may be necessary to validate and expand upon these findings.
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Introduction: Adults possess a natural inclination to associate sensory cues derived from distinct modalities, such as the pairing of sweet with pink. However, studies exploring crossmodal correspondences in children, particularly in the sensory pairing of visual features and tastes, are scant, leaving unanswered questions regarding the developmental trajectory of crossmodal correspondences. The present study investigates whether Japanese preschool children demonstrate specific biases in shape–color, shape–taste, and color–taste associations.

Methods: In a series of in-person experiments, 92 children between 3 to 6 years of age completed matching tasks utilizing paper stimuli.

Results: Children exhibit crossmodal correspondences in shape-color (circle-red and asymmetrical star-yellow), shape–taste (triangle-salty and circle-sweet), and color–taste (yellow-sour, black-bitter, and pink-sweet) associations. Moreover, children’s choices are not influenced by their individual preferences.

Discussion: The crossmodal correspondences observed in this study have been observed in previous research on adults from the same (Japanese) culture, although adults showed more crossmodal correspondences than the children in this study (e.g., pink-circle, triangle-sour, and green-bitter). Thus, while some crossmodal correspondences emerge during childhood, others may require additional time to develop, thereby highlighting the importance of understanding the cognitive mechanisms underlying crossmodal correspondences from an ontogenic perspective.

KEYWORDS
 crossmodal correspondence, shape, color, taste, child development, sensory pairing, association


1. Introduction

The cognitive ability to integrate information derived from various features and stimuli dimensions is fundamental in everyday life (Spence, 2011; Stein, 2012). For example, people use the association between size and sound to make various practical decisions: people often link the size of an animal to the sound it produces. Larger animals, like elephants or whales, are associated with deep, booming sounds, while smaller animals like birds are linked to higher-pitched chirping. People also often use the association to assess the size of objects when hearing them drop on the floor. When an object falls and makes a sound upon impact, the sound produced can give us some clues about the object’s size and weight: larger and heavier objects tend to produce louder and lower-pitched sounds when they hit the floor.

Cognitive scientists have investigated the factors or circumstances producing or facilitating such integration to understand how individuals integrate information from different features and dimensions. Traditional research has demonstrated that stimuli are more likely to be associated if presented closely in time and space (Stein et al., 1988). Additionally, individuals tend to associate information when their meanings are related rather than unrelated (e.g., pairing a woofing sound with a static image of a dog) (Molholm et al., 2004; Hein et al., 2007). Recently, associations have been identified among fundamental stimulus characteristics across various modalities, such as color, shape, taste, pitch, size, and brightness. These are shared by many individuals, and some of these seem to be culture-independent (e.g., black color-bitter taste; Wan et al., 2014) or have deep developmental origins [e.g., the low pitch-big size association observed in 3-month-old infants; (Pietraszewski et al., 2017)]. These mappings are commonly referred to as “crossmodal correspondences” (Spence, 2011; Parise and Spence, 2014).

Crossmodal correspondence has been explained through four distinct categories of accounts: emotional, semantic, statistical, and structural. The first posits that correspondence arises because unimodal stimuli elicit similar emotional experiences, providing a plausible explanation for certain color–taste correspondences, such as pink-sweet and black-bitter, mediated by positive and negative emotions, respectively (Velasco et al., 2016; Spence, 2020a; Di Stefano et al., 2021; Spence and Di Stefano, 2022). By contrast, the second asserts that correspondence arises from the shared meaning of stimuli. For example, in some languages, pitch is described using the spatial terms “thin and thick,” and these labels can promote crossmodal mappings (Shayan et al., 2014). This account may also elucidate the way we associate animal appearances with voices (Molholm et al., 2004; Hein et al., 2007). According to the third, correspondence results from statistical learning through exposure to co-occurring stimuli in an environment. For example, the crossmodal correspondence between auditory pitch and spatial elevation (e.g., high or low sounds) has been considered to be extracted from experience; when analyzing natural sounds from the environment, researchers found a clear mapping between frequency and elevation (i.e., higher-pitched sounds occur more frequently in higher space; Parise et al., 2014). This account also enables us to understand the reason why some crossmodal correspondences (e.g., correspondences between certain colors/shapes and tastes) vary between cultures (Wan et al., 2014). Finally, the fourth posits that correspondence arises because of unimodal stimuli sharing the same or interconnected neural basis, which may be innate (Wagner and Dobkins, 2011; Deroy and Spence, 2013; Ludwig and Simner, 2013; Pietraszewski et al., 2017). Wagner and Dobkins (2011) demonstrated that certain shapes influence color preferences in typical 2- and 3-month-olds, but not in 8-month-olds or adults, suggesting that exuberant neural connectivity facilitates synesthetic associations during infancy. These categories of crossmodal correspondences are not mutually exclusive and often overlap, making it challenging to explain them using a single hypothesis.

Although a multitude of empirical studies have investigated crossmodal correspondence, the majority have solely focused on adult participants (Wan et al., 2014; Chen et al., 2021). Consequently, there exists a gap in the literature regarding the developmental trajectory of crossmodal correspondences, particularly related to the sensory pairing of visual features (color/shape) and tastes (for developmental studies of other correspondences, see Simpson et al., 1956; Lewkowicz and Turkewitz, 1980; Ludwig and Simner, 2013; Pejovic and Molnar, 2017; Thomas et al., 2017; Chow et al., 2021; Speed et al., 2021). Previous research has found adults exhibiting specific color–taste/shape–taste crossmodal correspondences, such as yellow–sour, red–sweet, angular–sour/bitter, and round–sweet associations (Spence and Gallace, 2011; Spence and Ngo, 2012; Spence, 2012, 2019; Bremner et al., 2013; Wan et al., 2014; Spence et al., 2015; Velasco et al., 2015; Saluja and Stevenson, 2018; Spence and Levitan, 2021). However, literature on younger participants, such as preschool children, is lacking. Studying preschoolers can illuminate whether these crossmodal associations occur independent of the written language and understanding of metaphorical uses of language, and limited life experiences, as compared to adults (Spector and Maurer, 2009, 2011; Meng et al., 2022). Moreover, testing toddlers over infants is advantageous because they understand simple verbal instructions and can be tested using methods yielding easily interpreted data from more test points (Spector and Maurer, 2009).

Previous studies suggest that learning that involves acquisition of associations between environmental stimuli, may account for a certain crossmodal correspondence. For instance, infants as young as 4 months of age have demonstrated the ability to learn arbitrary bimodal correspondences between color and taste, as evidenced by their consistent selection of the color that had been paired with sweetness (Reardon and Bushnell, 1988). Moreover, cross-cultural variations have been observed in the correspondence between specific colors, shapes, and taste terms, indicating that adults’ associations may stem from their daily experiences (Wan et al., 2014). However, no study has provided robust evidence on whether children exhibit adult-like color–taste/shape–taste crossmodal correspondences. To date, only Fateminia et al. (2020) have investigated the association between color and taste in preschool children. The study involved presenting a group of Iranian preschoolers, aged 2–6 years, with eleven colors categorized as primary and secondary, and asking them to select a taste corresponding to each color from a set of options, including sour, salty, sweet, bitter, pungent, astringent, and tasteless. Although the authors interpreted the results as revealing “meaningful and clear relationships” between colors and tastes, the data analysis relied solely on descriptive statistics, failing to investigate the likelihood that the outcomes were due to chance or actual effects, and whether they could be generalized to a wider population (Fateminia et al., 2020).

To bridge this gap, the present study investigates the crossmodal correspondences between visual features and tastes in preschool-aged children. The selection of this age group has enabled the utilization of more sophisticated experimental methods such as manual or verbal responses, typically employed in adult studies, while ensuring that the children possessed the cognitive capacity to comprehend and complete the tasks. To ensure comparability with previous research conducted on adult populations, we modeled our study design after the work of Chen et al. (2021), who investigated shape–color, shape–taste, and color–taste correspondences in Japanese adults. The tasks were modified to be more age-appropriate for children (Chen et al., 2021).

In a series of in-person experiments, children engaged in matching tasks using paper stimuli. The stimuli involved the following elements. (1) Five shapes: a triangle, circle, square, blob (bouba), and an asymmetric star (kiki) (Köhler, 1947; Chow and Ciaramitaro, 2019); (2) nine colors: black, blue, green, orange, pink, purple, red, white, and yellow; and (3) four basic taste words: sweet, sour, bitter, and salty (Spence and Levitan, 2021). This is the first study to investigate crossmodal associations between visual features and taste in preschool-aged children by examining three different types of sensory pairings. We conducted this research with an exploratory approach because we did not formulate any specific hypotheses regarding the potential correspondence patterns that might have emerged from the participating children.



2. Method


2.1. Participants

The final sample included 92 3- to 6-year-old children living in Kitakyushu, Japan (50 girls and 42 boys; mean age = 62.21 months, SD = ±9.83). We determined our sample size following Chen et al. (2021) who investigated crossmodal correspondences in adults using similar tasks. One 3-year-old child did not provide answers to some of the questions (regarding the taste of purple, potato, strawberry, and green pepper); the child’s data from the provided answers was nonetheless included in the analysis. Prior written consent was obtained from the children’s caregivers. This study was approved by the Ethics Committee of Tokoha University (No. 22-20) and conducted in accordance with the ethical standards of the American Psychological Association (2017) and the Declaration of Helsinki (2001).



2.2. Set-up

The experiment was conducted in a quiet room at a kindergarten. Three researchers individually tested each child. Each pair of children and the experimenter sat face-to-face across a child’s table. The experimenter presented the paper stimuli on the table and asked the children questions. All experimental sessions were video recorded.



2.3. Materials

All stimuli were created using PowerPoint (Microsoft) and printed onto white hard paper. Nine color paper patches and five geometric shapes were used as “target” stimuli (Chen et al., 2021; Figure 1). The patches were circular with a diameter of 5.5 cm and were black, blue, green, orange, pink, purple, red, white, and yellow in color. The geometric shapes included circle, square, triangle, asymmetrical star, and blob, and the sizes were similar to the color patch size.

[image: Figure 1]

FIGURE 1
 Materials of the experiment.


Four basic taste terms and six colors were used as “selection” stimuli. The taste items were presented in black Japanese text as “にがい (bitter),” “しょっぱい (salty),” “すっぱい (sour),” and “あまい (sweet).” The colors selected from the target stimuli were blue, green, orange, purple, red, and yellow. All colors were printed on a piece of paper. The order of the taste items and colors from left to right was created in two patterns, and each participant was randomly assigned to either pattern.



2.4. Procedure

The experiment consisted of three phases: warm-up, crossmodal correspondence, and follow-up. Prior to the experiment, the researcher explained to each child that they would participate in an interesting quiz game. All participants categorically affirmed that they wanted to play the game.

The warm-up phase familiarized the children with the experimental circumstances and materials. The researcher showed the children the target color patches and asked them to indicate the names of the colors. Then, they were presented with two black-and-white pictures: a girl and a boy cartoon characters. For each character, children were asked to choose a color from the color selections for their t-shirts. The pictures were presented randomly.

The crossmodal correspondence phase consisted of two sessions in a fixed order: the basic shape and bouba–kiki, in which circles, squares, and triangles and asymmetrical stars and blobs, respectively, were used as the target shapes. Each session consisted of a shape–color matching task followed by a shape–taste matching task. In the first task, the target shapes were presented individually at the center of the table, and the participants were asked to choose a color from the color selections that best matched each shape. Whereas, in the second task, they had to choose a taste from the taste selections that best matched the target shapes. To ensure that children understood the words for the tastes presented as selections, the researcher read each word (e.g., “This word is sweet”) and confirmed that children could match each word on the paper with what they read. Additionally, a color–taste matching task was conducted between the two sessions, in which participants were shown the target color patches and asked to choose a taste from the taste selection. In each matching task, the target stimuli were presented in random orders.

The follow-up phase had two aims. The first was to test whether the participants understood the concept of taste. Therefore, in the taste-comprehension task, they were shown pictures of French fries, green peppers, lemons, and strawberries and asked to choose a taste from the taste selections that best matched each food. These foods were selected assuming that they are typical foods recognized by children as salty, bitter, sour, and sweet. The second aim was to test whether the children’s color choices were influenced by their preferences. Therefore, a color-preference task was conducted where participants were asked to choose one color that they liked best from the color selection.



2.5. Analysis plan

Chi-square tests were used to determine whether the children showed crossmodal correspondences. For each matching test, we examined whether the choices varied by category. Furthermore, an adjusted residual analysis was used to determine which choice was significantly associated with a certain target (i.e., color–taste/shape–taste/shape–color associations). The analysis shows which selection is chosen more frequently than expected by chance for each target. Positive and negative residual values indicate more and less frequently chosen than expected, respectively; here, only positive residuals were used (Agresti, 2012; Chen et al., 2015a). A similar analysis was conducted for the taste-comprehension task. Furthermore, the correlation coefficient between the children’s judgment in the crossmodal correspondence phase and the color preference task was evaluated.




3. Results


3.1. Basic shapes session (shape–color and shape–taste matching tasks)

The results of the Chi-square test show that the color choices vary by the shape categories (χ2 = 24.65, df = 10, p = 0.006, Cramer’s V = 0.211; Figure 2). The adjusted residual results show the association of a circle with red color (z = 4.13, adjusted p = 0.001, p-values are corrected using Holm’s method for multiple comparisons). Furthermore, the taste choices vary by shape categories (χ2 = 27.17, df = 6, p < 0.001, Cramer’s V = 0.222). The adjusted residual results indicate the association of the triangle with salty (z = 3.34, adjusted p = 0.010), and circle with sweet taste (z = 3.34, adjusted p = 0.010), respectively.
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FIGURE 2
 Proportions of color (A) and taste (B) choices for each basic shape.




3.2. Color–taste matching task

The results of the Chi-square test show that taste choices vary by color categories (χ2 = 72.33, df = 24, p < 0.001, Cramer’s V = 0.171; Figure 3). Specifically, yellow, black, and pink are associated with sour (z = 3.82, adjusted p = 0.005), bitter (z = 4.13, adjusted p = 0.001), and sweet taste (z = 3.34, adjusted p = 0.029), respectively.
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FIGURE 3
 Proportion of taste choices for each color.




3.3. Bouba–kiki session (shape–color and shape–taste matching tasks)

The results of the chi-square test show that color choices vary according to the shape categories of the bouba–kiki session (χ2 = 32.18, df = 5, p < 0.001, Cramer’s V = 0.418; Figure 4); however, there is no significant association between taste and shape (χ2 = 2.23, df = 3, p = 0.526, Cramer’s V = 0.110). The adjusted residual results show that a kiki is associated with yellow (z = 5.57, adjusted p = < 0.001).
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FIGURE 4
 Proportion of color (A) and taste (B) choices for blob and asymmetrical star.




3.4. Follow-up

For the taste-comprehension task, the results of the Chi-square test show that taste choices vary by foods (χ2 = 395.38, df = 9, p < 0.001, Cramer’s V = 0.573; Figure 5). The adjusted residual results show that children associate French fries with salty (z = 5.52, adjusted p < 0.001) and sweet taste (z = 3.62, adjusted p = 0.001). Furthermore, they associate green pepper with bitter (z = 12.77, adjusted p = < 0.001), lemons with sour (z = 12.19, adjusted p = < 0.001), and strawberries with sweet taste (z = 9.71, adjusted p = < 0.001), respectively.
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FIGURE 5
 Proportion of taste choices for French fries, green pepper, lemon, and strawberry.


Correlation statistics indicate that children’s color choices in crossmodal correspondence tasks inadequately agree with their color preferences (McHugh, 2012). The kappa coefficients of the paired data between color preference and color choices for triangles, circles, squares, blobs, and asymmetrical stars were 0.032, 0.041, 0.023, 0.172, and −0.020, respectively.




4. Discussion

Previous studies indicate that adults consistently associate features of different sensory modalities, such as sweet taste with pink colors. To better understand the mechanisms underlying the acquisition of crossmodal correspondence, this study explores crossmodal associations between visual features and taste in preschoolers using paper-based stimuli. The participants were asked to match color to shape, taste to shape, and taste to color. The results indicate that children associate red with circles and yellow with asymmetric stars, salty with triangles and sweet with circles, and sour with yellow, bitter with black, and sweet with pink in shape–color, shape–taste, and color–taste tasks, respectively.

Several shape–color correspondences observed in the current study sample of children differed from those found in previous studies involving adult participants who shared the same cultural background (Chen et al., 2021). According to Chen et al. (2021), adults tend to associate red and pink with circles, yellow with triangles and asymmetric stars, blue with squares, and green with blobs. The pink–circle, yellow–triangle, blue–square, and green–blob associations were not found in the current sample. Note that the red–circle and yellow–asymmetrical star associations might be the result of exposure to frequent combination occurrences in the environment, such as the Japanese flag and night sky stars (Chen et al., 2015a,b). Therefore, even though some color–shape associations might be observed from early infancy (Wagner and Dobkins, 2011), the current findings may provide evidence supporting the hypothesis that shape–color correspondences are the result of statistical learning from environmental co-occurrences (Parise et al., 2014). One plausible explanation for the absence of a yellow–triangle association is that the yellow–asymmetrical star association is acquired earlier, and then generalized to a yellow–triangle association during development, given that both shapes have sharp angles. In line with the learning hypothesis, studies have demonstrated that even the most basic shapes used in this study, such as circles, squares, and triangles, exhibit cultural variations in their shape–color correspondences; for instance, German participants showed red–triangle, blue–square and yellow–circle association correspondences, whereas Japanese participants showed yellow–triangle, blue–square and red–circle association correspondences (Jacobsen, 2002; Chen et al., 2015a; Dreksler and Spence, 2019). In another stream of research, Spector and Maurer (2008, 2009, 2011) explored the associations between alphabets and colors in pre-literate and literate children and adults in Canada. Their findings revealed that the participants in all groups associate specific letters with colors (e.g., O with white and X with black), presumably based on their shapes but not their phonetic or morphological properties (e.g., B with blue). Furthermore, preliterate children did not exhibit the same associations observed in literate children and adults (e.g., A with red and G with green). These results, combined with the ones of the present study, suggest that even pre-literate children’s shape–color correspondence is influenced by cultural factors (e.g., circle is associated with red in Japanese children and with white in Canadian children), consistent with the learning hypothesis.

The participating children also exhibited several shape–taste correspondences: associating salty with triangles and sweet with circles. This finding is consistent with that of previous research on adults in Japanese culture, where sharp-angled (e.g., triangles, asymmetrical stars), circular (e.g., circles), right-angled (e.g., squares), and blob shapes are associated with sour, sweet, salty, and bitter taste, respectively (Chen et al., 2021). Notably, our follow-up taste comprehension task confirmed that participating children could accurately differentiate between salty and sour tastes, thus supporting the significance of the observed salty-triangle association. A developmental shift in shape–taste correspondence may occur from preschoolers to adults, whereby the association between salty taste and triangles shifts to sour taste and triangles. Several mechanisms have been proposed to account for the development of shape–taste correspondences, including shape–taste experiences [e.g., sweet candies being typically round in shape; Spence, 2023; see also Speed et al. (2021)‘s notion on the perspective of odor–shape association] and emotional mediation (e.g., the association between sweet taste and roundness owing to their positive valence; Blazhenkova and Kumar, 2018). Future research should investigate the potential role of these mechanisms in shaping shape–taste correspondences in children.

The present findings on color–taste correspondence in children are consistent with those of previous studies conducted on adults across various cultures (O’mahony, 1983; Koch and Koch, 2003; Tomasik-Krótki and Strojny, 2008; Wan et al., 2014; Spence et al., 2015; Woods et al., 2016; Woods and Spence, 2016; Spence, 2019; Chen et al., 2021). For adult participants sharing the same cultural background as that of the children in our study, Chen et al. (2021) observed additional color–taste associations, specifically orange with sour, blue and white with salty, and green and purple with bitter. Based on our follow-up taste-comprehension task results, which indicated that the participants were able to correctly identify sour, salty, and bitter tastes, the observed color–taste correspondences may reflect a developmental change (Chen et al., 2021). A green–bitter association has been documented in adults across different cultures (Saluja and Stevenson, 2018; Chen et al., 2021). Interestingly, although the children also associated bitter taste with green peppers, they did not exhibit a significant bias toward linking bitter taste with green. Adult participants also often associate green with sourness (O’mahony, 1983; Koch and Koch, 2003; Tomasik-Krótki and Strojny, 2008; Wan et al., 2014; Woods et al., 2016; Woods and Spence, 2016), which may be because of their experience consuming sour green fruits. Similar associative learning mechanisms may account for the development of the white–salty association, which may be established through exposure to salt. Our results indicate that children judged French fries as not only salty but also sweet. This may be because children are prevented from consuming excessive amounts of salt in their daily diet, including that coming from French fries, for health-related reasons. Another reason might be that the presence of added sugar in certain industrial fries could contribute to the perception of sweetness in the context of French fries (Atsumi et al., 2023).

Regarding previous findings on color–taste correspondences in children having different cultural backgrounds, the descriptive statistics of Fateminia et al. (2020) showed that 2- to 6-year-old Iranian children tend to associate blue with sour, red with sweet and sour, yellow with sweet and sour, purple with bitter, orange with sour, green with sour, black with bitter, white with sweet, pink with sweet (Fateminia et al., 2020). Some of these correspondences (i.e., yellow–sour, black–bitter, and pink–sweet), but not others, are shared by the current study sample of Japanese children. These imply that the acquisition of color–taste correspondences may be both culture-dependent and culture-independent, depending on the nature of certain correspondences.

Nevertheless, the current experimental evidence supports the notion that experience-based explanations may underlie color–taste associations. Higgins and Hayes (2019) demonstrated using a repeated brief exposure paradigm that color–taste associations may be learned through repeated exposure, even when the exposure period is relatively brief (e.g., several days).

Contrastingly, even though the participating children associated green pepper with bitter taste, their association with it was black, rather than green. Moreover, young children may have limited opportunities to be exposed to a bitter taste. These findings and considerations suggest that alternative mechanisms for the acquisition of color–taste correspondence in children must be considered. One such mechanism may be emotional or hedonic associations, as previous research has shown that bitter taste is generally disliked or associated with danger (Higgins and Hayes, 2019; Spence, 2023). Additionally, black is the least favorite color of children and elicits negative emotions (Boyatzis and Varghese, 1994; Koleoso et al., 2014). Therefore, it is plausible that the association between bitter taste and black color in children is based on shared negative values (Salgado-Montejo et al., 2015; Velasco et al., 2015; Turoman et al., 2018; Spence, 2023). Future research should use more detailed measures, such as taste and color evaluation, to directly test this hypothesis.

This study has several limitations which raise important questions that can form the basis for future research. First, to make the tasks more child-friendly, we limited the shapes to basic geometric shapes and the Bouba–Kiki pair (Chow and Ciaramitaro, 2019). Additionally, we limited the tastes to four basic tastes (sweet, sour, bitter, and salty), although many food scientists suggest that there are more than 20 basic tastes (Stuckey, 2012). To explore other crossmodal correspondences, future studies should include a broader range of stimuli, while ensuring that children make reliable choices.

Second, children were asked to select colors for shapes, tastes for shapes, and tastes for colors. These selections are unidirectional, making it unclear whether children link items bidirectionally (Wan et al., 2014; Chen et al., 2021). For instance, when asked to choose a taste for yellow color, children may first imagine yellow food, such as lemons, and select sour for yellow because lemons have a sour taste. However, if the procedure was reversed and children were asked to choose a color for sour taste, whether a yellow–sour correspondence would still occur cannot be said (Fateminia et al., 2020). Some crossmodal correspondences have been thought to be bidirectional; for instance, larger objects are matched with lower-pitched sounds, and lower-pitched sounds are just as strongly associated with larger objects (Deroy and Spence, 2013; Spence, 2020b). However, this does not mean that all crossmodal correspondences are bidirectional. Future studies need to investigate the directionality of cross-modal correspondences in children, as it contributes to our understanding of the precise nature of the relationships between associated stimuli (Posner et al., 1976; Spence et al., 2001; Spence, 2019). Collaterally, future studies could also investigate whether individuals’ crossmodal correspondences show consistency across different sensory modalities (e.g., a yellow–triangle–sour correspondence), and whether and how such tendencies vary between individuals. Chen et al. (2021) found that Japanese adult participants show certain color–taste and shape–color associations and that such associations were observed more frequently in individuals with lower autistic quotient scores. This was in line with the notion that individuals with autism tend to have a decreased ability to perform statistical learning with co-occurrences and regularities in the environment, leading to difficulties in associating and integrating sensory information across modalities. Therefore, one hypothesis might be that one crossmodal correspondence (e.g., color–taste association) could be predicted based on other crossmodal correspondences (e.g., taste–shape and color–shape associations), especially for individuals who have a higher ability to perform statistical learning from the environment.

Third, the current study had a limited sample size and included a wide range of ages, which precluded testing for potential developmental changes in the observed crossmodal correspondences in the participating children. While the preschoolers in this study can be classified as preliterate, their experiences with daily visual features and tastes, as well as their cognitive abilities to complete tasks, undergo significant developmental changes during the preschool period. Moreover, because the current study was the first attempt to test crossmodal associations between visual features and taste in Japanese preschoolers, there was no information on effect size that could be used for the sample size calculation. Therefore, we followed the sample size applied in the Japanese adult study (Chen et al., 2021). As the current findings revealed relatively small effect sizes of the crossmodal correspondences, future studies need larger sample sizes to enhance the power of the tests in children. Taken together, larger-scale studies are needed to investigate the developmental trajectory of crossmodal correspondence in children.

The present study reveals that children exhibit fewer and more broadly distributed crossmodal correspondences compared to those observed in adults coming from different cultural backgrounds, supporting the notion that the cross-modal associations between visual features and tastes are learned from environmental co-occurrences (Spector and Maurer, 2008, 2009, 2011; Deroy and Spence, 2016; Higgins and Hayes, 2019; Spence and Levitan, 2021). Nonetheless, certain correspondences, such as the black–bitter association, may be better explained by other basic mechanisms. These results represent a new wave of developmental research aimed at elucidating how individuals map and integrate information based on various features and dimensions.
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Introduction: Music is known to elicit strong emotions in listeners, and, if primed appropriately, can give rise to specific and observable crossmodal correspondences. This study aimed to assess two primary objectives: (1) identifying crossmodal correspondences emerging from music-induced emotions, and (2) examining the predictability of music-induced emotions based on the association of music with visual shapes and materials.

Methods: To achieve this, 176 participants were asked to associate visual shapes and materials with the emotion classes of the Geneva Music-Induced Affect Checklist scale (GEMIAC) elicited by a set of musical excerpts in an online experiment.

Results: Our findings reveal that music-induced emotions and their underlying core affect (i.e., valence and arousal) can be accurately predicted by the joint information of musical excerpt and features of visual shapes and materials associated with these music-induced emotions. Interestingly, valence and arousal induced by music have higher predictability than discrete GEMIAC emotions.

Discussion: These results demonstrate the relevance of crossmodal correspondences in studying music-induced emotions. The potential applications of these findings in the fields of sensory interactions design, multisensory experiences and art, as well as digital and sensory marketing are briefly discussed.

KEYWORDS
 crossmodal correspondences, music-induced emotions, shapes, materials, machine learning, random forests, sensory interactions


1. Introduction

Crossmodal correspondences have been defined as the ability to map or associate features across different sensory modalities (Spence, 2011; Spence and Parise, 2012). In the auditory domain, crossmodal correspondences between pitch and visual or spatial features have been a recurrent topic of studies. For instance, most people match high-pitched sounds with small, bright objects located high up in space (Spence, 2011). However, there is also evidence for stable mappings between pitch and other sensory modalities such as taste and smell (Ward et al., 2022). In a study by Crisinel and Spence (2012), high-pitched sounds were associated with sweet and sour tastes, while low-pitched sounds were preferably matched with umami and bitter tastes. Belkin et al. (1997) demonstrated matches between certain auditory pitches with specific odorants according to their odor quality; just as specific odors are matched to certain types of instruments (Crisinel and Spence, 2012), or basic tastes to colors and shapes (Turoman et al., 2018; Lee and Spence, 2022). Turning to musical stimuli, Palmer et al. (2013) found music-color correspondences using classical orchestral pieces. In a recent study, Albertazzi et al. (2020) even found robust crossmodal associations between paintings by Kandinsky and music by Schönberg (for a narrative historical review of crossmodal correspondences between color and sound, see Spence and Di Stefano, 2022).

Spence (2011) proposed three different types of crossmodal correspondences: structural, statistical, and semantic. Structural correspondences are based on common neural encoding across the senses. Statistical correspondences come from the statistical regularities of the multisensory environment such as, for example, the physical correlation between pitch and size. Semantic correspondences are based on a common vocabulary describing stimuli in different sensory modalities, as in the use of “sweet” to describe music and taste (Mesz et al., 2011). Spence (2011) further points out that crossmodal correspondences between features of stimuli can also be established based on the emotional effects these stimuli have on an observer. Such emotionally-mediated correspondences are thought to be based on the matching of similar emotions or hedonic valence related to each of the associated stimuli (Palmer et al., 2013).

Stimuli that often give rise to (strong) emotional responses such as music are therefore likely to give rise to emotionally-mediated crossmodal correspondences. In fact, music-color and music-painting correspondences can often be predicted by the emotional ratings of the stimuli involved (Spence, 2020). And color has been shown to influence music-induced emotions. For instance, in a study by Hauck et al. (2022), judgments on the emotional impact of musical pieces changed in accordance to the emotions attributed to colored lighting. This mechanism of “emotion transfer” has been found also between other senses. For example, the experience of drinking coffee while listening to music was largely determined by the emotional effect of the music that was playing at that moment (Galmarini et al., 2021). Another study showed that pleasant sounds enhanced odor pleasantness (Seo and Hummel, 2011). Below, we review previous findings on musical emotions, the emotional responses elicited by visual shapes and materials and their crossmodal correspondences with music features, and introduce the research hypotheses that shaped the rationale of the present work.


1.1. Theoretical framework

Our aim was to investigate crossmodal correspondences between (a) music-induced emotions and freely drawn visual shapes representing those emotions, and between (b) music-induced emotions and materials associated with them (such as those employed, for instance, in concert halls, furniture, or present in natural environments). A further aim was to predict music-induced emotions from musical excerpts, visual shapes, and materials matched with those emotions.


1.1.1. Music-induced emotions

Music can arouse a wide range of powerful emotions in a listener (Juslin, 2019), and two well-known scales have been developed in order to discretely model music-induced emotions. GEMS – The Geneva Emotional Musical Scale - is a model and instrument specifically designed to capture emotions evoked by music (Trost et al., 2012). GEMS comprises nine categories of musical emotions (wonder, transcendence, tenderness, nostalgia, peacefulness, energy, joyful activation, tension, and sadness). More recently, Coutinho and Scherer (2017) introduced the GEneva Music-Induced Affect Checklist (GEMIAC), as a brief instrument for analysis of music-induced emotions. GEMIAC was designed to extend and complement the GEMS, across intensity and affective responses to music.

Several researchers also propose a more parsimonious model for music-induced emotions, suggesting that music essentially communicates two dimensions of core affect: valence and arousal (Eerola and Vuoskoski, 2011; Flaig and Large, 2014; Cespedes-Guevara and Eerola, 2018). Both of these dimensions have emerged during experiments involving crossmodal correspondences between music and visual features (Palmer et al., 2013), as well as correspondences of music with other sensory modalities, for example between music and taste/flavor (Reinoso-Carvalho et al., 2019, 2020; Motoki et al., 2022). Importantly, valence and arousal (or activity) also represent two core dimensions of Osgood’s semantic differential technique. Osgood et al. (1957) showed that most variation in individuals’ connotative meanings of aesthetic stimuli can be explained by three dimensions: valence, activity, and potency. However, crossmodal correspondences between music and other (sensory) stimuli (e.g., colors or paintings) can often be accounted for by emotional mediation of specific emotions associated with both music and visuals (for a more detailed discussion, see Spence, 2020). The question then remains whether an emotional mediation account (using the GEMIAC instrument) has more explanatory power than the semantic differential technique (with its core dimensions of valence and arousal) when induced or felt (as opposed to perceived or associated) emotions are concerned.



1.1.2. Emotions evoked by visual shapes

Reliable associations between perceived emotions and visual shapes have been documented in a number of studies, where shapes were either selected from a repertory or freely drawn (Poffenberger and Barrows, 1924; Karwoski et al., 1942; Lyman, 1979; Collier, 1996). Three of the most studied qualitative properties of visual shape, in relation with their emotional effects, are curvature, symmetry, and complexity. Visual shape curvature or roundness has been extensively assessed in connection with the “curvature effect,” the preference for curved over sharp-angled contours (for a review, see Corradi and Munar, 2020). Vartanian et al. (2013) combine behavioral and neural evidence to show that this effect is probably driven by pleasantness. With respect to emotional arousal induced by visual contours, Blazhenkova and Kumar (2018) found curved and angular shapes to be associated with relieved and excited/surprised emotions, respectively.

Visual symmetry is a property traditionally associated with beauty and aesthetic preference (Weyl, 2015; Weichselbaum et al., 2018; also cf. Leder et al., 2019). Bertamini et al. (2013) reported that aesthetic responses to visual patterns with reflectional symmetry involved both positive valence and high arousal. Salgado-Montejo et al. (2015) also demonstrated preferential matching of symmetry (asymmetry) of visual shapes with the word “pleasant” (“unpleasant”). Pleasantness has also been shown to mediate associations between the (a)symmetry of visual shapes and taste (Turoman et al., 2018).

Ratings of visual shape complexity have been shown to depend on diverse sources as well, such as the number of sides or turns in the shape, asymmetry, compactness, degree of self-similarity, or shape skeletons based on local axes of symmetry (Sun and Firestone, 2021). Physiological arousal has been shown to increase with complexity, while pleasantness has been found to approximate a Wundt curve or inverted “U” shape, that is, to increase with complexity up to a certain point but then decrease for highly complex shapes (Berlyne, 1970; Madan et al., 2018).



1.1.3. Emotions evoked by materials

Compared to music and other visual features (e.g., shapes), materials seem to have a weaker capacity to evoke emotions (Crippa et al., 2012), with a tendency to neutrality with respect to valence (Marschallek et al., 2021). Nevertheless, some studies on aesthetics of materials have considered their capacity to evoke emotions, as well as analyzing the associated set of elicited emotions. Crippa et al. (2012), for instance, asked individuals to assess the emotions elicited by 9 different materials. They found that, in general, emotions evoked by materials were rather weak, with the most frequent emotions reported being satisfaction, joy, fascination, surprise, dissatisfaction and boredom. For a study investigating the emotions associated with a range of different materials (cotton, satin, tinfoil, sandpaper, and abrasive sponge), see Etzi et al. (2016).



1.1.4. Crossmodal correspondences between sound/music and visual shapes/materials

When it comes to crossmodal correspondences between sound/music and visual shapes/materials, previous studies have shown that pitch height is consistently associated with visual shape (for a summary, see Küssner, 2017). Lower pitch tends to be congruently framed with curvy shapes, while higher pitch is matched with sharper angular shapes (Melara and O'Brien, 1987). Parise and Spence (2012) also found that tones with a sinusoidal waveform were associated with a curvy shape, while tones with a square waveform were more associated with a jagged one (i.e., a kind of bouba-kiki effect; Reinoso Carvalho et al., 2017). In Fernay et al. (2012), a synesthete and 10 control participants were asked to draw a shape for different vowel sounds and to define two colors, together with a vertical and horizontal position for it. Control participants showed crossmodal correspondences agreeing with the synesthete’s perceptions, such that vertical position and color brightness increased as pitch increased (see also Salgado-Montejo et al., 2016 and Küssner et al., 2014, for pitch-space associations during free hand movement tasks in a two- and three-dimensional space, respectively). Interestingly, the speaker’s gender influenced the way participants set the size of the shape as well (i.e., larger shapes for a male voice). The influence of individuals’ background and training on forming crossmodal correspondences between music/sound and visual shapes is exemplified in Küssner (2013) and Küssner and Leech-Wilkinson (2014). For instance, it was shown that musically untrained participants produce more diverse visual shapes than musically trained participants when asked to draw visual representations of a series of sine tones and short musical excerpts. Notably, the most complex and asymmetrical visual shapes associated with the auditory stimuli were produced by a dancer without musical background (Küssner, 2013). Adeli et al. (2014) reported that softer musical timbres were associated with blue, green, or light gray rounded shapes, while harsher timbres were matched with red, yellow, or dark gray sharper angular shapes. In their study, timbres involving elements of both softness and harshness were associated with a mixture of the two kinds of visual shapes being analyzed.

Crossmodal correspondences between music and materials have been much less studied, which is surprising in view of the importance of materiality for instrumental timbre. In a recent study on the timbre semantics of Western orchestral instruments, Wallmark (2019) reported that the domain of musical timbre is often conceptualized by terms that are applied also to properties of materials (i.e., soft, dry, hard, metallic, smooth), as well as to visual shapes (i.e., smooth, round, open, sharp). In Murari et al. (2015), non-verbal sensory scales for qualitative music description are proposed. Among other scales, the authors used wood, polystyrene, and sandpaper samples of different roughness to represent the qualities of hard vs. soft and smooth vs. rough, finding that their participants were consistent in their ratings of musical excerpts with respect to smoothness/roughness (but not to softness/hardness).




1.2. Hypotheses

Based on the body of research reviewed above, we formulated the following hypotheses focusing on specific properties of crossmodal correspondences, as well as on the predictability1 of the GEMIAC emotions and core affect from the associated musical excerpts, visual shape features, and materials.

1. Common emotional associations with stimuli in different senses have often been shown to underlie crossmodal correspondences, particularly those involving music (emotionally-mediated correspondences: Spence, 2020). In other words, when music is associated with a non-auditory object or feature, both are often perceived to convey the same emotion, enabling one to infer musical emotions from those elicited by non-musical stimuli. While musical emotions have been shown to be predicted by perceptual musical features alone, such as pitch, tempo, mode, or dynamics (Lange and Frieler, 2018), we hypothesize that music-induced emotions may be recovered more efficiently from joint information on the musical excerpts, visual shapes, and materials that have been associated with them:


H1: Music-induced emotions can be predicted by the joint information of musical excerpt and features of visual shape and materials arising in crossmodal correspondences with the emotions induced by this excerpt.
 

1. Core affect is a universal and ubiquitous basic aspect of subjective emotional experience, capable of describing the affective connotations of percepts in different sensory modalities (Collier, 1996; Russell, 2003). However, the GEMIAC emotion pairs have been selected because of their specific relevance to describe musical emotions; in consequence, some of them, such as “joyful, wanting to dance” and “enchanted, in awe” might not be easily applicable to the visual shapes and usual design materials considered in this study. Moreover, the possibility of choosing between several similar GEMIAC emotions may diminish the predictive relevance of each individual one. Due to its universality, we hypothesize that we will obtain more accurate predictability of core affect than of discrete music-specific emotions such as those solely relying on GEMIAC:


H2: Valence and arousal of core affect induced by music will be predicted more accurately by the associated musical excerpts, visual shapes, and materials, compared to discrete GEMIAC emotions.
 

1. Materials seem to have a weaker capacity for evoking emotions, when compared to music, other visual features, and even other sensory modalities, such as taste and olfaction (i.e., Crippa et al., 2012). Emotions evoked by materials seem to be rather weak, with a tendency toward neutrality with respect to valence (Marschallek et al., 2021). Nevertheless, some studies on aesthetics of materials have considered their capacity to evoke emotions and to elicit crossmodal associations (Barbosa Escobar et al., 2023), as well as analyzing the associated set of elicited emotions. Some of these results suggest that materials may play a role for the emotional experience. However, and based on the above, we hypothesize that visual shapes are still better predictors of music-induced emotion than any specific material. We also hypothesize that a musical excerpt is an even better predictor of music-induced emotions, compared to visual shapes and materials crossmodally associated to these emotions:


H3: Materials by themselves will be poorer predictors of music-induced emotions and their valence and arousal than visual shapes. In turn, musical excerpts will be better predictors of music-induced emotions than visual shapes and materials.
 




2. Materials and methods


2.1. Participants

A total of 176 participants completed the experiment, 23 in English (12 female, 11 male) and 153 in Spanish (75 female, 77 male, 1 other), with a mean age of 33.20 years (SD = 11.02) and age range of 19–56 years. Participants resided in 10 countries (Germany, Argentina, Colombia, Australia, Italy, United Kingdom, United States, India, France, and Belgium) and were recruited by means of convenience sampling among the authors’ networks. None of the participants reported auditory or visual limitations. In order to assess the participants’ level of musical training/sophistication, we applied the single item measure described by Zhang and Schubert (2019). The resulting self-evaluation percentages were: nonmusicians, 19%; music-loving nonmusicians, 45%; amateur musicians, 18%; serious amateur musicians, 7%; semiprofessional musicians, 5%; and professional musicians, 6%. Thus, participants had a wide range of musical competence, with a majority of non-musicians. A participant information and consent form were built into the first page of the study, and all participants gave their informed consent before proceeding to the study itself.



2.2. Musical stimuli

Eight excerpts from the Eerola and Vuoskoski dataset of emotional film music (Eerola and Vuoskoski, 2011) were used as stimulus material. These excerpts have been consistently rated in valence and arousal and classified across discrete emotions expressed by the music and were shown to elicit a variety of induced emotions when modeled by the GEMS (Vuoskoski and Eerola, 2011), of which GEMIAC is an extension. Importantly, cluster analysis showed that low-level clusters of ratings of emotional excerpts were the same for the GEMS and discrete models (namely, four clusters corresponding respectively, in the discrete model, to Scary, Happy, Sad and Tender emotions; Vuoskoski and Eerola, 2011). Specifically, for our study, we selected two Scary, two Happy, two Sad and two Tender musical excerpts from those used in the aforementioned study: “Oliver Twist” and “Dances with Wolves” (named here Happy 1 and Happy 2, respectively), “The English Patient” and “Running Scared” (Sad 1 and Sad 2, respectively), “The Portrait of a Lady” and “Shine” (Tender 1 and Tender 2, respectively), and “The Alien Trilogy” and “Batman Returns” (Scary 1 and Scary 2, respectively). The duration of these musical excerpts varied between 46 and 72 s.



2.3. GEMIAC

The GEneva Music-Induced Affect Checklist (GEMIAC) comprises 14 classes of musical emotions, denoted by term pairs, such as “melancholic, sad” and “moved, touched” (Coutinho and Scherer, 2017). In the usage proposed by its authors, it is required to rate the experienced intensity of each emotion class after listening to a piece of music. Instead, here we asked participants to choose the better matching emotion class in response to each musical excerpt. We did so in order to later obtain a single representation of the (most characteristic) music-induced emotion for each excerpt, both as visual shape and material from a list (see Procedure). For the Spanish translation of the GEMIAC, we followed the methodology proposed by Vallerand (1989).



2.4. Procedure

The experiment was designed in Qualtrics and conducted online, either in English or in Spanish depending on the respondent’s language preferences. Informed consent was a prerequisite for taking part in the study. Participants were asked to use headphones at all times.

First, participants listened to a sample audio (not included in the set of stimuli) to adjust the sound volume to a comfortable level. Second, as the main task, the eight excerpts were presented in a randomized order. After listening to each excerpt, participants were asked to choose a single term pair from the GEMIAC scale to describe their induced emotion. The precise instruction for the participant was as follows: “Please indicate which of the following term pairs best describes the emotion you experienced when listening to this audio. DO NOT DESCRIBE the music (Example: “this music is melancholic, sad”) or what the music seemed to express (Example: “this music expresses joy”). Describe YOUR OWN EMOTION while listening to the music (i.e., “I feel melancholic/sad while listening to this music”). If you consider that your emotion does not correspond to any of the term pairs, choose from the list the term pair closest to the emotion you experienced.”

Having selected a GEMIAC term, they were further asked to draw their emotion (“Please draw a CLOSED SHAPE that represents THE EMOTION you experienced while listening to the music. You can erase the drawing as many times as you like”). To record these shapes, we used the Signature feature provided by Qualtrics, which allows drawing using the mouse or touchpad of the computer.

As a final step, participants were asked to select a material that they thought would match the corresponding induced emotion. The list of materials, included in Table 1, was taken from Keyshot, a 3D rendering software used by designers (Jo, 2012). The instruction was: “Please select from the given list of materials the material that you think best corresponds with the previously chosen emotion.”



TABLE 1 Summary statistics of covariates.
[image: Table1]



2.5. Shape features

The visual shapes reported by participants mentioned in the paragraph above were evaluated independently by two raters who did not participate in the study or its design. Using graphic sliders with a 0–100 range, they rated the three shape features described in Section 1.1.2. in scales for symmetry, either reflectional or rotational (from very asymmetrical to very symmetrical), roundness (from no roundness to high roundness), and complexity (from very simple to very complex). The raters had been previously instructed about 2D symmetry and the notion of curvature. Complexity was left as an intuitive notion.



2.6. Data

A total of N = 1,408 responses were gathered from 176 participants. Covariates include the musical excerpt, shape characteristics, and materials, though the interest resides in the latter two upon adjusting for the former. Shape characteristics were assessed based on symmetry, roundness, and complexity and mapped to a 0–100 scale, while the musical excerpt and materials were kept as categorical explanatory variables.



2.7. Statistical analysis

The software used for statistical analysis was R, version 4.2.1. Initially, we conducted an analysis of the predictive quality of the covariates separately for each GEMIAC emotion class. Covariate relevance was ranked using the Decreased Gini score metric (Breiman, 2001). Predictive quality was explored by calculating the area under the curve (AUC) for each GEMIAC class independently, and 95% confidence intervals for the AUC were also reported. Values above 0.80 are oftentimes considered to represent an excellent classifier (Hosmer et al., 2013), with an upper bound of 1 representing perfect classification. Several emotion classes stood out with high AUC: “tense, uneasy,” “powerful, strong” “energetic, lively” and “melancholic, sad.” However, other emotion pairs had relatively low AUC predictability.

Therefore, emotions were grouped according to five relatively homogeneous valence-arousal pairs, as described in Figure 1, which form the categories within the primary analysis. These pairs represent the spectrum of emotions anticipated to be experienced by respondents, so that intra-group emotions share similarities (and represent common traits in the underlying emotions), but inter-group differences in emotion type are more clearly identifiable by the respondent (and represent more relevant differences in the underlying emotions).

[image: Figure 1]

FIGURE 1
 GEMIAC emotion terms grouped by arousal category (rows) and valence category (columns).


Summary statistics were produced for the covariates as well as both the ungrouped and grouped emotions. A derivation cohort was defined using 75% of the data, and the remainder of the sample was used as a validation (out-of-sample) cohort. Since the associations between the covariates (musical excerpt, shapes, and materials) and the responses (pairs of valence-arousal emotions) were expected to have a complex and non-linear form, in line with the complexity associated with human information processing and decision-making, a machine learning-based method, random forest, was fit for the derivation cohort.2 The fitted random forest was subsequently used to demonstrate the joint out-of-sample predictive power of the covariates using solely the information in the validation cohort. In order to maintain full out-of-sample validity of the study, a participant effect was not included, though in practice the approach can be enhanced by including any known participant characteristics or prior responses if those are available prior to the experiment.

Predictive quality was explored by calculating the AUC for each valence-arousal pair independently, and 95% confidence intervals for the AUC were also reported. In order to understand whether core emotion features (arousal or valence) were independently associated with the covariates, two sensitivity analyses were performed: (1) collapsing valence across arousal categories, resulting in two broader categories for emotions (low & high arousal); and (2) collapsing arousal across valence categories, resulting in three broader categories for emotions (low, mixed, and high valence).




3. Results

Table 1 contains the summary statistics for the covariates, and Table 2 contains both the ungrouped and grouped emotions, where grouping of emotions is depicted in Figure 1. The majority of respondents selected low arousal (61.51%) and high valence (59.66%) emotions, with the combination of both categories representing the majority of responses (39.77%). The category with least responses corresponds to the combination of low valence and low arousal, which was selected by respondents in 4.29% of the experiments. Among materials, the most common ones were shiny metal (8.45%) and velvet (7.60%), while glossy plastic was the least common (0.64%). The metrics representing complexity and symmetry are right-skewed, while the distribution of roundness is more symmetric, as depicted in Figure 2. Complexity and symmetry were negatively correlated (r = −0.21; 95% CI –0.26, −0.16), while complexity and roundness were not found to be associated (r = 0.02; 95% CI –0.03, 0.07). Conversely, roundness and symmetry were found to be positively associated (r = 0.23; 95% CI 0.18, 0.28).



TABLE 2 Summary statistics of emotions: both ungrouped and grouped by valence and arousal category and further collapsed across valence and arousal categories.
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[image: Figure 2]

FIGURE 2
 Distributions of the shape metrics (A) complexity, (B) roundness, and (C) symmetry across musical excerpts and participants.


Figure 3 includes a graphical representation of the random forest by mean decreased Gini scores in the derivation cohort for the overall analysis (by arousal-valence pair) as well as the two sensitivity analyses (grouping valence by arousal and arousal by valence). Variables are ranked by contribution to node homogeneity. Upon controlling for the musical excerpt, shape variables provided a higher contribution to enhanced node homogeneity than materials, which aligns with hypothesis H3.

[image: Figure 3]

FIGURE 3
 Mean decrease of Gini coefficient by covariate for the primary analysis (A), and the two secondary analyses: (B) arousal grouped by valence and (C) valence grouped by arousal. C, complexity; R, roundness; S, symmetry. For all other codes (X1–X21), see Table 1.


Figure 4 portrays the out-of-sample predictive/classification power (AUC) for each emotion category across the primary and sensitivity analyses for the validation cohort. Our results demonstrate a high level of predictive power across all emotions except for the low arousal-low valence combination, as seen in the left panel of Figure 4. This category could represent a basket choice of very heterogeneous emotions, such as true low arousal-low valence emotions or simply exhaustion and lack of interest in the experiment from participants. Also, this category contains the fewest number of data points (59 responses across both validation and derivation datasets, or 4.19%), which affects the ability of the random forest algorithm to learn efficiently about this category. For all other categories in the primary analysis, the approach demonstrates exceptional out-of-sample predictive power within the validation cohort, with AUC values above 0.85. When collapsing by arousal or valence, the predictive power across all categories remains excellent, with all AUC point estimates between 0.89 and 0.95, as demonstrated in the middle and right panels of Figure 4. This indicates that levels of both arousal and valence can be identified independently and jointly.
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FIGURE 4
 Out-of-sample AUC midpoint estimates and 95% confidence intervals for the validation cohort under the response categorizations in the primary analysis (A), and the two secondary analyses: (B) arousal grouped by valence and (C) valence grouped by arousal. HA, high arousal; HV, high valence; LA, low arousal; LV, low valence; MV, mixed valence.


In Figure 5, the associations between the covariates and the outcome variable from the primary analysis are (univariately) descriptively visualized. For example, opaque glass (Material 9 as per the ordering in Table 1) was associated with a lower observed frequency of high arousal, high valence emotions than materials such as glossy plastic (Material 2) or shiny metal (Material 15). Similarly, low arousal and low valence were negligible for shiny metal (Material 15), while they were observed in higher proportion for transparent plastic (Material 19). When grouping observations across valence (with HA-HV plus HA-LV constituting the high arousal broader category), we observed that high arousal is largest among observations of opaque metal and leather (Materials 11 and 5, respectively), while low arousal categories prevail among observations of velvet and porcelain (Materials 21 and 13, respectively). Figure 6A demonstrates, for example, how low arousal categories are associated with smaller levels of complexity than high arousal categories.
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FIGURE 5
 Observed proportions of emotion by material type (categorized as per Table 1). HA, high arousal; HV, high valence; LA, low arousal; LV, low valence; MV, mixed valence.
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FIGURE 6
 Boxplots of (A) complexity, (B) roundness, and (C) symmetry by emotion. HA, high arousal; HV, high valence; LA, low arousal; LV, low valence; MV, mixed valence.




4. Discussion

The observed crossmodal correspondences between music-induced emotions and visual shapes/materials demonstrate some level of heterogeneity in emotional response univariately by covariate (Figures 5, 6). Consistently with previous findings, we observed an increase of arousal with shape complexity (Figure 6A), whereas our results on associations between materials and emotions appear to be new. The strong explanatory power demonstrated in Figure 4 comes from more complex, non-linear multivariate associations between the covariates, such as those extracted by the random forest approach. This indicates that emotional responses cannot be simply explained by compounding one-dimensional associations, and a more complex structure is needed, in line with how individuals process information. This predictive power is in agreement with our hypothesis H1.

We obtained further evidence for hypothesis H1 in the predictive analysis of the full 14 GEMIAC emotion pairs. Some of these emotions showed high AUC: “tense, uneasy” (AUC = 0.85), “powerful, strong” (AUC = 0.74), “energetic, lively” (AUC = 0.78) and “melancholic, sad” (AUC = 0.79). As such, we obtained good predictability for some highly specific musical emotion classes (Palmer et al., 2016). It could be that the names of these classes have more multimodal applicability, for instance, “sad” can be applied to shapes (Sievers et al., 2019), music, and materials (Zuo et al., 2001).

However, overall, the mixed performance of the random forest algorithm for music-specific emotions is in agreement with hypothesis H2, that is, there was less effectiveness in predicting specific GEMIAC emotion classes compared to core affect. This may have been due in part to the similarity of some of those emotion classes, such as “enchanted, in awe” (AUC = 0.56) and “filled with wonder, amazed” (AUC = 0.61), or to their low representativity for our excerpts, such as “full of tenderness, warmhearted,” amounting to only 3.27% of the responses (AUC = 0.59). These results can be compared to those of Meuleman and Scherer (2013), where predictive accuracy decreased as the number of clusters of emotions increased from two (positive vs. negative emotions) to twelve. Moreover, our results can be linked to the traditional Osgood semantic differential technique (SDT) which aims to measure connotative meanings of (aesthetic) objects, concepts or events (Osgood et al., 1957). While empirical studies of music in the tradition of Osgood’s SDT approach deal with associative, connotative meanings of music (for overviews, see Schubert and Fabian, 2006 and Spence, 2020), here we show that emotions felt by the listener can be predicted better when they are mapped onto core dimensions of SDT (i.e., valence and arousal) compared to the specific GEMIAC emotion classes.

Interestingly, in order to obtain this level of prediction efficiency for music-induced core affect, it was important to categorize the terms “melancholic, sad” and “nostalgic, sentimental”—which would seem to be low valence, low arousal (LV-LA) emotions—in a different valence-arousal group. These emotions—sometimes framed as “negative”—have been considered, nonetheless, as emotions that make a positive contribution to aesthetic liking. People may enjoy feelings of nostalgia and melancholy when listening to sad music, which can evoke not only sadness, but also a wide range of complex and partially positive emotions, such as peacefulness, tenderness, transcendence, and wonder (Taruffi and Koelsch, 2014). In particular, nostalgia has been conceptualized variously as a negative, ambivalent, or positive emotion (Sedikides et al., 2004). Consequently, we have categorized these terms in a separate mixed valence, low arousal (MV-LA) group. In contrast with its excellent performance when we take this group into account, running the random forest algorithm instead with “melancholic, sad” and “nostalgic, sentimental” grouped as LV-LA (so considering 4 emotion clusters instead of 5), we obtained that these emotions were predicted worse upon grouping them when compared to predicting each individual one. In fact, with this 4-class grouping, LV-LA emotions had AUC = 0.56, while in the full GEMIAC analysis “melancholic, sad” had AUC = 0.79 and “nostalgic, sentimental” had AUC = 0.67. We noted also that HV-HA, HV-LA and LV-HA emotions were predicted worse in the 4-class than in the 5-class grouping, having AUC = 0.62, 0.62, and 0.78, respectively, in the former case.

In accordance with our hypothesis H3, materials by themselves were less relevant than visual shapes for predicting core affect (Figure 3), and the musical excerpts were the most relevant predictors. This lower predictive power of materials can be partially attributed to the diversity of options presented. We also expected this on the basis of the relative emotional neutrality of materials (Marschallek et al., 2021), which would prevent them from capturing emotional connotations. However, despite this supposed neutrality, we observed distinctive, nonrandom distributions of core affect associated with each material (Figure 5). Interestingly, in a study comparing prediction of discrete music-induced emotions using perceptual musical features (such as pitch, tempo, mode, dynamics) vs. crossmodal associations (warm, cold, rough, smooth, dark, bright), models based on crossmodal features (tactile and visual) performed better than those based on perceptual features in four out of six emotions, suggesting that music-induced emotions may be captured more clearly and directly by extra-musical characteristics than by music-specific dimensions (Lange and Frieler, 2018).

Our results aligned with previous similar findings using random forests classifiers. In fact, these classifiers have been shown to improve predictive accuracy of emotions, with respect to other linear and nonlinear methods, in different contexts, involving both music-specific and more general emotions. For instance, Meuleman and Scherer (2013) found random forests to have the best performance, among 14 linear and nonlinear models, for predicting event-related emotions from appraisal criteria of events such as relevance, consequences, causes, or coping. Vempala and Russo (2018) studied predictability of musical emotion judgments from audio features and physiological signals with machine learning methods, finding that linear and nonlinear methods achieved similar prediction performance from audio features, while more flexible nonlinear models such as neural networks or random forests were needed to capture the predictive capacity of physiology features.



5. Limitations, applications, and future work

Some limitations need to be considered regarding the methodology and generalizability of our findings. For instance, we explicitly asked our participants to wear headphones at all times (see Section 2.4.). Since this was an online survey, we could not ensure they complied with this instruction. We also decided to allow our participants to start developing their associations related to the emotions induced by the music, first, via the selection of a GEMIAC term and second, via a drawing, while leaving the material association at the very end. We adopted such an order because materials are poor predictors of music-induced emotions (see H3). Nevertheless, a balanced order of these tasks could be explored in future research. Also, to obtain a single response in terms of materials and visual shapes, we asked participants to select the emotion they experienced by choosing a single item from the GEMIAC, while it is possible that they may have felt several ones, in different intensities. Moreover, the graphical interface to draw the visual shapes is designed for signatures and does not seem to allow a flexibility and ease of input equivalent to hand drawing. However, none of the participants complained or reported any issues using it.

There has been little research on the impact of the visual environment and its materiality on musical emotions. The rare existing work has shown effects of videos on the emotional appraisal of music, as well as on the perception of musical features such as tempo and loudness (Boltz et al., 2009; Boltz, 2013). Another recent example is the study of Hauck et al. (2022) in which musical emotion ratings have been shown to be shifted by lighting conditions such as hue, brightness, and saturation. For example, a musical piece paired with red light was rated as more powerful than the same musical piece paired with green or blue light. In the same vein, given the crossmodal associations and predictability between visual shapes, materials, and musical emotions shown in our study, we would predict that emotions induced by a given musical piece are moderated by different environments, e.g., shown as projected images or in virtual reality, exhibiting various characteristics of materiality and visual shape design.

Thus, our findings suggest that visual shapes and materiality may be important factors to consider in sensory interactions where emotional synergy is sought between environment and music, for instance in hospitals, shopping centers, theaters and opera houses, art installations, and music therapy environments. In the field of art and aesthetics, our research may be extended to the analysis of works of visual music such as those of Oskar Fischinger and Norman McLaren (Gibson, 2023), as well as to the design of systems for visualizing music-induced emotions. Other applications may arise in sensory interactions design and multisensory experiences. For instance, in 2020, a scented visual installation entitled Emotional Plateware (Mesz and Tedesco, 2021) introduced digital conceptual designs of tableware intended to augment gastronomic experiences from a multisensory perspective. This installation was conceived from the results of a study on crossmodal correspondences of visual shapes, colors, smells, and materials with four emotions induced by music, which inspired both the shapes and materiality of the plateware and the visuals displayed in digital tablets embedded in it. Further applications may arise in the field of sensory marketing as well. For instance, it is well-known that store atmospherics affect consumer behavior (Spence et al., 2014). In the constant look for novelty, as well as more engagement from consumers, brands may rely on correspondences such as the ones assessed in this study (i.e., music, shapes, and materials) in order to augment the user’s experience in retail from a multisensory perspective, either physically or digitally (Petit et al., 2019). Think of store atmospherics designed to evoke certain sensations and/or emotions congruently across music, visual shapes, and wall materials. We can also think of specific industries, such as fashion, where visual shapes and materials can be congruently associated with certain music in order to evoke certain emotions during the experience of consumers. Likewise, when thinking about the customer journey (e.g., Lemon and Verhoef, 2016), offline/online touch-point interactions may be reframed inspired by correspondences such as the ones being analyzed in this, and similar, work.

In conclusion, our results show the emergence of crossmodal correspondences between music-induced emotions and visual shapes and design materials, complementing previous findings on crossmodal correspondences between sound/music and their extra-musical elements (Küssner, 2013, 2017; Murari et al., 2015). We also show that visual shapes and materials capture and predict music-induced emotions, suggesting the possibility of designing congruent multimodal objects, environments, or messages oriented toward specific emotions, in spite of the interindividual diversity of “translations” across the senses (Spence, 2022). Future work should explore multisensory emotional design, combining music, visuals and materials.
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Footnotes

1   Predictability relates to the ability to use the information contained in the explanatory variables in order to infer what the corresponding emotions would be (future experiments) or have been (past experiments where the individual may not have disclosed the emotion). The hypothesis is that these associations between the covariates and the emotions are sufficiently consistent within and between individuals so that emotions are predictable if only the covariates are observed. However, such associations can potentially be substantially complex and non-linear, where covariates combine with each other and with themselves in complex ways, so a complex machine learning algorithm is needed to mimic how the brain operates linking those covariates in complex forms with the associated emotions.

2   For another innovative analysis approach using non-linear models (a Gaussian process regression model with a linear plus squared-exponential covariance function) to study crossmodal associations between music/sound and visual shapes, see Noyce et al. (2013).



References

 Adeli, M., Rouat, J., and Molotchnikoff, S. (2014). Audiovisual correspondence between musical timbre and visual shapes. Front. Hum. Neurosci. 8:352. doi: 10.3389/fnhum.2014.00352 

 Albertazzi, L., Canal, L., Micciolo, R., and Hachen, I. (2020). Cross-modal perceptual organization in works of art. i-Perception 11, 1–22. doi: 10.1177/2041669520950750

 Barbosa Escobar, F., Velasco, C., Byrne, D. V., and Wang, Q. J. (2023). Crossmodal associations between visual textures and temperature concepts. Q. J. Exp. Psychol. 76, 731–761. doi: 10.1177/17470218221096452 

 Belkin, K., Martin, R., Kemp, S. E., and Gilbert, A. N. (1997). Auditory pitch as a perceptual analogue to odor quality. Psychological Science 8, 340–342. doi: 10.1111/j.1467-9280.1997.tb00450.x

 Berlyne, D. E. (1970). Novelty, complexity, and hedonic value. Percept. Psychophys. 8, 279–286. doi: 10.3758/BF03212593 

 Bertamini, M., Makin, A., and Rampone, G. (2013). Implicit association of symmetry with positive valence, high arousal and simplicity. i-Perception 4, 317–327. doi: 10.1068/i0601jw

 Blazhenkova, O., and Kumar, M. M. (2018). Angular versus curved shapes: correspondences and emotional processing. Perception 47, 67–89. doi: 10.1177/0301006617731048 

 Boltz, M. (2013). “Music videos and visual influences on music perception and appreciation: should you want your MTV” in The psychology of music in multimedia. eds. S.-L. Tan, A. J. Cohen, S. D. Lipscomb, and R. A. Kendall (New York: Oxford University Press), 217–234.

 Boltz, M. G., Ebendorf, B., and Field, B. (2009). Audiovisual interactions: the impact of visual information on music perception and memory. Music Percept. 27, 43–59. doi: 10.1525/mp.2009.27.1.43

 Breiman, L. (2001). Random forests. Mach. Learn. 45, 5–32. doi: 10.1023/A:1010933404324 

 Cespedes-Guevara, J., and Eerola, T. (2018). Music communicates affects, not basic emotions–a constructionist account of attribution of emotional meanings to music. Front. Psychol. 9:215. doi: 10.3389/fpsyg.2018.00215

 Collier, G. L. (1996). Affective synesthesia: extracting emotion space from simple perceptual stimuli. Motiv. Emot. 20, 1–32. doi: 10.1007/BF02251005

 Corradi, G., and Munar, E. (2020). “The curvature effect” in The Oxford handbook of empirical aesthetics. eds. M. Nadal and O. Vartanian (Oxford: Oxford University Press), 35–52.

 Coutinho, E., and Scherer, K. R. (2017). Introducing the GEneva music-induced affect checklist (GEMIAC): a brief instrument for the rapid assessment of musically induced emotions. Music Percept 34, 371–386. doi: 10.1525/mp.2017.34.4.371

 Crippa, G., Rognoli, V., and Levi, M. (2012). “Materials and emotions, a study on the relations between materials and emotions in industrial products” in In 8th international conference on design & emotion: out of control (London, England: Central Saint Martin’s College of Arts & Design), 1–9.

 Crisinel, A.-S., and Spence, C. (2012). A fruity note: crossmodal associations between odors and musical notes. Chem. Senses 37, 151–158. doi: 10.1093/chemse/bjr085 

 Eerola, T., and Vuoskoski, J. K. (2011). A comparison of the discrete and dimensional models of emotion in music. Psychol. Music 39, 18–49. doi: 10.1177/0305735610362821 

 Etzi, R., Spence, C., Zampini, M., and Gallace, A. (2016). When sandpaper is ‘kiki’ and satin is ‘bouba’: an exploration of the associations between words, emotional states, and the tactile attributes of everyday materials. Multisens. Res. 29, –155. doi: 10.1163/22134808-00002497

 Fernay, L., Reby, D., and Ward, J. (2012). Visualized voices: a case study of audio-visual synesthesia. Neurocase 18, 50–56. doi: 10.1080/13554794.2010.547863 

 Flaig, N. K., and Large, E. W. (2014). Dynamic musical communication of core affect. Front. Psychol. 5:72. doi: 10.3389/fpsyg.2014.00072 

 Galmarini, M. V., Paz, R. S., Choquehuanca, D. E., Zamora, M. C., and Mesz, B. (2021). Impact of music on the dynamic perception of coffee and evoked emotions evaluated by temporal dominance of sensations (TDS) and emotions (TDE). Food Res. Int. 150:110795. doi: 10.1016/j.foodres.2021.110795 

 Gibson, S. (2023). “Moving towards the performed image (colour organs, synesthesia and visual music): early modernism (1900–1955)” in Live visuals: history, theory, practice. eds. S. Gibson, S. Arisona, D. Leishman, and A. Tanaka (London: Routledge), 41–61.

 Hauck, P., Castell, C. von, and Hecht, H. (2022). Crossmodal correspondence between music and ambient color is mediated by emotion. Multisens. Res. 35, 407–446. doi: 10.1163/22134808-bja10077 

 Hosmer, D. W. Jr, Lemeshow, S., and Sturdivant, R. X. (2013) Applied logistic regression (3rd Edn.). Hoboken, NJ: John Wiley and Sons.

 Jo, J. L. (2012). KeyShot 3D Rendering. Birmingham: Packt Publishing Ltd.

 Juslin, P. N. (2019). Musical emotions explained: unlocking the secrets of musical affect. New York: Oxford University Press.

 Karwoski, T. F., Odbert, H. S., and Osgood, C. E. (1942). Studies in synesthetic thinking: II. The role of form in visual responses to music. J. Gen. Psychol. 26, 199–222. doi: 10.1080/00221309.1942.10545166

 Küssner, M. B. (2013). Music and shape. Lit. Linguist. Comput. 28, 472–479. doi: 10.1093/llc/fqs071 

 Küssner, M. B. (2017). “Shape, drawing and gesture: empirical studies of cross-modality” in Music and shape. eds. D. Leech-Wilkinson and H. M. Prior (New York: Oxford University Press), 33–56.

 Küssner, M. B., and Leech-Wilkinson, D. (2014). Investigating the influence of musical training on cross-modal correspondences and sensorimotor skills in a real-time drawing paradigm. Psychol. Music 42, 448–469. doi: 10.1177/0305735613482022

 Küssner, M. B., Tidhar, D., Prior, H. M., and Leech-Wilkinson, D. (2014). Musicians are more consistent: gestural cross-modal mappings of pitch, loudness and tempo in real-time. Front. Psychol. 5:789. doi: 10.3389/fpsyg.2014.00789

 Lange, E. B., and Frieler, K. (2018). Challenges and opportunities of predicting musical emotions with perceptual and automatized features. Music Percept. 36, 217–242. doi: 10.1525/mp.2018.36.2.217

 Leder, H., Tinio, P. P., Brieber, D., Kröner, T., Jacobsen, T., and Rosenberg, R. (2019). Symmetry is not a universal law of beauty. Empir. Stud. Arts 37, 104–114. doi: 10.1177/0276237418777941 

 Lee, B. P., and Spence, C. (2022). Crossmodal correspondences between basic tastes and visual design features: a narrative historical review. i-Perception 13, 1–27. doi: 10.1177/20416695221127325

 Lemon, K. N., and Verhoef, P. C. (2016). Understanding customer experience throughout the customer journey. J. Mark. 80, 69–96. doi: 10.1509/jm.15.0420 

 Lyman, B. (1979). Representation of complex emotional and abstract meanings by simple forms. Percept. Mot. Skills 49, 839–842. doi: 10.2466/pms.1979.49.3.839 

 Madan, C. R., Bayer, J., Gamer, M., Lonsdorf, T. B., and Sommer, T. (2018). Visual complexity and affect: ratings reflect more than meets the eye. Front. Psychol. 8:2368. doi: 10.3389/fpsyg.2017.02368

 Marschallek, B. E., Wagner, V., and Jacobsen, T. (2021). Smooth as glass and hard as stone? On the conceptual structure of the aesthetics of materials. Psychology of Aesthetics, Creativity, and the Arts. doi: 10.1037/aca0000437

 Melara, R. D., and O'Brien, T. P. (1987). Interaction between synesthetically corresponding dimensions. J. Exp. Psychol. Gen. 116, 323–336. doi: 10.1037/0096-3445.116.4.323 

 Mesz, B., and Tedesco, S. (2021) Bruno multisensory gastrosonic and osmotactile installations, Vimeo. STT21 workshop / ACM CHI 2021 on human factors in computing systems - human computer interaction. Available at: https://vimeo.com/561472087.

 Mesz, B., Trevisan, M. A., and Sigman, M. (2011). The taste of music. Perception 40, 209–219. doi: 10.1068/p6801 

 Meuleman, B., and Scherer, K. R. (2013). Nonlinear appraisal modeling: an application of machine learning to the study of emotion production. IEEE Trans. Affect. Comput. 4, 398–411. doi: 10.1109/T-AFFC.2013.25

 Motoki, K., Takahashi, N., Velasco, C., and Spence, C. (2022). Is classical music sweeter than jazz? Crossmodal influences of background music and taste/flavour on healthy and indulgent food preferences. Food Qual. Prefer. 96:104380. doi: 10.1016/j.foodqual.2021.104380

 Murari, M., Rodà, A., Canazza, S., De Poli, G., and Da Pos, O. (2015). Is Vivaldi smooth and takete? Non-verbal sensory scales for describing music qualities. J. New Music Res. 44, 359–372. doi: 10.1080/09298215.2015.1101475

 Noyce, G. L., Küssner, M. B., and Sollich, P. (2013). Quantifying shapes: mathematical techniques for analysing visual representations of sound and music. Empiri. Musicol. Rev. 8, 128–154. doi: 10.18061/emr.v8i2.3932

 Osgood, C., Suci, G., and Tannenbaum, P. (1957). The measurement of meaning. Urbana: University of Illinois Press.

 Palmer, S. E., Langlois, T. A., and Schloss, K. B. (2016). Music-to-color associations of single-line piano melodies in non-synesthetes. Multisens. Res., 29(1–3),:157–.

 Palmer, S. E., Schloss, K. B., Xu, Z., and Prado-León, L. R. (2013). Music–color associations are mediated by emotion. Proc. Natl. Acad. Sci. 110, 8836–8841. doi: 10.1073/pnas.1212562110 

 Parise, C. V., and Spence, C. (2012). Audiovisual crossmodal correspondences and sound symbolism: a study using the implicit association test. Exp. Brain Res. 220, 319–333. doi: 10.1007/s00221-012-3140-6

 Petit, O., Velasco, C., and Spence, C. (2019). Digital sensory marketing: integrating new technologies into multisensory online experience. J. Interact. Mark. 45, 42–61. doi: 10.1016/j.intmar.2018.07.004

 Poffenberger, A. T., and Barrows, B. E. (1924). The feeling value of lines. J. Appl. Psychol. 8, 187–205. doi: 10.1037/h0073513 

 Reinoso Carvalho, F., Wang, Q. J., Van Ee, R., Persoone, D., and Spence, C. (2017). “Smooth operator”: music modulates the perceived creaminess, sweetness, and bitterness of chocolate. Appetite 108, 383–390. doi: 10.1016/j.appet.2016.10.026 

 Reinoso-Carvalho, F., Dakduk, S., Wagemans, J., and Spence, C. (2019). Not just another pint! The role of emotion induced by music on the consumer’s tasting experience. Multisens. Res. 32, 367–400. doi: 10.1163/22134808-20191374 

 Reinoso-Carvalho, F., Gunn, L., Molina, G., Narumi, T., Spence, C., Suzuki, Y., et al. (2020). A sprinkle of emotions vs a pinch of crossmodality: towards globally meaningful sonic seasoning strategies for enhanced multisensory tasting experiences. J. Bus. Res. 117, 389–399. doi: 10.1016/j.jbusres.2020.04.055

 Russell, J. A. (2003). Core affect and the psychological construction of emotion. Psychol. Rev. 110, 145–172. doi: 10.1037/0033-295X.110.1.145 

 Salgado-Montejo, A., Alvarado, J. A., Velasco, C., Salgado, C. J., Hasse, K., and Spence, C. (2015). The sweetest thing: the influence of angularity, symmetry, and the number of elements on shape-valence and shape-taste matches. Front. Psychol. 6:1382. doi: 10.3389/fpsyg.2015.01382 

 Salgado-Montejo, A., Marmolejo-Ramos, F., Alvarado, J. A., Arboleda, J. C., Suarez, D. R., and Spence, C. (2016). Drawing sounds: representing tones and chords spatially. Exp. Brain Res. 234, 3509–3522. doi: 10.1007/s00221-016-4747-9 

 Schubert, E., and Fabian, D. (2006). The dimensions of baroque music performance: a semantic differential study. Psychol. Music 34, 573–587. doi: 10.1177/0305735606068105

 Sedikides, C., Wildschut, T., and Baden, D. (2004). “Nostalgia: conceptual issues and existential functions” in Handbook of experimental existential psychology. eds. J. Greenberg, S. L. Koole, and T. Pyszczynski (New York: The Guilford Press), 200–214.

 Seo, H. S., and Hummel, T. (2011). Auditory–olfactory integration: congruent or pleasant sounds amplify odor pleasantness. Chem. Senses 36, 301–309. doi: 10.1093/chemse/bjq129 

 Sievers, B., Lee, C., Haslett, W., and Wheatley, T. (2019). A multi-sensory code for emotional arousal. Proc. R. Soc. B 286:20190513. doi: 10.1098/rspb.2019.0513 

 Spence, C. (2011). Crossmodal correspondences: a tutorial review. Atten. Percept. Psychophys. 73, 971–995. doi: 10.3758/s13414-010-0073-7 

 Spence, C. (2020). Assessing the role of emotional mediation in explaining crossmodal correspondences involving musical stimuli. Multisens. Res. 33, 1–29. doi: 10.1163/22134808-20191469 

 Spence, C. (2022). Exploring group differences in the crossmodal correspondences. Multisens. Res. 35, 495–536. doi: 10.1163/22134808-bja10079 

 Spence, C., and Di Stefano, N. (2022). Coloured hearing, colour music, colour organs, and the search for perceptually meaningful correspondences between colour and pitch. i-Perception 13, 1–42. doi: 10.1177/20416695221092802

 Spence, C., and Parise, C. V. (2012). The cognitive neuroscience of crossmodal correspondences. i-Perception 3, 410–412. doi: 10.1068/i0540ic 

 Spence, C., Puccinelli, N. M., Grewal, D., and Roggeveen, A. L. (2014). Store atmospherics: a multisensory perspective. Psychol. Mark. 31, 472–488. doi: 10.1002/mar.20709

 Sun, Z., and Firestone, C. (2021). Curious objects: how visual complexity guides attention and engagement. Cogn. Sci. 45:e12933. doi: 10.1111/cogs.12933 

 Taruffi, L., and Koelsch, S. (2014). The paradox of music-evoked sadness: an online survey. PLoS One 9:e110490. doi: 10.1371/journal.pone.0110490 

 Trost, W., Ethofer, T., Zentner, M., and Vuilleumier, P. (2012). Mapping aesthetic musical emotions in the brain. Cereb. Cortex 22, 2769–2783. doi: 10.1093/cercor/bhr353 

 Turoman, N., Velasco, C., Chen, Y.-C., Huang, P.-C., and Spence, C. (2018). Symmetry and its role in the crossmodal correspondence between shape and taste. Atten. Percept. Psychophys. 80, 738–751. doi: 10.3758/s13414-017-1463-x 

 Vallerand, R. J. (1989). Vers une méthodologie de validation trans-culturelle de questionnaires psychologiques: implications pour la recherche en langue française. Can. Psychol. 30, 662–680. doi: 10.1037/h0079856

 Vartanian, O., Navarrete, G., Chatterjee, A., Fich, L. B., Leder, H., Modroño, C., et al. (2013). Impact of contour on aesthetic judgments and approach-avoidance decisions in architecture. Proc. Natl. Acad. Sci. 110, 10446–10453. doi: 10.1073/pnas.13012271

 Vempala, N. N., and Russo, F. A. (2018). Modeling music emotion judgments using machine learning methods. Front. Psychol. 8:2239. doi: 10.3389/fpsyg.2017.02239

 Vuoskoski, J. K., and Eerola, T. (2011). Measuring music-induced emotion: a comparison of emotion models, personality biases, and intensity of experiences. Music. Sci. 15, 159–173. doi: 10.1177/1029864911403367

 Wallmark, Z. (2019). A corpus analysis of timbre semantics in orchestration treatises. Psychol. Music 47, 585–605. doi: 10.1177/0305735618768102

 Ward, R. J., Wuerger, S., and Marshall, A. (2022). Smelling sensations: olfactory crossmodal correspondences. J. Percept. Imaging 5, 000402-1–000402-12. doi: 10.2352/J.Percept.Imaging.2022.5.000402 

 Weichselbaum, H., Leder, H., and Ansorge, U. (2018). Implicit and explicit evaluation of visual symmetry as a function of art expertise. i-Perception 9, 1–24. doi: 10.1177/2041669518761464

 Weyl, H. (2015). Symmetry. Princeton, NY: Princeton University Press.

 Zhang, J. D., and Schubert, E. (2019). A single item measure for identifying musician and nonmusician categories based on measures of musical sophistication. Music Percept. 36, 457–467. doi: 10.1525/mp.2019.36.5.457

 Zuo, H., Hope, T., Castle, P., and Jones, M. (2001). “An investigation into the sensory properties of materials,” in Proceedings of the Second International Conference on Affective Human Factors Design (pp. 500–507). London, UK: Asean Academic Press.









 


	
	
TYPE Original Research
PUBLISHED 07 September 2023
DOI 10.3389/fpsyg.2023.1234417






Red biases sex categorization of human bodies

Na Chen1*†, Koyo Nakamura2,3 and Katsumi Watanabe4


1The Gonda Multidisciplinary Brain Research Center, Bar-Ilan University, Ramat Gan, Israel

2Department of Cognition, Emotion, and Methods in Psychology, Faculty of Psychology, University of Vienna, Vienna, Austria

3Japan Society for the Promotion of Science, Tokyo, Japan

4Faculty of Science and Engineering, Waseda University, Tokyo, Japan

[image: image2]

OPEN ACCESS

EDITED BY
 Adrian Von Mühlenen, University of Warwick, United Kingdom

REVIEWED BY
 Marcelo Fernandes Costa, University of São Paulo, Brazil
 Christine Mohr, Université de Lausanne, Switzerland

*CORRESPONDENCE
 Na Chen, imminana7@gmail.com 

†ORCID: Na Chen, https://orcid.org/0000-0003-4558-2393

RECEIVED 04 June 2023
 ACCEPTED 21 August 2023
 PUBLISHED 07 September 2023

CITATION
 Chen N, Nakamura K and Watanabe K (2023) Red biases sex categorization of human bodies. Front. Psychol. 14:1234417. doi: 10.3389/fpsyg.2023.1234417

COPYRIGHT
 © 2023 Chen, Nakamura and Watanabe. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Color is associated with gender information (e.g., red-female). However, little has been known on the effect of color on sex recognition of human bodies. This study aimed to investigate whether the color red could influence the categorization of human bodies by sex, and the effect of contextual information. Visual stimuli were created using body silhouettes varying along the waist-to-hip ratio from female to male shapes. These stimuli were presented in conjunction with red, green, and gray colors, which were used either as body color (Experiment 1) or background color (Experiment 2). Participants were instructed to categorize the sex of the body stimuli as either male or female by pressing labeled keys. The results showed that when red was used as a body color, it induced a bias toward feminine body perception, while when used as a background color, it induced a bias toward masculine body perception. Thus, the color red influenced the sex categorization of human bodies, which being modulated by contextual information. These findings provided novel insights into the effect of contextual color cues in sex recognition of human bodies.
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1. Introduction

Recognizing the sex of an individual from a distance, particularly when facial or body features are not easily distinguishable, often relies on various cues. Colors are sometimes used as a means of recognition. For instance, the color red could be stereotypically associated with women based on their clothing colors. In visual media, positioning a character against a red background, especially in intense scenes like walking away from an explosion, can evoke perceptions of heroism or villainy, as seen in Hollywood action movies like Wolverine and the X-Men (2011), which are often associated with male characters. Those differing effects of perceiving red highlight the importance of context in sex recognition. In addition to physical information from the visual body itself, color serves as the fastest and most direct visual cue for sex recognition, playing a crucial role in quickly assessing potential rivals or mates (Nestor and Tarr, 2008). Despite its potential significance, to the best of our knowledge, no previous study has examined the effect of color on the categorization of sex in human bodies. Specifically, the effect of contextual information, when applied directly to the body or present in the background, on this sex process remains unexplored.

Color carries gender information in both Western and Eastern countries. In Western societies, pink has been stereotypically associated with girls and blue with boys since the early 20th century (Pomerleau et al., 1990; Cunningham and Macrae, 2011). There is a prevalent tendency for individuals to have different color preferences for their children based on gender. They tend to choose pink colors for their female children, including pink toys, clothing, and room decorations, while choosing blue or green colors for male children (Del Giudice, 2017; Endendijk, 2022). These gender-stereotyped color perceptions in early life may lead to color-gender associations. In Japan, gender-stereotyped colors are frequently used in social and public service systems. For instance, female toilet icons are typically colored in red or pink, while male toilet icons are colored in blue, green, or black. Previous studies have shown that Japanese people associate reddish colors with females and bluish/black colors with males (Kitagami et al., 2009, 2010; Ishii et al., 2019; Mochizuki and Ota, 2022; Chen et al., 2023a,b). It is common for reddish colors to be widely used in clothing, cosmetics, and activities for females, while blue/green colors are more frequently used in male clothing and behaviors/interests in modern daily life. The mere exposure to the co-occurrence of color and gender information during social interactions may contribute to the establishment of color-gender associations (e.g., red-female). This color-gender association plays a significant role in shaping people’s gender-related cognition and behavior. In a recent study by Chen et al. (2023b), the red-female association could be automatically activated and influenced both conceptual gender categorization and perceptual font color discrimination through Stroop-word categorization tasks. It is possible that when the color red was applied to human bodies, it may evoke the learned red-female associations based on the mere exposure to co-occurrences of red clothing and female body perception.

Meanwhile, it should be noted that red has also been associated with masculine traits, such as dominance, aggression, danger, anger, and testosterone levels (Stephen et al., 2012; Young et al., 2013; Wiedemann et al., 2015; Jonauskaite et al., 2021a; Chen et al., under review). People can use the presence and intensity of red facial color information when categorizing the sex of faces, as male faces are typically redder and darker than female faces (Van den Berghe and Frost, 1986; Yip and Sinha, 2002; Frost, 2006; Nestor and Tarr, 2008; Carrito and Semin, 2019). Thus, in certain contexts, red can also be associated with males. For instance, when the color red is present in the background of an ambiguous human body, it may evoke impressions of dominance, aggression, and danger, potentially leading to the perception of a male body. According to the color-in-context theory proposed by Elliot and colleagues, colors acquire specific meanings through environmental and social interactions, while also being influenced by evolutionary factors (Elliot and Maier, 2014). Importantly, the influence of color is contingent on psychological contexts. For instance, the effects of the color red on approach or avoidance behaviors can vary depending on the context. In a romance-related context, red may elicit approach behavior, whereas in a competition-related context, it may lead to avoidance behavior (Meier et al., 2012).

The categorization of human bodies based on sex is strongly influenced by their visual appearance, including features such as the waist-to-hip ratio (WHR) and shoulder-to-hip ratio (Johnson et al., 2012; Gandolfo and Downing, 2020). Individuals with a lower WHR are more likely to be identified as females rather than males (Pazhoohi and Liddle, 2012). Additionally, social contextual information also plays a role in sex categorization. Studies have shown that a fear condition can enhance a bias toward perceiving bodies as male (Johnson et al., 2012), while the presence of a child next to a target can lead to a higher likelihood of attributing female sex (Brielmann et al., 2015). It has been proposed that sex categorization involves a multimodal process, governed by both perception and high-level cognition processes, including stereotypes (Freeman and Ambady, 2011; Clifford et al., 2015). In other words, the categorization process is shaped by both low-level processes that involve visual features and higher-level cognitions formed through prior experiences. Given these findings, it is plausible that the sex categorization of human bodies could be influenced by various factors, including color-gender associations.

Based on the previous findings, the current study aimed to investigate the effect of the color red on the categorization of human body by sex, in combination with contextual effects related to both body color and background color. Through two experiments, we manipulated the perceived masculinity and femininity of body shapes, incorporating the contextual information of red color. This information was used both when the color was applied as the actual body color and when it served as a background color. In the first experiment, we examined whether a red body color could lead to a bias in the sex categorization of human bodies, comparing it to green and gray body colors. In the subsequent experiment, we investigated how contextual color cues might modulate the impact of color on body-sex perception. This was achieved by presenting the body stimuli against different background colors, namely red, green, and gray. The body stimuli were adapted from Johnson et al. (2012) and encompassed a range of waist-to-hip ratios (WHR) representing variations in perceptions of feminine and masculine bodies (see Figure 1). The colors were selected based on their gender associations. Green, for instance, is commonly linked with male, and it’s situated opposite to red in many well-established color models (Fehrman and Fehrman, 2004). We did not select blue as a choice due to its prevalence as a more preferred color among both males and females (Jonauskaite et al., 2019), as well as its lack of gender bias in previous research (Li et al., 2021; Jonauskaite et al., 2021a). Gray, an achromatic color, was chosen as a contrasting color that could be standardized for saturation and lightness (Elliot and Niesta, 2008; Young et al., 2013). Participants were required to categorize the gender of body stimuli presented with the three different body colors in the first experiment or against the three different background colors in the second experiment. We hypothesized that a red body color would lead to a bias toward perceiving the body as female, while a red background would instead induce a bias toward perceiving the body as male.
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FIGURE 1
 Body stimuli varying in seven levels of waist-to-hip ratio (WHR).




2. Experiment 1


2.1. Methods


2.1.1. Participants

Twenty-nine Japanese undergraduate students (17 males, mean age = 20.2 years, SD = 1.8) from Waseda University participated in the experiment. All participants had normal or corrected-to-normal visual acuity and normal color vision, and were naïve regarding the purpose of the experiment. The sample size was set a priori at 23 participants, based on a target of 0.8 power with a medium effect size by power analysis (Cohen’s d = 0.6). We collected more data in case of some participants’ data could not fit the psychometric functions (e.g., Deviation >100). This experiment, as well as the subsequent experiment, was approved by the institutional review board (IRB) of Waseda University (2015-033), and conducted in accordance with the ethical standards of the 1964 Declaration of Helsinki. Written informed consent was obtained from all participants in advance.



2.1.2. Apparatus and stimuli

E-Prime 2.0 (Psychology Software Tools, Inc.) was used to present the stimuli and collect the data. Stimuli were displayed on a 24-inch LCD monitor (EIZO FG2421, EIZO corp, Hakusan, Japan), with a 1920 × 1080-pixel resolution and a refresh rate of 100 Hz. Participants viewed the monitor binocularly at a distance of approximately 60 cm.

Seven computer-generated bodies that varied in a sexually dimorphic cue [WHR = 0.52, 0.6, 0.66, 0.7, 0.74, 0.8, 0.88 from the body stimuli in Johnson et al. (2012) and Figure 1] were used. The body stimuli were fitted in a frame of 135 × 380 pixels with gray background color (with 57.37/1.37/255.96 in the CIE LCh color space), presented in three different body colors created by Photoshop CS2 (Adobe Systems Inc., San Jose, CA, United States). The body stimuli were presented against a black screen background throughout the experiment (see Figure 2). The three colors used in the present study were measured by PR-655 (Photo Research, Chatsworth, CA, USA). The color information was as follows: Red: L* = 56.66, a* = 80.59, b* = 57.60; Green: L* = 60.03, a* = −64.56, b* = 41.64; Gray: L* = 57.59, a* = −2.46, b* = −30.15.

[image: Figure 2]

FIGURE 2
 The paradigm of Experiment 1. Each trial began with a fixation cross for 500 ms, followed by a colored-body target for 500 ms, and participants pressed the key to report the sex judgment of the body.




2.1.3. Procedure

The experiment was conducted in a laboratory under dim lighting conditions. At the beginning of the experiment, participants were instructed to denote the sex of a centrally presented body shape stimulus by pressing a key on the computer keyboard (i.e., pressing ‘z’ for a female body using the left index finger or ‘m’ for a male body using the right index finger). Each trial began with a fixation for 500 ms, followed by a body stimulus in body colors (i.e., red, blue, or gray) for 500 ms, after which a black screen was presented until the participants responded (see Figure 2). They were requested to identify the sex of the body stimulus (male or female) as quickly as possible. Trials were separated by an inter-stimulus interval (ISI) of 500 ms. Each body stimulus was presented 15 times in a random order, resulting in 315 trials (7 bodies × 3 body colors × 15 repetitions = 315 trials). The experiment was preceded by ten practice trials. At the end of every 35 trials, participants took a self-determined break. The entire experiment took approximately 20 min to finish.




2.2. Analysis

All statistical analyses were performed using R (R Core Team, 2020). For each participant and condition of body color (i.e., red, green, and gray), we determined a psychometric function based on the proportion of trials in which the body was judged as female. That is, each visual stimulus was repeated 15 times, the proportion of responses with judging as female was calculated. The sex categorization rate from each participant was fitted with a psychometric function using a generalized linear model, with a binomial distribution. By fitting a psychometric function, the level of stimulus variable at which perceptual performance transitions from one perceptual category to the other [i.e., the point of subjective equality (PSE)], and the precision with which participant is able to perceptually differentiate stimuli along the dimension [i.e., the just noticeable difference (JND)] can be revealed (Klein, 2001). To examine the effect of body color on body-sex categorization, the PSE and JND obtained from the fitted curves were used as indicators of perceived differences in sex judgments and discrimination sensitivity, respectively. The PSE was taken from the x value at which the fitted curve had a y value of 0.5, i.e., the WHR of the body stimuli being judged switching from “female” to “male” (where the body looked equally male and female). Thus, the PSE is the WHR value denoting the maximum uncertainty of sex information. The JND was calculated from one-half of the difference between the x values at which the fitted curve had y values of 0.50 and 0.75. This is the amount of change necessary in a body stimulus for the change to be detected 50% of the time. When the JND value is small, a participant is better able to discriminate the sex information. The PSEs and JNDs of the three body colors from the fitted curves of each participant were compared using Repeated measure ANOVA and paired-sample t-test with Bonferroni’s correction for multiple comparisons (α = 0.05/3 = 0.017). The Bayes Factors (BF10) were further referred to determine whether or not there was support in favor of the alternative (H1) or null (H0) hypotheses (Morey and Rouder, 2018). A value of 1 means that null and alternative are equally likely, larger values suggest that the data are in favor of the alternative hypothesis, and smaller values indicate that the data are in favor of the null hypothesis.

To verify the consistency and robustness of the results, the categorical responses were also fitted by means of Generalized Linear Mixed Model (GLMM) with the glmer function (Jaeger, 2008; Bates et al., 2015). We included all fixed and random effects as a first instance and then to eliminate those factors that reduce the model’s overall goodness of fit (Bolker, 2008). The Akaike information criterion (AIC) was also used to compare the goodness of fit of the alternative models (a lower AIC value indicating a higher quality model; Mazerolle, 2019). After the model selection, analysis of variance (Type II Wald x2 test) was performed to identify significant effects and interactions, and Tukey post hoc pairwise comparisons were also performed. All data and code are available online.1



2.3. Results

The data of five participants which failed to fit the psychometric function were removed from the data analysis (the deviances of the fitted models of the excluded participants were all above 120, and the mean deviance of the included participants was 80.11; see the individual plots-Exp1 in the online repository (see footnote 1). Data from 24 participants were used for the data analysis.

For the total amount of male and female responses, irrespective of the WHR manipulation, participants made male responses more frequently than female responses (t(23) = 3.32, p = 0.003, Cohen’s d = 0.68). The mean proportion of female responses to each body stimulus and their psychometric curves for the three body colors are shown in Figure 3. The data points represent the mean proportion of trials in which participants responded with female judgment for each body stimulus in the three body colors. The psychometric function showed a horizontal left shift for all the three body colors, indicating that participants’ sex judgment of the body stimuli was biased toward a male perception. Repeated measure ANOVA showed that there are significant difference on PSEs between the three body colors, F(2, 46) = 13.72, p < 0.01, ηp2 = 0.08. The PSEs in red body color (Mean = 0.69, SD = 0.06) were significantly larger than those in gray body color (Mean = 0.66, SD = 0.05), t(23) = 3.86, Bonferroni corrected p = 0.002, Cohen’s d = 0.79, BF10 = 42.56, and in green body color (Mean = 0.66, SD = 0.05), t(23) = 4.76, Bonferroni corrected p = 0.0003, Cohen’s d = 0.97, BF10 = 316.73. No difference was observed in PSEs between gray and green background colors, t(23) = 0.15, Bonferroni corrected p = 1, Cohen’s d = 0.03, BF10 = 0.22. Thus, red body color biased the sex categorization of bodies toward a female body perception, reduced the general shift toward a male body bias. Repeated measure ANOVA analysis of JNDs showed that there was no significant difference between the three body colors, F(2, 46) = 0.13, p = 0.88, ηp2 = 0.01. Thus, there was little effect of body color on the sensitivity of sex perception of human bodies.
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FIGURE 3
 The female proportion for each body stimulus. The mean PSEs and JNDs for the three body color conditions are presented. Error bars represent the standard mean error. Asterisks indicate significant differences (**p < 0.01, Bonferroni corrected).


As a further test of population categorical responses, these responses were fitted using a GLMM. We anticipated that the sex judgment of body would depend on those two factors with the body color and the WHRs. The generalized linear mixed-effect model analysis showed that there was no significant interaction effect between the body color and WHRs, x(12)2 = 8.85, p = 0.72. After removing the interaction effect from model analysis, a final model including the body color and WHRs as fixed factors (AIC = 6143.93) showed a significant main effect of body color, x(2)2 = 62.31, p < 0.001, and WHRs, x(6)2 = 1790.08, p < 0.001. Post-hoc multiple comparison showed a significant difference on the logit scale between the red and gray body colors (Tukey’s HSD, p = 0.00001), and between the red and green body colors (Tukey’s HSD, p = 0.00001), and no difference between the gray and green body colors (Tukey’s HSD, p = 0.92). Thus, these analyses performed on the categorical responses led to the same conclusion: the red body color was more likely to bias body stimulus toward a feminine body than green and gray body colors.

In summary, this experiment demonstrated that the presence of a red body color led to a bias in sex categorization toward a female body perception, compared with green and gray body colors. These findings suggest that the red body color might trigger an automatic red–female association, influencing the sex categorization process. In the next experiment, we investigated whether the contextual information of color cues could alter the observed effect of red-female association on body sex categorization. This was accomplished by comparing the sex categorization responses for bodies presented against three background colors: red, green, and gray.




3. Experiment 2


3.1. Methods


3.1.1. Participants

Twenty-five newly recruited Japanese undergraduate students (11 males, mean age = 20.3 years, SD = 1.1) from Waseda University participated in Experiment 2. All participants had normal or corrected-to-normal visual acuity and normal color vision and were naïve regarding the purpose of the experiment.



3.1.2. Stimuli and procedure

The body silhouettes were identical to those used in Experiment 1. The visual stimuli were body silhouettes in gray color [set as gray (57.37/1.37/255.96) in the CIE LCh color space] and presented in the three background colors (i.e., the same color value of red, green, and gray as used in Exp. 1; Figure 4). The experimental setting and procedure were identical to those of Experiment 1.

[image: Figure 4]

FIGURE 4
 The paradigm of Experiment 2. Each trial began with a fixation cross for 500 ms, followed by a target body in a colored-background for 500 ms, and then participants pressed the key to report the sex judgment of the body.





3.2. Analysis

The data analysis was identical to that in Experiment 1.



3.3. Results

One participant whose response data failed to fit the psychometric function were removed from the data analysis (the deviance of the fitted models of the excluded participant was above 100, and the mean deviance of the fitted models of the included participants was 75.6; see the individual plots-Exp2 in the online repository (see footnote 1).

For the total amount of male and female responses, participants made male responses more frequently than female responses (t(23) = 2.18, p = 0.04, Cohen’s d = 0.45). The proportion of female response to each body stimulus and their psychometric curves in the three background colors are shown in Figure 5. Repeated measure ANOVA showed that there are significant difference on PSEs between the three background colors, F(2, 46) = 9.83, p < 0.01, ηp2 = 0.07. The PSEs in red background color (Mean = 0.67, SD = 0.05) were significantly smaller than in gray background color (Mean = 0.69, SD = 0.04; t(23) = 3.78, Bonferroni corrected p = 0.003, Cohen’s d = 0.77, BF10 = 36.40), and in green background color (Mean = 0.69, SD = 0.04; t(23) = 3.38, Bonferroni corrected p = 0.008, Cohen’s d = 0.69, BF10 = 15.28). No difference was observed in PSEs between the gray and green background colors (t(23) = 0.22, Bonferroni corrected p = 1, Cohen’s d = 0.05, BF10 = 0.22). Thus, a red background color could bias the body-sex toward a male body perception, compared with gray and green background colors. Repeated measure ANOVA analysis of JNDs showed no significant difference between the three background colors, F(2, 46) = 0.87, p = 0.43, ηp2 = 0.01, suggesting that the sensitivity of body-sex perception may not be influenced by the background colors.
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FIGURE 5
 The female proportion for each body stimulus. The mean PSEs and JNDs for the three background color conditions are presented. Error bars represent the standard mean error. Asterisks indicate significant differences (**p < 0.01, Bonferroni corrected).


A final model including the interaction and main fixed factors (AIC = 5780.36) showed a significant interaction effect between the background color and WHRs, x(12)2 = 33.41, p = 0.0008, a significant main effect of background color, x(2)2 = 49.48, p < 0.001, and a significant main effect of WHRs, x(6)2 = 1955.58, p < 0.001. Post-hoc multiple comparison showed a significant difference on the logit scale between the red and gray background colors (Tukey’s HSD, p = 0.026), and between the red and green background colors (Tukey’s HSD, p = 0.0001), and no difference between the gray and green background colors (Tukey’s HSD, p = 0.23). Thus, categorical responses also showed that the red background color was more likely to bias the body stimulus toward a masculine body than green and gray background colors.

This experiment showed that a red background color could bias sex categorization of bodies toward a male body perception. As background color is a task-irrelevant visual cue, it may influence body-sex categorization in different levels of visual and cognition processing, compared with the body color that on main body figures (Minami et al., 2018; Peromaa and Olkkonen, 2019). Thus, the contextual information also plays a role in red-sex bias on human bodies.




4. Discussion

This study is the first to provide evidence that red color can serve as an effective cue for the sex categorization of human bodies. Specifically, our findings revealed that the contextual information influenced the effect of red on body-sex categorization, as the presence of red cues had distinct effects when presented as either the body color or the background color. Through two experiments, we demonstrated that an ambiguous body depicted in red color induced a bias toward perceiving it as female, whereas when the body was present against a red background, it induced a bias toward perceiving it as male. These results contribute to filling the research gap by revealing the effect of color as a contextual information on the sex categorization of human bodies.

One intriguing aspect of the effect of red on body-sex categorization is the opposite effect between the two conditions, where red used as a body color induces a female body bias, while red used as a background color induces a male body bias. One possible explanation for this result may be that the visual processing of sex for human bodies involves multimodal interactions, including interactions between bottom-up perceptual cues and top-down stereotype effects. Previous research has highlighted the dynamic interactive processes in this context, emphasizing the interplay between sensory information, prior knowledge, and attentional factors (Freeman et al., 2008; Freeman and Ambady, 2011; Clifford et al., 2015; Jonauskaite et al., 2021b). According to the dynamic interactive model, bottom-up processing and top-down attention jointly constrain the activation of sex categories through an ongoing interactive process. During the processing of the sex of human body, the sensory information of body features (e.g., WHR) and color cues interact with stored knowledge, represented as the prior probability distribution, leading to a decision of sex categorization.

When red was used as the body color, the interaction between the stored knowledge of red-female association and the sexually dimorphic visual cue of the waist-to-hip ratio appeared to contribute to the formation of a cohesive perception of body sex. This interaction might have activated top-down effects, such as stereotypes related to the association between red body and feminine characteristics, potentially being automatically triggered. It is worth noting that, in many cultural contexts, females tend to wear red clothing more frequently compared to males (Frank, 1990). Consequently, the activation of the red-female association, combined with the impact of expectations and memories, could have influenced the processing of visual cues and led to a bias toward perceiving the bodies as feminine. These findings align with previous research demonstrating the influence of red-female associations on perceptions and categorizations (Cunningham and Macrae, 2011; Chen et al., 2023a,b). For instance, Cunningham and Macrae (2011) showed that a pink t-shirt increased perception of femininity, while a blue t-shirt increased perception of masculinity.

When red was used as a background color, it induced a bias toward perceiving the bodies as masculine, contradicting the feminine bias observed with red body color. This suggests that the contextual information plays a significant role in shaping the impact of red on the processing of body-sex. The background color, as a contextual task-irrelevant visual cues, interacting with body silhouettes, contributed to the visual configuration in body-sex processing. Plenty of research has found that the color red is associated with visual cues related to testosterone, dominance, aggression, threat, anger, and danger, all of which are associated with masculine characteristics (Elliot and Niesta, 2008; Elliot and Maier, 2012, 2014; Fetterman et al., 2012; Stephen et al., 2012; Young et al., 2013; Pravossoudovitch et al., 2014; Wiedemann et al., 2015; Mentzel et al., 2017; Ruba et al., 2021). In many non-human animals, the presence of red on a conspecific is interpreted as a threat cue, signaling dominance, aggression, and fighting ability (Pryke, 2009; Khan et al., 2011). In humans, testosterone surges during aggressive/dominance encounters can cause visible reddening of the face (Montoya et al., 2005; Stephen et al., 2012), and the experience of anger also leads to reddening of the skin (Changizi et al., 2006). Consequently, red colors carry significant biological signals, upon which impressions of masculinity may be built. In a previous study, Chen et al. (under review) observed that red background color enhanced the perception of dominance in human faces. Facial dominance and masculinity are positively correlated (i.e., the more masculine a face appears, the more dominant it is perceived; Hill et al., 2013). Thus, a red background color might evoke associated impressions of masculinity (e.g., dominance/aggression/anger/danger) through a specific cognitive processing pathway, leading to a bias toward perceiving the bodies as male (Schneider, 2005; Stephen et al., 2012; Young et al., 2013; Wiedemann et al., 2015).

The contextual information provided by color cues influences the recognition of the sex of human bodies, with body color and background color leading to different patterns of sex recognition. A red background color may trigger a biological masculine association, whereas red body color may induce learned red-female associations in a top-down manner. When red is applied to the body interacting with features such as waist-to-hip ratio (WHR), it may reduce the masculine bias and potentially trigger red-love-feminine associations. Numerous studies have shown that red is associated with love, romance, and sexual attractiveness (Elliot et al., 2013; Jonauskaite et al., 2020a; Pazda et al., 2021). For instance, red roses and hearts symbolize love on Valentine’s Day, and red lingerie signifies romance in literature. Those results suggest that color-gender interactions are context-dependent and highly dynamic, processed at different levels of cognition.

One limitation of the current study is that we only used three colors (red, green, and gray) to examine the effect of red on sex categorization. Gray was used as a control color; however, it might also be associated with masculinity to some extent. Defining a gender-neutral color can be challenging. Future research may explore the gender associations linked with each individual color, such as natural skin colors (e.g., yellow, brown, black, white), to reveal the strongest and least associated colors for female and male. Another limitation is that each visual stimulus was repeated 15 times, which may have resulted in a response frequency bias, such as participants made male responses more frequently than female responses. Future studies should use an even number of repetitions to avoid response bias. Moreover, future studies are needed to explore the mechanism underlying the effect of color on body-sex perception by examining the effect of perceptual color dimensions (e.g., hue/lightness/chroma; Dael et al., 2016), top-down processing (e.g., color–sex associations/color semantic/color emotion; Jonauskaite et al., 2020b), and their interactional effects.

In conclusion, our findings highlight the role of red as contextual information in the sex categorization of human bodies. We demonstrated that participants encoded specific patterns of color information related to bodies, with red color playing a role at different levels of body-sex processing. Specifically, when used as a body color, red induced a bias toward female body, whereas when used as a background color, red induced a bias toward male body. These findings provide novel insights into the effect of color as contextual information on the processing of sex-related information in human bodies.
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Introduction: The knowledge accrued through research in the domain of crossmodal correspondences has had a significant influence on a diverse array of disciplines, including behavioral studies, neuroscience, computational modeling, and notably, marketing, with the objective of aligning sensory experiences to help shape patterns of consumer behavior. A study is reported that explores the extension of these principles to the communication of products having a notably complex sensory profile, specifically within the context of wine. The central aim of the project is to explore the feasibility of using crossmodal communication as a strategic tool to augment the congruence between the consumers’ multisensory expectations and their sensory experiences. For consumers venturing into the realm of wine selection without the advantage of prior tasting experience, it is of paramount importance to possess a robust understanding of the mandated information. This encompasses critical elements such as the wine’s origin, grape varietal(s) used, geographical indications, producer qualifications, and the potential implications of these factors on the final wine product. This level of comprehension stands as a necessary prerequisite, enabling these consumers to make informed choices that align with their preferences, even in the absence of previous sensory encounters. Nonetheless, semiotic investigations underscore the significance attributed to symbolic components such as signs, logos, colors, gestures, and linguistic cues. Research from the field performing multisensory studies, presents a counterpoint to prevailing communication paradigms, advocating for a heightened incorporation of metaphors, analogies, symbols, metonymies, and allegories. This alternative approach aims to enhance the efficacy of communication strategies, offering a more profound and evocative means of conveying intricate messages on a more holistic level.

Methods: A questionnaire was sent to a specific group of engaged wine consumers (n = 329). Besides questions regarding demographics, purchase behavior, and consumption behavior, the questionnaire included examples of multisensory communication through a selection of symbols, as well as alternative wine information.

Results: The results showed significant correlations between demographics, consumption behavior, and attitudes toward the tested multisensory symbols and alternative information, thus helping to gain a better understanding of the sensory properties that should be communicated on wine labels.

Discussion: The findings reported here highlight the effectiveness of visual crossmodal communication as a promising pathway capable of skillfully capturing consumer attributes, conveying multisensory experiences, and portraying the comprehensive timeline of taste evolution. As a result, it assumes a pivotal role as a communicative tool for intricate consumables, like wine, functioning at the crossroads of visual and sensory dimensions.

KEYWORDS
 crossmodal communication, correspondence, multisensory, vision, wine assessment, complex foods, resource efficiency, wine labels


1. Introduction

In the realm of sensory marketing, the utilization of crossmodal correspondences has emerged as a strategic approach to harness the manifold multisensory effects elucidated through an expanding array of controlled laboratory investigations. This primary strategy involves leveraging insights into the intricacies of consumer behavior and contentment, thereby serving as a mechanism to augment sales and fortify market standing within the competitive market environment (Goldkuhl and Styvén, 2007; Krishna, 2010; Krishna and Schwarz, 2014). While research on the crossmodal correspondences that has been published to date has primarily focused on understanding cognitive stimulation and intermodal connections, the application in sensory marketing has targeted various sensory experiences that might benefit from it. By collectively influencing the manner in which consumers perceive and engage with products, particularly in the context of communication and alignment with consumers’ expectations of the products (Weil, 2007). Vision is widely considered the dominant sense to use in this context (Hutmacher, 2019).

In essence, sensory marketing seeks to investigate how sensory cues influence the consumer’s encounters from a commercial perspective (Wang and Li, 2022). Notably, within this field, vision tends to take precedence. Consequently, it becomes essential to establish a seamless alignment between consumer preferences and the attributes that a potential product can offer and by so doing create a more harmonious multisensory experience (Elder and Krishna, 2010; Varela and Ares, 2012; Paradis and Eeg-Olofsson, 2013; Krishna and Schwarz, 2014; Croijmans and Wang, 2021).

Consumer research includes many possible approaches and multiple cultural and genetic factors to consider (Bartoshuk et al., 1996; Bartoshuk, 2000; Reed and Knaapila, 2010; Pagliarini et al., 2021). For instance, at the sensory level, researchers have explored the genetic impact of taste sensations in regard to consumers’ perceptual sensitivity to, and preference for, certain key attributes, such as sweetness (Gent and Bartoshuk, 1983), sourness (Breslin, 1996; Pagliarini et al., 2021), bitterness (Bartoshuk et al., 1988), saltiness (Breslin and Beauchamp, 1997; Bartoshuk et al., 1998), and umami (Keast and Breslin, 2003; Kim et al., 2015; Linscott and Lim, 2016). Beyond crossmodal interactions, integrating genetic factors becomes pertinent in the pursuit of enhancing communication by targeting pivotal sensory attributes that influence consumer perception and acceptance of specific food products amongst particular groups of consumers. This becomes particularly relevant when examining the divergent reactions of various groups of consumers to a given product, even though genetic research might exhibit certain limitations in pinpointing such responses. This challenge is notably intricate when addressing multifaceted flavor profiles and the aromas of certain food products, with wine serving as a prime example of such stimulus complexity (Shepherd, 2006; Parr, 2015; Spence and Wang, 2018). Adding to the communication challenge, the production of wine involves multiple stages of refinement, spanning from cultivation to bottling which, in turn, contributes to a notable climate impact as this intricate process unfolds (Christ and Burritt, 2013; Iannone et al., 2016).

In the domain of packaging, despite the transient ebb and flow of diverse trends involving motifs such as critters and idiomatic expressions, wines continue to be characterized by labels that can be classed as conventional. These labels, primarily affixed to the front and back of wine bottles, predominantly serve as conduits for obligatory and regulated content, as dictated by prevailing legislative frameworks. The conventional labeling conventionally encompasses details pertaining to the wine’s provenance, country of origin, grape varietal, alcohol concentration, and vintage year. However, it is worth noting that these traditional designs may not inherently convey the intricate nuances of a wine’s sensory properties to the discerning consumer. In light of the genetic influences and crossmodal factors elucidated by prior research, it becomes relevant to explore the feasibility of incorporating these conceptual frameworks into the design of wine labels in order to investigate their potential use in consumer communication.

The present study aimed to investigate consumer attitudes toward crossmodal and multisensory approaches to wine communication, using both visual and non-verbal cues to help communicate various multisensory information on the label. The second aim was to investigate critical attributes and other information requested by consumers in order to examine the paradigm of conventional wine labeling. More effective communication can thus better cater to specific target groups while optimizing the use of natural resources in terms of satisfying the consumer.


1.1. Literature review

Studies in semiotics, exploring symbolic communication and understanding, propose that various forms of meaning such as signs, logos, gestures, illustrations, linguistic and non-linguistic communication can serve as essential tools when it comes to engaging different groups of consumers (König and Lick, 2014; van Tonder and Mulder, 2015; Lick et al., 2017; Celhay and Remaud, 2018; Pelet et al., 2020). Beyond semiotics, researchers have also advocated for the use of rhetorical figures such as metaphors, analogies, symbols, metonymies, and allegories to enhance communication effectiveness (Moreno Lara, 2014; Alousque, 2015; Kelley et al., 2015; Costello et al., 2018; Herdenstam et al., 2020). Furthermore, exploration into modern and innovative communication strategies has considered sensory descriptors to evoke olfactory mental imagery (Shepherd, 2006; Tomiczek and Stevenson, 2009), as well as the use of scene or country descriptions or origin to help construct a mental sensory experience to promote sale (Tomiczek and Stevenson, 2009; Williamson et al., 2016; Croijmans and Wang, 2021).

Furthermore, researchers have ventured into novel sensory strategies, including the integration of multisensory or crossmodal stimuli, in order to align consumer expectations with the tasting experience. This involves communicating the impact of specific food combinations (Harrington, 2005, 2008; Koone et al., 2014; Herdenstam et al., 2018; Spence, 2020b) and identifying attributes in these combinations that might impact consumer acceptance (Harrington, 2005, 2007; Harrington and Hammond, 2006, 2007, 2009; Harrington et al., 2010; Koone et al., 2014; Harrington and Seo, 2015).

In the realm of crossmodal correspondences, associations between the stimuli presented (or merely imagined) in one sensory modality affecting responses in another modality have been studied (Spence, 2011). Notably, within sensory analysis, crossmodal interactions have demonstrated varied impacts on consumer perceptions within different dining and food contexts. Research in this domain has explored influences ranging from frequency of sound and music (Spence et al., 2014; Hagtvedt and Brasel, 2016; De Luca et al., 2019), lighting and colors (Spence et al., 2014; Biswas et al., 2017; Heatherly et al., 2019; Maziriri et al., 2021), visually-presented shapes (Hanson-Vaux et al., 2013; Liu et al., 2018; Spence, 2020a,b), touch and tactile sensations (Gallace and Spence, 2010; Spence et al., 2013; Etzi et al., 2014; Olzak and Craig, 2014; Wang and Spence, 2018a,b), and, not least, the significant influence of odors and scents (Goldkuhl and Styvén, 2007; Krishna, 2010; Crisinel and Spence, 2012; Deroy et al., 2013; Reid et al., 2015; Ward et al., 2022; Spence, 2022b).

Furthermore, other researchers have explored contemporary and innovative methods for communicating essential and desirable product attributes. These approaches include using sensory descriptors to help conjure up olfactory mental imagery (González et al., 2006; Shepherd, 2006; Tomiczek and Stevenson, 2009), as well as investigating the effects of describing scenes or countries to craft a detailed mental image of a particular sensory encounter (Tomiczek and Stevenson, 2009; Williamson et al., 2016; Croijmans and Wang, 2021).

In summary, the phenomenon of crossmodal correspondence has been extensively studied in various consumer contexts, revealing its substantial influence on consumer satisfaction. However, to the best of the authors’ knowledge, there appears to be a research gap regarding the potential application of crossmodal communication to enhance the consumer’s comprehension of the expected intricate sensory attributes in a complex tasting experience, such as offered by a quality wine. These products, characterized by layers of volatile odors, flavors, and oral-somatosensory sensations on a multisensory level, could hold critical importance for achieving consumer approval (Wang and Spence, 2018a,b). If effectively harnessed to cater to specific target audiences, crossmodal communication might thus not only help to bolster marketing strategies and consumer contentment but also serve as a tool for optimizing the use of resources within complex food products, potentially contributing to the broader goal of reducing food waste (Galbreath et al., 2020).




2. Materials and methods


2.1. Ethics statement

The questionnaire was performed in accordance with the Declaration of Helsinki and the European Code of Conduct for Research Integrity. All of the respondents were over 20 years of age, and informed consent was obtained from all respondents. All data and analysis files were kept in accordance with legislated and regulated data handling practices.



2.2. Respondents

The sample consisted of 329 students from different sections of the 7.5-credits, 15-week distance course ‘Beverage knowledge’ offered at Örebro University (Sweden). These students underwent comprehensive training and gained collective proficiency in wine analysis, along with experience in crossmodal correspondence. This experience was particularly evident during training and tasting sessions, wherein respondents engaged in meticulous evaluations while transitioning between senses, leading to significant preconceived notions. The assessment process involved a sequence, starting with visual evaluations encompassing aspects like color, intensity, maturity, age, freshness, acidity, and concentration. These preliminary impressions were subsequently corroborated through olfactory assessments and later confirmed on the palate. This approach provided respondents with firsthand encounters of crossmodal influences and their noteworthy impact during professional wine tasting procedures. This impact was exemplified when respondents engaged in diverse tasting exercises. For instance, they initially perceived fragrance notes of ripe pineapple and sweet mango, thus forming initial impressions concerning the wine’s perceived level of sweetness. However, upon tasting, they realized that the wine was, in fact, completely dry. This experiential interplay of senses distinctly highlighted the intricate interrelationship between sensory modalities and their potential to substantially influence the overall perceptual experience.

The majority of the respondents were female (59%) and lived in the city (76%). Almost all had previously studied at the university (94%), and most of them had received a bachelor’s degree or higher (74%). Many considered themselves to have better wine knowledge than the population at large (76%). Most of them consumed wine on a weekly base (87%), which they typically purchased at Systembolaget (Sweden’s nationally regulated liquor monopoly) (81%) and consumed at home (80%) (see Supplementary Appendix A).

The respondents shared the following traits:

i. They had all tasted the same wines and other beverages, and therefore shared a variety of sensory experiences (see Supplementary Appendix F).

ii. They had all learned a common approach and methodology for analyzing wine. It can thereby be presumed that, on a group level, they had an awareness of the importance of all sensory modalities in the analysis process, including vision, smell, taste, touch, and sound.

iii. They had all been exposed to crossmodal correspondence during the course. This by performing the large number of tasting exercises involved in the course. Especially when moving from one sense to another during the tasting process, and, subsequently, communicating it, while each sensory modality is not separately (see Supplementary Appendix F).



2.3. Questionnaire

The questionnaire consisted of four sections. The first section included questions relating to demographics, as well as single-choice and multiple-choice (check-all-that-apply; CATA) questions relating to purchase and consumption behaviors, communication, and sensory experiences (see Supplementary Appendix B). The second section of the questionnaire aimed to test different design and symbols developed in dialogue with wine experts and researchers. The symbols and illustrations used in this section attempted to assess the perception of several of the multisensory factors that have been shown to affect crossmodal experiences. The illustrations were developed by the art and food designer Elin Aronsen Beis, who also specializes in food packaging. For each design question, a short background was given to briefly illustrate the communicative purpose of each symbol, item, or other piece of information. After exposure to the different designs, the respondents were asked to indicate on a 7-point Likert scale (1 = “Not very helpful”; 4 = “Neutral”; 7 = “Very helpful”) how helpful each design was in interpreting the potential sensory characteristics of the product.

Here follows an example of a creative design question included the questionnaire and respective background information given to the respondents before answering each question:

On the group level, the research shows that consumers have different sensitivities to bitterness that affect our preference for wine depending on consumers’ taste type (tolerant, sensitive, very sensitive, and hyper-sensitive). To what extent do you think it would be helpful to communicate the optimal consumer taste group on the label (see example)? (see Figure 1A). The idea being both to present research in this field as well as how it could be implemented in consumer communication. One aspect being that the consumer already has awareness of their own “optimal consumer taste group,” another whether this information would be helpful if added to a wine label. The other design questions included other symbols and illustrations (see Figures 1B–D) as well as background information to stimulate the creative process and understand the context of use for each symbol.

[image: Figure 1]

FIGURE 1
 Symbol in the questionnaire used to illustrate an alternative communication approach based on; (A) genetics and sensitivity; (B) dominant flavors in the wine; (C) the temporal dynamic change during the tasting experience – from when the wine hits the nose and mouth (attack), development on the palate (mid-palate), and the duration of flavors in the end (finish); (D) of non-existent qualities in the wine – such as the lack of complexity.


In the third section, the respondents were asked about their preferred textual sensory descriptions and assessments to be included in label of wines of different origins (see Figure 2).

[image: Figure 2]

FIGURE 2
 An image that was included in the questionnaire, intended to illustrate an innovative method of label communication. This approach involves using relabeled wine bottles featuring solely sensory descriptors. The design of this concept was created by Elin Aronsen Beis.


Within this segment, various other inquiries concerning labels were also presented. These included evaluations conducted by experts, encompassing factors like the readiness of the wine for consumption and judgments on quality. Moreover, the third section of the questionnaire directed respondents’ attention toward the potential inclusion of insights from professional tasters. This section aimed to gauge whether communicating common faults and defects typically associated with a specific type of wine would be beneficial. The underlying rationale behind these inquiries shifted from the prior questions, which had focused on more personalized engagement and self-awareness. For instance, respondents were asked about their awareness of their “optimal consumer taste group.” The intention behind incorporating these queries involving wine experts, as opposed to the previous questions concerning personal knowledge, was to facilitate a comparison between diverse communication strategies. This comparison aimed to shed light on the efficacy of different approaches in conveying information to consumers. In the fourth and final section, the respondents were asked questions related to alternative sensory communication in general as well as attitudes toward buying blended wines, wines made from already existing wines, and sustainability.



2.4. Data analysis

EyeQuestion version 5 (Logic 8, Elst, The Netherlands), a software program for sensory and consumer testing, was used to collect the respondents’ responses. Statistical analysis was undertaken using the software R (R Core Team, 2021).




3. Results


3.1. Attitudes toward tested wine label design and symbols (questionnaire section 2)

Regarding attitudes toward alternative communication using the tested symbols, the respondents showed positive responses (above neutral) toward symbols illustrating dominant flavor intensity (76%) and taste timeline/flavor development (65%). Symbols for non-existing qualities (52%) and genetics and taste sensitivity profiling (49%) received a positive response from approximately half of the respondents (see Table 1). For more details, see Supplementary Appendix D.



TABLE 1 Attitudes toward tested symbols.
[image: Table1]



3.2. Attitudes toward tested textual sensory descriptions and assessments by wine experts (questionnaire section 3)

For the tested text information, respondents showed a positive response toward level of readiness (89%) and quality assessment by a wine expert (71%). Just over half of respondents (53%) responded positively toward highlighting potential faults (see Table 2).



TABLE 2 Attitudes toward other assessments/scale.
[image: Table2]



3.3. Attitudes toward alternative sensory communication, blending, and sustainability (questionnaire section 4)

A majority of the respondents (64%) said that they would be open to at least try a bottle based on sensory information alone, while approximately 9% answered that they would never consider it. As for buying wine that had been made through a blend of other existing wines, most respondents (74%) reported that they would try a bottle, while about 5% reported that they would never consider it. Regarding attitudes toward sustainability, a majority of the respondents (76%) reported that they take this into consideration at least to some degree when purchasing wine. By contrast, about 6% of respondents answered that they would never take this into account when buying wine (see Table 3). For more information, see Supplementary Appendix D.



TABLE 3 Other attitudes regarding sensory labeling, blending wines and sustainability.
[image: Table3]



3.4. Bivariate analysis of consumer attitudes toward alternative wine label communication related to reported demographics and purchase and consumption behaviors

The bivariate relationships between attitudes, demographics, and behaviors were analyzed via the Kendall’s Tau rank correlation coefficient, except for the non-binary nominal demographical factors, where the Kruskal–Wallis test of equality of average rank among groups was used.


3.4.1. Results – associations between demographics and the perceived helpfulness of alternative label communication

As shown in Table 4 and Supplementary Appendix D, no significant associations were found between any of the demographic traits and the helpfulness of certain communication—neither the optimal consumer taste group based on genetics, nor the taste timeline in order to match a certain preference, nor the intensity of the dominating flavors. Likewise, the helpfulness of alternative label communication was not significantly associated with where the respondents happened to live, their knowledge about wine, where they primarily consume their wine, or the degree to which they select wine based on sustainability (decreasing the climate footprint). There were, however, certain significant associations:

• The helpfulness of being informed of properties that the wines do not have was positively correlated with how often respondents consume wine.

• The helpfulness of professionals to communicate the quality was negatively correlated with being born outside of Sweden and positively correlated with age, the level of highest completed education, and being a Swedish resident.

• The helpfulness of a professional assessment of the consumption readiness of the wine was positively correlated with being female, the level of highest completed education, and the level of income.

• The helpfulness of communicating potential faults was positively correlated with age (q2) and where respondents primarily purchased wine.

• For more details, see Supplementary Appendix D.



TABLE 4 Correlations (Kendall’s tau) between demographics and perceived helpfulness of alternative label communication.
[image: Table4]



3.4.2. Results – correlations between purchasing behavior and perceived helpfulness of alternative label communication

As shown in Table 4, no signification correlations were found between the helpfulness of being informed about properties that the wines did not have and purchasing behavior. Similarly, the helpfulness of alternative label communication was not significantly correlated with the factors influencing the choice of wine such as price, grape, country of origin, climate impact, style, vintage, front label, back label, and label illustrations. The following significant correlations were found with factors influencing purchasing behavior:

• The helpfulness of the optimal consumer taste group based on genetics was negatively correlated with previous experience.

• The helpfulness of the taste timeline in order to match a certain preference was positively correlated with sensory indicators.

• The helpfulness of the intensity of the dominating flavors was positively correlated with sensory indicators and external recommendations.

• The helpfulness of professionals to communicate the quality was negatively correlated with the wine producer and bottle design.

• The helpfulness of professional assessment of wines readiness was positively correlated with external recommendations.

• The helpfulness of communicating potential faults was positively correlated with previous experience.



3.4.3. Results – correlations between perceived helpfulness of alternative label communication and consumption behavior

Regarding the question concerning influencing factors during the consumption of wine and the sensory experience, no significant correlations could be found between influencing factors and a preference for certain label communication. One possible reason for this might be the complexity of the question, which presupposes an understanding of the influencing factors. The lack of understanding of these influencing factors and their impact in the consumption context may be potential areas of further exploration to improve consumer communication (see Supplementary Appendix E).




3.5. Regression analysis of perceived helpfulness of alternative wine label communication in relation to reported demographics, purchase behaviors, and consumption behaviors

To compare the rating of the various attitudes toward the helpfulness of different types of alternative communication as well as their relationship to demographics, purchase behaviors, and consumption behaviors, a cumulative linked mixed model was fitted. The within-participant rating correlation was modeled by participant random intercepts. First, the ratings were regressed on the; variable categories; demographics; purchase behaviors; and consumption behaviors. Then, the non-significant variables were eliminated until all the remaining estimated effects significantly differed from zero, see Table 5.



TABLE 5 Correlations (Kendall’s tau) between purchasing behavior and perceived helpfulness of alternative label communication.
[image: Table5]

The magnitude of the helpfulness questions (value of p = 0.000) resembled the univariate results in Sections 3.1 and 3.2, where the level of readiness had the highest and genetics and taste sensitivity profiling and non-existing qualities had the lowest helpfulness rating, while the other categories fell in between. The demographical and behavioral variables found to be significant in the regression provide indications of general patterns among attitudes toward the helpfulness of alternative wine label communication. All of them also had some significant bivariate relationships to the helpfulness questions (see Section 3.4). Being older (value of p = 0.014) and being female (value of p = 0.035) both had positive estimated effects, corresponding to higher expected helpfulness ratings. Furthermore, wine purchasing behavior influenced by sensory indicators had a positive effect (value of p = 0.009) while primarily consuming wine in restaurants and bars (value of p = 0.005) had a negative effect (Table 6).



TABLE 6 Significant effects from the regression of attitudinal ratings toward the perceived helpfulness of alternative communication on demographical, consumption and purchasing behavioral variables (cumulative linked mixed model).
[image: Table6]




4. Discussion

In general, the results of the questionnaire revealed an overall positive response for all tested symbols. A broader question is whether this is an indicator, or signal, of the need to introduce alternative ways of communicating about wine (and hence, by extension, other sensorially-complex products). It also raises the question of whether knowledge within the field of crossmodal correspondence could further transfer into the field of consumer communication to optimize consumer-product matching. This study thus aligns with earlier research aiming to improve matching between consumer groups and potential products (Elder and Krishna, 2010; Varela and Ares, 2012; Krishna and Schwarz, 2014; Croijmans and Wang, 2021), but with a different motivation for implementing these strategies.

The respondents showed an overall positive response to the symbols used in the study, especially those focusing on the multisensory experience and indicators focusing on dominant flavors and their dynamic change during the expected palate experience by the consumer. This indicates that symbols may be a consumer-friendly tool in communicating both multisensory changes and more holistic sensory profiles of wines, conveying the overall expected sensory experience of appearance, odor, taste, and tactile sensations. This finding thus answers the call of semiotic studies to further investigate the use of symbols as a potential tool when it comes to communicating sensory attributes and flavor profiles (König and Lick, 2014; van Tonder and Mulder, 2015; Celhay and Remaud, 2018; Pelet et al., 2020). Furthermore, since there was no significant correlation between demographics and flavor intensity, timeline, or the most popular symbols, this type of visual symbolic approach might be a useful crossmodal tool in addressing a broader population by not being a tool for communication to a specific demographic group (Hutmacher, 2019).

A significant majority of the respondents also demonstrated a positive inclination toward seeking evaluations from wine experts to assess aspects like the wine’s readiness, quality, and potential flaws. This inclination underscores the inherent sensory intricacies associated with wine as a product, as well as the persistent desire to enhance communication strategies aimed at bridging the gap between sensory expectations and the ensuing sensory experience. This need for expert assessment sheds light on a possible explanation for the proliferation of websites and mobile applications that prioritize assisting consumers in making informed wine purchases, examples of which include vivino.com, wine-searcher.com, and cellertracker.com.

These online platforms typically offer a diverse array of communication tools designed to support consumers in selecting wine. These tools encompass quality ratings, geographical descriptions, insights into vinification and viticultural practices, purchasing and maturation guidance, and vintage charts. Importantly, they often transcend conventional information parameters such as wine origin, grape variety, producer details, vintage year, and legal specifications. The prevalence and diversity of these online resources may signify a growing recognition of the limitations inherent in traditional approaches to communicating about complex food products such as wine. It’s plausible that the sheer number of these websites and the multifaceted communication tools they provide serve as a testament to the evolving landscape of wine communication, one that seeks to address the nuanced and multifaceted aspects of this sensory-rich domain.

In the present study, respondents’ positive response toward symbols and other visual tools to be applied for crossmodal communication also supports earlier findings, which suggest that linguistic symbolic tools, like metaphors, analogies, metonymies, and allegories, may complement crossmodal communication (Paradis and Eeg-Olofsson, 2013; Moreno Lara, 2014; Alousque, 2015; Kelley et al., 2015; Costello et al., 2018; Herdenstam et al., 2020). Other aspects to consider when developing visual tools for crossmodal communication are which crucial sensory descriptors to select when trying to create olfactory mental images (Tomiczek and Stevenson, 2009) or a more general mental image of the overall sensory experience (Williamson et al., 2016; Croijmans and Wang, 2021; Spence and Van Doorn, 2022; Spence, 2022a).

Other attitudes regarding sensory labeling, blending wines, and sustainability indicate a positive response toward wine with alternative labeling using symbols and strict sensory information. Respondents’ positive response toward testing wine that had been made by blending existing wines, see Wang and Spence (2018a,b), combined with their willingness to make sustainable choices when purchasing, indicate the potential for future wine rescuing programs,. Such programs could use different batches of wines that are left over due to overproduction and/or changes in sensory profile.

Within the respondent group under examination in this study, it was observed that individuals who primarily relied on their prior wine experiences during the purchasing process exhibited reduced interest in communication that pertained to consumer taste group classifications based on genetics. This finding suggests that once consumers have identified a particular style or type of wine that aligns with their preferences, it becomes a potent determinant for their future wine purchases. This influence seems to outweigh the significance of genetic classifications, which can often be challenging to relate to. An alternative explanation could be rooted in the substantial body of research focusing on genetics and preference, which, due to its complexity, may be challenging for consumers to grasp. This complexity arises from the multitude of variables beyond genetics, including environmental factors and cultural influences, which, to a certain extent, necessitate self-awareness, a foundational understanding of genetics, and knowledge of how this genetic information corresponds to their individual sensory experiences (Bartoshuk et al., 1996; Bartoshuk, 2000; Keast and Breslin, 2003; Reed and Knaapila, 2010; Kim et al., 2015; Linscott and Lim, 2016; Herdenstam et al., 2018; Pagliarini et al., 2021).

Conversely, the positive correlations identified between purchasing behaviors and the examined multisensory symbols—comprising the intensity and composition of dominant flavors, as well as the temporal development of pivotal sensory flavors—suggest that these symbols possess potential as crossmodal tools. These tools use visual cues to communicate not only taste, aroma, and tactile sensations, but also the anticipated progression of taste experiences on the palate. This holistic approach aids consumers in grasping the sensory encounter comprehensively. Furthermore, the outcomes of this study could have implications for the context in which the wine is consumed and potential recommendations for certain food pairings that help to enhance the attributes of the wine in the context of the wine-food matching (Harrington, 2005, 2008; Koone et al., 2014; Herdenstam et al., 2018). This study’s focus on vision as a crossmodal tool for communication highlights one part of the multisensory reality that the consumer faces, whether it is the purchasing or the consuming situation or both. The environment in which individuals interact with wine labels is a multisensory, atmospheric, and crossmodal experience on many levels, as has been proposed by earlier studies investigating the multisensory environment (Spence et al., 2014; Spence, 2020b, 2022a).



5. Conclusion

Applying alternative labeling approaches with sensory indicators and symbols may better communicate the expected sensory experience in relation to different consumers and their actual preferences. Taken together, accomplishing better communication for food products—in this case wine, which has been refined at many levels, from cultivation, production, maturation, and storage to final distribution to end consumer—also contributes to improved use of natural resources, thus decreasing the climate footprint. Based on the results of the present study, visual crossmodal communication may potentially both grasp critical consumer attributes and convey multisensory experiences, as well as the holistic timeline of taste development. This form of communication may thus be a useful tool in communicating wine and other complex food products.



6. Limitations and further research

While the study provides valuable insights into the potential of alternative labeling approaches and visual crossmodal communication for wine and other complex food products, it is important to acknowledge some limitations. The study might have benefited from a larger and more diverse sample. The respondents’ demographics and wine preferences could have been more varied to obtain a broader perspective on the effectiveness of the symbols and visual tools across different consumer groups. The study primarily focused on the visual aspect of crossmodal communication and did not extensively consider other contextual factors that influence wine perception, such as the environment, social context, or individual differences in sensory sensitivity. Future research could explore the interaction between visual symbols and these contextual factors to gain a more comprehensive understanding of crossmodal communication. Investigating the cultural and individual differences in symbol interpretation and understanding would provide valuable insights for effective crossmodal communication.

Future research could address these limitations by conducting larger-scale studies with diverse samples, considering contextual factors, investigating symbol interpretation and design optimization, examining long-term effects, exploring practical implementation challenges, and extending the scope to other sensory-complex products. By addressing these areas, researchers can further advance the understanding and application of crossmodal communication strategies in consumer product matching.
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Our brain constantly combines multisensory information from our surrounding environment. Odors for instance are often perceived with visual cues; these sensations interact to form our own subjective experience. This integration process can have a profound impact on the resulting experience and can alter our subjective reality. Crossmodal correspondences are the consistent associations between stimulus features in different sensory modalities. These correspondences are presumed to be bidirectional in nature and have been shown to influence our perception in a variety of different sensory modalities. Vision is dominant in our multisensory perception and can influence how we perceive information in our other senses, including olfaction. We explored the effect that different odors have on human color perception by presenting olfactory stimuli while asking observers to adjust a color patch to be devoid of hue (neutral gray task). We found a shift in the perceived neutral gray point to be biased toward warmer colors. Four out of five of our odors also trend toward their expected crossmodal correspondences. For instance, when asking observers to perform the neutral gray task while presenting the smell of cherry, the perceptually achromatic stimulus was biased toward a red-brown. Using an achromatic adjustment task, we were able to demonstrate a small but systematic effect of the presence of odors on human color perception.
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1. Introduction

In our everyday life, we are simultaneously bombarded with information from different sensory modalities. Our brain combines this information to better understand our surrounding environment (Calvert et al., 2005); this integration process has been shown to influence our perception in different senses, for example (Morrot et al., 2001). Crossmodal correspondences is the tendency for a sensory attribute to be associated with a stimulus feature in a different sensory modality (Spence, 2011; Spence and Parise, 2012). For instance, people have consistent correspondences between odors and a variety of different sensory modalities, including but not limited to the angularity of shapes, the smoothness of texture, pitch, colors, and musical dimensions (Ward R. J. et al., 2021). These correspondences still occur outside of olfaction, including, but not limited to, sound-taste (Knöferle and Spence, 2012), temperature-color (Motoki et al., 2019), and pitch-vertical position (Bernstein and Edelstein, 1971). The nature and origin of these correspondences have diverse characterization in the literature with hedonics (Crisinel et al., 2013; Hanson-Vaux et al., 2013), semantics (Demattè et al., 2006; Jacquot et al., 2016), and natural co-occurrence (Spence, 2011; Spence and Deroy, 2013) being frequently deducted.

Colors have a profound effect on the perception of odors (Zellner and Kautz, 1990; Zellner and Whitten, 1999). For instance, observers may perceive an orange-flavored drink if it is colored orange when in fact, it is cherry-flavored (DuBose et al., 1980). A later study by Morrot et al. (2001) has shown that this effect can bias the judgment of expert wine tasters. That is when a glass of white wine is artificially colored red with an odorless dye; a panel described it as a red wine. Crossmodal correspondences are presumed to be bidirectional in nature (Evans and Treisman, 2010), meaning if odor-color correspondences are strong enough, one could expect the presence of odors to slightly influence our color perception. A study by Hansen et al. (2006) found that when asking observers to adjust the color of fruit objects to appear achromatic, participants overcorrected the color stimuli to the opponent color of the presented visual aid. That is, when asking their observers to adjust the color of a banana to a neutral gray, the observers adjusted the banana to a “blueish hue,” which is the opponent color of yellow. Hansen et al. (2006) state that this is due to a visual memory modulation effect, meaning that knowledge of the color that corresponds with the identity of visual cue (e.g., banana being associated with the color yellow) would modulate the color appearance.

The existence of stable and strong crossmodal correspondences between odors and colors may reflect interactions taking place at a perceptual level (Demattè et al., 2009). For instance, olfactory crossmodal correspondences have recently been shown to be predictable based on their physical and chemical characteristics (Ward R. et al., 2021; Ward et al., 2022). Kemp and Gilbert (1997) asked participants to select color chips that best matched the presented odor. They found that the weaker the perceived intensity, the lighter the selected colors. Kemp and Gilbert (1997) state that this finding could be attributed to the interaction taking place at a perceptual level rather than a decisional (see also Gilbert et al., 1996). However, it is important to note the importance of semantic information and language in the nature and origin of odor-color correspondences (see de Valk et al., 2017; Kaeppler, 2018; Ward R. J. et al., 2021). In terms of olfactory discrimination and identification, color (Zellner et al., 1991; Narumi et al., 2010) and other visual information play an important role (Demattè et al., 2009).

In our prior work (Ward R. J. et al., 2021), we uncovered the crossmodal correspondences between odors and the angularity of shapes, smoothness of texture, pitch, colors, perceived pleasantness, and emotional/musical dimensions. Additionally, we probed the nature and origin of these correspondences. We found that the knowledge of an odor’s identity (semantics) plays a role when judging the emotional and musical dimensions as well as color correspondences. Hedonics was also found to be the main mediator for the angularity of shapes, smoothness of texture, pleasantness, and pitch correspondences. Of particular interest for this manuscript is color correspondences where we found robust crossmodal correspondences between odors and colors, see Ward R. J. et al., (2021; Figure 3B). We used a subset of olfactory stimuli used in Ward R. J. et al. (2021) that induced the most consistent odor-color correspondences (caramel, cherry, coffee, lemon, and peppermint); in addition to these odors, we added a control (plain unscented water). Here we hypothesize that the presence of odors would influence the perception of color. Based on the findings of Hansen et al. (2006), we anticipated that when asking the observers to create a color patch that is achromatic (a neutral gray), the findings would reveal a shift to a color that is opposite to the one associated with the particular odor. That is, if the presented odor is primarily associated with the color yellow, we anticipate that the perceived neutral gray point would be shifted more toward blue.



2. Methodology and materials


2.1. Participants

Twenty-four people participated in the experiment (eleven males and thirteen females). The mean age of the participants was 29.12. The youngest participant was 20 years of age, and the oldest was 57 years of age. No participants reported any impairment affecting their sense of smell (i.e., cold, flu, COVID) or color vision (i.e., color blindness). Participants were briefed before the experiment started on potential allergens and the task. Participants were instructed not to wear any scented deodorants, or perfumes on the day of the experiment. Color vision was not tested before the observer’s participation and was assumed based on the observer’s report. The experiment was approved by the University of Liverpool and conducted in accordance with the declaration of Helsinki’s standard for medical research involving human subjects. Observers were recruited via mass e-mail. The sample size for this study was considered from a variety of resources. For the circular statistics, a sample size of at least 20 is required (NCSS, 2010). To estimate the sample size needed for the rest of the statistics, a priori statistical power analysis was performed in G*Power. For a one-tailed t-test with a power of 0.9, α = 0.05 and a computed effect size of 0.66, a sample size of at least 22 is required.



2.2. Experimental conditions

The windows in the room were blacked out using blackout window film and the lights were turned off during the experiment, to ensure consistent illumination. The observers were given 5 min to adjust to the dim light before starting the experiment. The task was performed in full-screen mode, to stop the observers from using a color located elsewhere on the screen to aid in their decision. This was to stop observers from using colors elsewhere on the screen (i.e., white text) in an endeavor to make a neutral gray. The task was conducted in four parts. The first part consisted of odor removal using an IQAir HealthPro 250 Air Purifier that lasted 4 min and was done even before the first odor was presented to the observer. In the second part, ambient odor was introduced into the experiment room using ultrasonic diffusers for 5 min. In the third part, the observer was asked to adjust a color patch, so that it was devoid of any hue (neutral gray task). In the fourth part, observers were asked to identify the odor that was being presented (classification task). This process was repeated until the observer had completed all four parts for each one of the four odors and the control. The timings for these parts were determined by a small test of five participants. This test involved running through a reduced version of the experiment, where only the odors were presented to the participants and involved noting down the timings for when either they could smell the odor that was being released or when they felt they could no longer smell the last presented odor. The largest timing across odors was used as the measurement for how long to present each odor and the largest timing for the smell evacuation process was used. Additionally, a minute was added to these timings. These timings are the timings used in the main experiment. The odors were presented in a random order to the participants in accordance with a number displayed on the screen. This number was an identifier, so the experimenter knew which odor to present and when. The color patch was adjusted five times for each condition. The diffusers were cleaned, and new smells were added each time the experiment was conducted. Diffusers were used for this experiment as a COVID safety measure. The experiment was programmed in MATLAB R2021b. See Figure 1 for a diagram of the experimental setup.
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FIGURE 1
 Diagram of the experimental setup.




2.3. Neutral gray task

The neutral gray task involved asking the observers, “Please adjust the color patch so that it is neither red nor green and neither yellow nor blue” (Chauhan et al., 2014). Five repetitions were taken for each condition resulting in 25 recorded neutral gray adjustments for each observer. The observer’s final neutral gray selections were saved in RGB format, then corrected and converted back into the CIELAB color space before any analyses took place. This color space was chosen due to its approximate perceptual uniformity; see (Luo, 2016) for more information. The colors were corrected to better reflect the color that was presented on the screen during the experiment, as the actual and requested colors may differ depending on the monitor’s screen settings (e.g., brightness). When the observers were adjusting the color patch, they had two sliders available to them, one that changes the green to red (a*) value and another that changes the blue to yellow (b*) value. The RGB values of the observer’s final neutral gray selections were saved. Before any analyses took place, the monitor’s native RGB color space was analyzed using a spectroradiometer (SpectraScan® Spectroradiometer PR-670). The RGB values of the neutral gray selections of the participants were then converted into the CIELAB color space using a transformation from the monitor’s calibration. This was done so that any color values reported in this section better reflect the colors displayed on the computer screen when the observers were making their judgments. See Figure 2 for a screenshot of the neutral gray task. See Section “Color stimuli” for information on the color stimuli.

[image: Figure 2]

FIGURE 2
 Screenshot of the neutral gray task. This figure has been cropped to improve readability.




2.4. Classification task

After the neutral gray selection task was completed for each condition, the observer was asked to identify the odor that was presented. This task involved selecting the odor the observer thought was presented from a pre-compiled list of 26 different options; one option was “Can not identify,” and the remaining 25 elements were different odors, presented in alphabetical order. These odors are basil, camphor, caramel, cherry, chocolate, cinnamon, coffee, eucalyptus, freshly cut grass, ginger, grapefruit, lavender, lemon, lime, onion, orange, pepper, peppermint, pine, rose, sage, vanilla, wood, and ylang ylang.



2.5. Olfactory stimuli

Five different odors were used in the experiment; two from Miaroma™ (lemon and peppermint) and three from Mystic Moments™ (coffee, caramel, and cherry). These odors were chosen as they induced the most robust odor-color correspondences in our prior work, see Ward R. J. et al., (2021; Figure 3B). In addition to these odors, plain, unscented water was used as a control. The odors were presented to the users using ultrasonic diffusers. The diffusers were marked with a random number between one and six; this aligned with the number presented on a computer screen during the experiment. This number was for the experimenter to indicate what odor to present to the observer. The experimenter operated the diffusers which were hidden from the observer behind a divider ≈ 1 meter away to the observer’s left. To create the olfactory stimuli five drops of the respective essential oil were added to 500 mL of tap water approximately 20 min before the experiment started. To avoid olfactory contamination each diffuser was only used for a singular odor, and the hole in the diffuser was taped over to minimize any odor leakage.



2.6. Color stimuli

The monitor used for the experiments was a calibrated 28” BenQ GL2450-B. The lightness of the presented stimuli inside of MATLAB was fixed at L* = 50 and could not be adjusted by the observer. The color patch was presented in the center of the screen horizontally and consisted of a 500 × 500 pixel patch and was presented at a resolution of 1080p. All text on the screen was adjusted to be the same color as the color patch; this included the instructions, the number corresponding to an odor, the slider labels, and the “Done” button. The application’s background color was black; (X = 0.1496, y = 0.1360, z = 0.2763) after correction. The sliders were visually offset on the x-plane to stop the participants from simply centering the sliders together rather than aligning them based on the color patch. The starting color was set to be randomly between −5 and + 5 for the a* and b* channels separately. The starting position of the sliders was also adjusted to compensate. The range of −5 and + 5 was chosen to give the observers finer control over their final neutral gray selections, as a larger range would have resulted in larger jumps between colors when adjusting the slides. Larger jumps in the slides would make a truly achromatic stimuli harder to obtain as they might miss the values required for the task. As all external illumination was blacked out D65 was used as the white point as the observers were already dark-adapted. D65 is a CIE standard device-independent illuminate that simulates noon daylight and is commonly used in the relevant literature (Maric and Jacquot, 2013; Chauhan et al., 2014; Nehmé et al., 2016; Cuskley et al., 2019) as it makes it easy for the results to be reproducible.



2.7. Data analysis

The data analysis, figure preparation, and the programming of the experiment were performed in MATLAB 2021b. The CircStat toolbox (Berens, 2009a) was used for the circular statistics.




3. Results

First, the mean value for each of the observer’s a* and b* color ratings across repetitions was calculated to reduce the signal-to-noise ratio of the reported neutral gray selections. Hue angles were then calculated using the a* and b* values collapsed across repetitions. Rayleigh tests were conducted (Bonferroni–Holm corrected) on these hue angles for each condition (all of the odors and the control). Circular data involves measurements that wrap around itself circularly and therefore, requires appropriate statistical tests that consider the circular nature of underlying data. The Rayleigh test (Fisher, 1995; Berens, 2009b) checks for the non-uniformity of circular data. In other words, it tests to see if the data points are evenly distributed around a circle. The null hypothesis is that the population is uniformly distributed around a circle, indicating a random distribution (chance selection). The alternate hypothesis is that the population is not uniformly distributed around a circle, indicating a non-random distribution (not attributed to chance). The Rayleigh test is often denoted as Z or R, which refers to the vector sum of the numbers representing the data points on the unit circle. Rayleigh tests indicated that all of our conditions induced a non-random distribution; caramel (Z = 22.37, p < 0. 05), cherry (Z = 22.05, p < 0.05), coffee (Z = 22.20, p < 0.05), peppermint (Z = 22.26, p < 0.05), lemon (Z = 21.68, p < 0.05), and the control (Z = 22.78, p < 0.05). In other words, the neutral gray selections for all of our conditions differed from chance selection. Next, we proceeded to correct for the control by subtracting the raw a* and b* values for each of the odors from the observer’s rating for the control. The mean a* and b* values after correcting for the control for each condition is shown in Figure 3.
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FIGURE 3
 Mean a* and b* values for each of the odors and the control. Error bars denote standard mean error for the a* (x-axis) and b* (y-axis) dimensions.


From Figure 3, a pattern is observed that suggests a small effect on the presence of odors influencing the observer’s neutral gray selections. Figure 3 also shows that this shift in the CIELAB color space is generally small (less than one unit). Next, we decided to compare the direction of the mean a* and b* values with respect to the control in the CIELAB color space. This was done to visually see if there was a systematic effect. That is, does the presence of the odors shift the perceived neutral gray point toward their anticipated color correspondences? The angles relative to the control for the mean a* and b* are shown in Figure 4.
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FIGURE 4
 Angle for each of the odors relative to the control. Error bars (dashed lines) denote the standard mean error.


Figure 4 suggests that the angles all point toward warm colors, indicating that the presence of any of our odors induced a general shift to warmer colors, which is independent of the presented odor. Figure 4 shows that four (lemon, caramel, cherry, and coffee) out of five odors roughly trend toward their anticipated crossmodal correspondences except for peppermint, which we initially expected to be trending toward a green-blue color. See the discussion for more information about Figure 4. Next, we proceeded to statistically validate these findings.

We first tested to see if these results could be attributed to a spatial response bias due to the x-axis offset of the slider’s visual location on the screen. A two-sample t-test was conducted on the control corrected a* and b* values collapsed across odors. This revealed no significant difference between the a* and b* values t(119) = 0.5296, p = 0.69, suggesting that if a spatial response bias was present, it has been rectified when correcting for the control. Now, it is known that there is no bias in the underlying data; hue angles were then calculated using the a* and b* values that have been corrected for the control (control shifted angle matrix). To determine if the hue angles of all of our odors were not attributed to chance after correcting for the control, Rayleigh tests (Bonferroni–Holm corrected) were then conducted on the control shifted angle matrix, revealing that the odors cherry (Z = 5.15, p < 0.05), coffee (Z = 5.23, p < 0.05), and peppermint (Z = 5.14, p < 0.05) induced a non-random distribution. The odors caramel (Z = 1.18, p > 0.05) and lemon (Z = 0.36, p > 0.05) were randomly distributed. In other words, the neutral gray selections for cherry, coffee, and peppermint demonstrated a systematic effect and did not originate from chance selection; the inverse could be said about caramel and lemon. However, as the odors may have multiple color correspondences, for instance, lemon is consistently associated with various shades of yellow, green, and pink (Ward R. J. et al., 2021), we decided to take this finding lightly. Pair-wise post-hoc V-tests were conducted to determine if the odors shared the same mean direction as the other odors and the control. The V-test is similar to the Rayleigh test with a difference in the alternative hypothesis, which is assumed to have a known mean direction (Zar, 1999; Berens, 2009b). The null hypothesis is that the data points are uniformly distributed around a circle. The alternate hypothesis is that the data points are not uniformly distributed around a circle and have a pre-specified mean angle. The V-test has more power than the Rayleigh test if there is a reason to believe there is a specific mean direction. The V test is often denoted as V, which refers to the multiplication of the Rayleigh test with the cosine of the difference between the actual and anticipated mean direction. Post-hoc pair-wise V-tests (Bonferroni–Holm corrected) were conducted between all odors and the control. Most importantly, this revealed that caramel (V = 7.23, p > 0.05), cherry (V = 19.55, p > 0.05), peppermint (V = 20.10, p > 0.05), and lemon (V = 6.52, p > 0.05) do not share the same mean direction as the control. However, the mean direction for coffee (V = 23.26, p < 0.05) did overlap with the control. Suggesting that the presence of some odors, but potentially not all, may modulate color appearance. See Supplementary Table S1 for all of the results for the pair-wise comparisons.

To further validate this finding, pair-wise t-tests (Bonferroni–Holm corrected) were conducted on distance matrices. These distance matrices are the Euclidean distance from each condition to every other condition. The results indicate that all odors are significantly different from the control, and all conditions are significantly different from each other (all p-values less than 0.05). Zero was used as the hypothesized mean, as zero indicates both odors occupy the same space. Therefore, providing further evidence that the presence of odors could modulate color appearance. See Supplementary Table S2 for all of the results for this pair-wise comparison.

In terms of correct identification of the presented odors, caramel was correctly identified 33% of the time, with cherry being 33%, coffee at 12%, peppermint at 33%, and lemon at 12%, indicating the observers had trouble correctly labeling the odors. However, odor naming, even for common odors, has been shown to be a difficult task but is typically accompanied by a strong feeling of knowing (Jönsson et al., 2005).

In summary, these results suggest that the presence of different odors influenced the observer’s neutral gray selections and that the angles of the odors trend toward warmer colors. Based on Figure 4, four (lemon, caramel, cherry, and coffee) out of five of the odors shift the perceived neutral gray point toward the color that is associated with the respective odor (Ward R. J. et al., 2021) except for peppermint.



4. Discussion

Our hypothesis was that the presence of odors would influence the perception of color, with observers overcorrecting their neutral gray selections to counteract their odor-color correspondences. The second half of this hypothesis did not hold; however, we did find that the presence of any of our odors induced a shift toward warmer colors, supporting the first half of our hypothesis. For the second half of our hypothesis, four (lemon, caramel, coffee, and caramel) out of five odors shifted the neutral gray point toward the anticipated crossmodal correspondences for the respective odor, indicating that our expectation that the observers would overcorrect to counteract this effect proved false. These findings demonstrate the effect that odors have on our color perception, specifically inducing a shift in a neutral gray setting.

Based on the crossmodal odor-color profiles from Ward R. J. et al. (2021; Figure 3B), caramel was typically associated with dark brown-yellow, coffee with dark brown and red, cherry with pink, red, and purple, peppermint with green and blue, and lemon with yellow, green, and pink. Here we found that caramel induced a shift in the neutral gray point toward a yellow-brown, cherry and coffee toward a red-brown, peppermint toward a brown-red, and lemon toward yellow–green. With the exception of peppermint, we have shown that the presence of odors induced a shift roughly toward the expected crossmodal correspondences for each of the odors. The most popular explanation for the existence of odor-color correspondences is in terms of semantics (Spence, 2020b). It may be the case that our findings stem partly from a semantic basis, but at a perceptual level. That is, as crossmodal odor-color correspondences are strong and stable (Demattè et al., 2009) semantic knowledge of odor could have changed the observer’s perception of what a neutral gray is and due to the nature of the task presented to the observers, this lead us to conclude that this happened at a perceptual level, as they were asked to make a color patch achromatic, and there was no reference or language referring to the odors during the briefing or task. Therefore, suggesting that this effect does not occur at a decisional level.

In terms of cognitive penetrability, the idea that our expectations, thoughts, and beliefs can impact our perception of the world around us (Deroy, 2013) could play a role in our findings. That is, there might be top-down influences of higher cognitive processes that modify our perception, see (Delk and Fillenbaum, 1965; Macpherson, 2012; Deroy, 2013). Earlier research by Hansen et al. (2006) suggests that visual memory can modulate color appearance. Therefore, it could be the case that knowledge of the source of the odor penetrates/alters the perception of color. It is important to note that this knowledge of the identity of the odor could be induced by either a strong feeling of knowing (Jönsson et al., 2005) or by directly being able to name the odor. In turn, suggesting that odor-color correspondences are strong enough to influence color appearance. Stevenson et al. (2012) noted that when an odor is neither familiar nor nameable, odor-color correspondences may be modulated by intensity, hedonics, and/or irritancy. For odor-color correspondences, semantic attributes (identifiability and familiarity) are associated with more saturated colors and perceptual attributes (irritancy, intense, and unpleasant) are associated with brighter colors (Stevenson et al., 2012). It would stand to reason that, at least for some of our participants and potentially some of our odors, the semantic account might fail. In turn, suggesting that both semantic and perceptual attributes of the odors could also have played a role in explaining our findings. Crossmodal correspondences, in some cases, have been shown to be effected by emotions (Spence, 2020a; Di Stefano et al., 2021). Both unfamiliar odors (Schiffman, 1974; Benderly, 1988) and colors (Palmer et al., 2013; Gilbert et al., 2016) have been shown to be linked to emotions. Therefore, in the case of lack of knowledge of the identity of the odor the neutral gray selections could have been mediated by emotions.

Another, albeit more controversial, way of thinking about these findings, is in terms of crossmodal harmony. Crossmodal harmony refers to the way our senses complement and collaborate with other sensory modalities, such as audition (Spence and Di Stefano, 2022) and color perception (Judd and Wyszenk, 1975). In terms of olfaction, crossmodal harmony occurs when our sense of smell interacts and harmonizes with the other senses. Crossmodal harmony implies a balanced relationship between the component parts (Spence and Di Stefano, 2022). The experimental task could be conceived as a matching task between visual stimuli and ambient odors. It may be the case the perceived neutral gray selections differed due to crossmodal harmony, where the perceived neutral gray point shifted due to a harmony between the ambient odor and the visual stimuli. That is, the neutral gray selections have been modulated or matched in terms of pleasantness, or combinations of stimuli that were in a state of perceptual harmony.

A few limitations of this study should be mentioned. Firstly, the observers were restricted in adjusting the L* channel when asked to make an achromatic stimulus; this was done to make the experiment as simple as possible for the observer. However, including this additional dimension may supply more information to uncover why this effect occurs. For instance, it has been shown that when an odor cannot be named or is unfamiliar, the observer’s color matches may be modulated by the irritancy, intensity, and/or hedonics instead (Stevenson et al., 2012; Spence, 2020b). Considering that odor intensity and color lightness are correlated sensory dimensions (Kemp and Gilbert, 1997), the inclusion of this additional dimension may help uncover if there is any involvement from the intensity of the presented odor. Another limitation of the current study is the number of tested odors. We only tested five odors, and although we found that four out of five of the odors had a mean direction significantly different from the control, it would be beneficial to uncover the extent in which this bias is present and to uncover if the trend toward the expected crossmodal correspondences for a given odor is only true if it also happens to be associated with a warm color.

Future work could include investigating to see how the familiarity of the presented odors affects the observer’s ratings during the neutral gray task. That is, were the observers more biased if the presented odor was nameable or familiar compared to the observers where the presented odor was neither nameable nor familiar. To investigate this a larger sample size of observers would be required.



5. Conclusion

The results in this study suggest that the presence of an odor can bias an observer’s decision of what their perceived version of a neutral gray is. That is the hue angles relative to the control stimuli for all odors point toward warm colors. It was also found that the hue angles for four out of five of our odors had a mean direction significantly different from the control and all of the odors are not located in the same place in the CIELAB color gamut as each other. Indicating that the presence of some odors’ induces a shift of the perceived neutral gray point toward warmer colors and that four out of five of the odors are shifted toward their respective odor-color correspondences, further suggesting a small but systematic effect of the presence of odors on human color perception.
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People consistently associate colors with tastes (e.g., pink-sweet, yellow-sour). However, little has been known on the strength of those color-taste correspondences. The current study examined the congruency effect of color-taste correspondence using two Stroop word categorization tasks. The visual stimuli consisted of food names associated with sweet and sour tastes, presented in different shades of pink and yellow font colors. Participants were instructed to categorize the taste (sweet or sour) of the words in the Stroop word-taste categorization task and to discriminate the font color (pink or yellow) of the words in the Stroop word-color discrimination task. Results showed that participants responded faster in congruent conditions (sweet-pink and sour-yellow) than incongruent conditions (sweet-yellow and sour-pink) in both tasks. Specifically, yellow font colors facilitated the categorization of sour taste words compared to pink font colors, whereas sweet taste words facilitated the discrimination of pink font colors compared to sour taste words. These results provide further evidence for the congruency effect of color-taste correspondence in facilitating the processing of taste-related words and colors. Furthermore, the congruency effect was shown to operate bidirectionally, influencing both the conceptual meaning of tastes and perceptual color perception. This study highlights the significant interference effect of color-taste correspondence on cognitive processing as assessed by the Stroop task.
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1 Introduction

Taste plays a crucial role in our daily lives, not only for identifying different foods, but also for experiencing the pleasure of gourmet flavors. Taste perception is known to be psychologically sensitive and can be influenced by various factors, such as food color (Spence et al., 2015). Recent studies have found that color can significantly affect how people perceive the taste of foods and beverages, and that different colors can enhance or alter the perception of different taste qualities (Stillman, 1993; Fiszman and Spence, 2015). For example, red and pink colors can enhance sweetness and decrease bitterness, while green and blue colors can have the opposite effect (Maga, 1974; Hidaka and Shimoda, 2014). This process of integrating color perception into the evaluation of taste suggest that humans have developed certain associations between color and taste.

Crossmodal correspondence between color and taste refers to the phenomenon that people consistently associate the basic tastes (i.e., sweet, bitter, salty, sour, and umami) with specific colors (for a review, see: Spence and Levitan, 2021). Previous studies have found that pink and red are commonly associated with a sweet taste; yellow and green are associated with a sour taste; black, green, purple, and brown have been linked to a bitter taste; and blue, white, and gray have been associated with a salty taste (Koch and Koch, 2003; Spence et al., 2015; Woods and Spence, 2016; Saluja and Stevenson, 2018; Chen et al., 2021). These color-taste associations have been observed using both actual food samples and taste words. Saluja and Stevenson (2018) examined color-taste correspondences using actual tastes, and they found that the color-taste mappings were similar to those obtained using taste words. Moreover, color-taste correspondences are observed in different populations and are influenced by cultural and contextual factors (Wan et al., 2014).

Color-taste correspondence can be explained by the statistical learning of co-occurrences in the environment, where people associate certain colors with certain tastes based on the colors of foods and beverages they encounter (Spence et al., 2015; Higgins and Hayes, 2019; Spence, 2019). This learned color-taste mapping information allows for the efficient integration of colors and tastes (Piqueras-Fiszman and Spence, 2011; Spence, 2011; Parise et al., 2013; Chen et al., 2015). For instance, participants made fewer errors in discriminating the taste of real solutions when they were colored according to a color-taste mapping in congruent conditions than incongruent conditions (Zampini et al., 2007). Velasco et al. (2015) examined the congruency effect of color and flavor label of crisp packages using visual search and Go/No-go tasks, and they found that participants responded faster when the color of the package was congruent with the flavor label (e.g., lemon flavor in yellow and tomato flavor in red) than incongruent conditions. However, to our knowledge, no study has examined the congruency effect of color-taste correspondence using the Stroop task.

The Stroop word task is a widely used neuropsychological test that can probe attentional control and cognitive processing to assess the strength and automatic processing of implicit associations, known as the Stroop effect (Stroop, 1935; Richter and Zwaan, 2009; Scarpina and Tagini, 2017). In a classic Stroop task, participants are presented with words that name colors, but whose font color is different. Participants are instructed to either read the word or name the font color, which requires them to inhibit cognitive interference. Cognitive interference occurs when the processing of one stimulus attribute, such as the meaning of the word, influences the concurrent processing of another attribute, such as the font color (Stroop, 1935). The Stroop task relies on the strong overlearned tendency of experienced readers to automatically attend to the meaning of a word, making it challenging to ignore the meaning of the word when instructed to focus on the font color. Longer response times and lower accuracy in naming the font color may indicate difficulties in inhibiting the automatic tendency to categorize the word’s meaning. This interference effect, known as the Stroop cost, is consistently observed and demonstrates the robustness of the task. Thus, the Stroop word categorization task can be a useful tool to test the automaticity and strength of color-taste correspondence, and it has been used in several previous studies investigating the implicit associations (Xiao et al., 2014; Chen et al., 2023).

The current study aimed to examine the congruency effect of color-taste correspondence using the Stroop task. In a previous study, sweet-pink (86.59%) and sour-yellow (80.49%) correspondences were the most chosen associations in a sample of Japanese participants (with a chance level of 20% in Chen et al., 2021). Thus, the sweet-pink and sour-yellow correspondences were selected to be tested using the Stroop task. By manipulating the levels of font color and taste words with congruent and incongruent color-taste pairs, this study examined whether the interference effect of color-taste correspondences would influence behavioral performance with response times and accuracy. Ten words (5 with sweet food names and 5 with sour food names) in ten font colors (5 levels of pink and yellow colors) were presented as visual stimuli. Through the two Stroop word tasks, we explored the strength of sweet-pink and sour-yellow correspondences in both directions with the effect of font color on words taste categorization and the effect of words meaning on font color discrimination. Specifically, participants were presented with color-word stimuli in a modified Stroop task paradigm, where they were required to categorize the taste of the presented words as sweet or sour while ignoring the font colors (Stroop word taste categorization task) and to identify the font color of the presented words as pink or yellow while ignoring the semantic content with taste (Stroop word color discrimination task). We hypothesized that a congruency effect of color-taste correspondence could influence both the taste word categorization and font color processing.



2 Methods


2.1 Participants

Thirty-eight Japanese undergraduate students (23 males and 15 females, Mage = 20.4, SD = 1.5) took part in this study. All of the participants had normal or corrected-to-normal visual acuity and normal color vision. The sample size was set a priori at 33 based on a target of 0.8 power with a medium effect size (Cohen’s d = 0.5) using power analysis (G*Power 3.0; Faul et al., 2007). We collected additional data in response to some participants’ poor performance in the task (e.g., error rate > 20%). This experiment was approved by the institutional review board of Waseda University, and conducted in accordance with the ethical standards of the 1964 Declaration of Helsinki.



2.2 Apparatus and stimuli

The experiment was programmed in E-Prime 3.0 (Psychology Software Tools1). The stimuli were displayed on a 24-inch LCD monitor (EIZO FG2421, EIZO Corp, Hakusan, Japan), with a resolution of 1920 × 1,080 pixels and a refresh rate of 100 Hz. Participants viewed the monitor at a distance of approximately 60 cm.

Ten Japanese words of food name were used as visual stimuli to rank sweetness and sourness. Five of the words were typically associated with two levels of sweetness [high: チョコレート(chocolate), あんこ(red bean paste); low: パフェ(parfait),ドーナツ(donut), 砂糖(sugar)], while the remaining five are associated with two levels of sourness [high: うめぼし(dried plum), グレップフルーツ(grapefruit); low: パイナップル(pineapple), キウイ(kiwi), お酢(vinegar)]. The food names were selected from the top twenty foods based on the ranking of sweet2 and sour foods3 obtained from the Japanese “Everyone’s Ranking” website. The word stimulus was presented in 40 Pt MS gothic font in the center of the screen. Seven of the words were two to four letters long, and three of the words were in six and eight letters. Sour words are five letters longer than sweet words in total. One Japanese letter sustained about 1.3° of visual angle.

The font colors of the word stimuli were 10 colors rendering gradually from pink (P5 in Table 1) to yellow (Y5 in Table 1). They were grouped as pink font colors (high level pink: P5 and P4; low level pink color: P3, P2, and P1 in Table 1), and yellow font colors (high level yellow: Y5 and Y4; low level yellow color: Y3, Y2, and Y1 in Table 1). The ten colors were measured by PR-655 (Photo Research, Chatsworth, CA, USA), and each color was measured 10 times and the average was calculated. The color information is shown in Table 1.



TABLE 1 Color values in the L*a*b* color space.
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2.3 Procedure

The experiment was carried out in a laboratory with dimmed lighting condition (1 lux on the wall). All participants performed two Stroop word categorization tasks. One was the Stroop word taste categorization task, and participants were asked to categorize the taste of the word stimulus as sweet or sour. The other task was the Stroop word color categorization task, and participants were asked to discriminate the font color of the word stimulus as pink or yellow. At the beginning of each task, written instructions were provided on the computer screen. During the experiment, one of the word stimuli was presented in one of the 10 font colors. The background of the screen was always gray (L* = 20.24, a* = 0.33, b* = 0.36). In the Stroop word taste categorization task, participants were asked to categorize the word stimulus as a “sweet” or “sour” word by pressing a labeled key (e.g., z or m) on the keyboard with their two index fingers. In the Stroop word color categorization task, participants were asked to discriminate the font color of the word stimulus as pink or yellow by pressing a labeled key (e.g., z or m). Key assignments were counterbalanced between participants and tasks. Participants were required to respond as quickly and accurately as possible. At the beginning of each trial, a fixation cross appeared for 300 ms, and then a target word stimulus appeared until a response was made. Trials were separated by an inter-stimulus interval (ISI) of 500 ms (see Figure 1). The experimental task had a 2 (taste of words: sweet vs. sour) × 5 (words for each taste group) × 2 (font color groups: pink vs. yellow) × 5 (colors for each font group) × 2 repeated measures design, resulting in a total of 200 trials. Twenty practice trials with feedback preceded the experiment. The main experiment was divided into 5 blocks of 40 trials each. At the end of each block, participants had a self-timed break. Each experiment of the Stroop word categorization task lasted for 5 ~ 10 min. Participants were randomly instructed to either take the Stroop word taste categorization task first or the Stroop word color categorization task first, with a 5-min rest period in between the two tasks. The entire experiment lasted for approximately 20 ~ 30 min.

[image: Figure 1]

FIGURE 1
 Example of the trial sequence. Participants were asked to categorize the taste of the word stimulus [e.g., “チョコレート(chocolate)”] as sweet or sour by pressing labeled keys in the taste categorization task. Participants were asked to categorize the font color of the word stimulus [e.g., “チョコレート(chocolate)” in yellow font color] as pink or yellow by pressing labeled keys in the color categorization task.




2.4 Data analysis

Data from three participants who made more than 20% errors on either task were excluded. Thus, data from 35 participants were used for the data analysis. Response times (RTs) for correct trials and errors were recorded. Data were analyzed using the R.4.0.2 statistical software (R Core Team, 2020). Statistical analyses on response times and response accuracy were computed with generalized linear mixed-effect model (GLMM) using the function glmer from the lme4 package in R (Bates et al., 2015). The distributions of response times are positively skewed and not normally distributed; therefore, generalized mixed-effects models were used to obtain unbiased parameters without the need for data transformation (Lo and Andrews, 2015). We used fitdistrplus package to seek the best distribution fit to the present RT data (Delignette-Muller and Dutang, 2015), and selected the inverse gaussian distribution (Johnson et al., 1995). Thus, inverse gaussian distribution with identity link function was specified as the distribution of RTs in the GLMM models. For the error analysis, we used a GLMM with binomial distribution and logit link function. The main interest is the effect of congruency condition (congruent vs. incongruent) and the interactions with levels of taste and font colors on RTs and errors, thus, the fixed factors were congruency condition (congruent vs. incongruent), taste (sweet vs. sour), taste level (high vs. low), font color (pink vs. yellow), font color level (high vs. low), and the interactions. We included random intercept by participant (the random effects were not maximum, so to simplify the model we restricted to a random effect of participant on the intercept for all analysis; Barr et al., 2013; Meteyard and Davies, 2020). To test the main and interaction effects, we compared models with and without that fixed effect of interest using likelihood ratio tests. The Anova function (using type III Wald chi-square test) from the car package (Fox et al., 2013) was used to test the significance of fixed factors. Significant effects were compared using the emmeans package (Lenth et al., 2018). We ran a post-hoc analysis using paired sample t-test with Bonferroni correction to determine the simple main effects. Further, Bayes Factors (BF10) were used to determine whether there was support in favor of the alternative (H1) or null (H0) hypotheses (Morey and Rouder, 2018). A value of 1 indicates that null and alternative hypotheses are equally likely, larger values indicate that the data support the alternative hypothesis, and smaller values indicate that the data support the null hypothesis.




3 Results


3.1 Results of the Stroop word taste categorization task


3.1.1 Response times

Error trials (5.31%) and those longer than 3,000 ms and shorter than 100 ms (0.35%) were removed. Trials in which the response times fell out of the outliner (mean RT ± 2.5 sd) for each participant in each color and taste condition were excluded from the data analysis (3.38%). Results of GLMM analysis are shown in Table 2. The GLMM model analysis revealed a main effect of congruency condition, with strong evidence for faster RT for congruent trials (mean RT = 585.16 ms, sd = 160.94) than for incongruent trials [mean RT = 595.09 ms, sd = 170.76; x 2(1) = 61.06, p < 0.001]. A significant interaction effect between congruency condition and font color was observed, x2(1) = 63.00, p < 0.001. Multiple comparison analysis showed that when categorizing the sour food names, participants responded faster to yellow (congruent condition; 609.38 ms, sd = 96.48) than to pink font color [incongruent condition; 623.70 ms, sd = 98.90; t(34) = 3.02, Bonferroni corrected p = 0.0096, Cohen’s d = 0.51, BF10 = 7.98]. For categorization of the sweet food names, there was no significant difference in RTs between pink (congruent condition; 563.26 ms, sd = 74.65) and yellow (incongruent condition; 571.13 ms, sd = 78.09) font colors [t(34) = 1.91, Bonferroni corrected p = 0.12, Cohen’s d = 0.32, BF10 = 0.93; see Figure 2]. There was no significant interaction between congruency condition and levels of font color, x2(1) = 0.56, p = 0.45, and no significant three-way interaction between congruency condition, font color, and levels of font color, x2(1) = 1.87, p = 0.17.



TABLE 2 Summary of fixe effects for RTs in Task 1.
[image: Table2]

[image: Figure 2]

FIGURE 2
 Violin plot showing the distribution of individual RTs in categorizing sweet and sour tasted words in congruent (white color) and incongruent (gray color) conditions. The horizontal line represents the mean. Error bars represent the standard errors of the mean (**p < 0.01, Bonferroni corrected).




3.1.2 Accuracy

Participants made 5.31% of the errors in all trials. The GLMM analysis showed no significant effect of the congruency condition, x2(1) = 2.30, p = 0.13. Thus, there was no significant difference on the effect of font color on taste categorization by error rate.




3.2 Results of the Stroop word color categorization task


3.2.1 Response times

Error trials (11.57%) and trials in which response times fell out of the outline (mean RT ± 2.5 sd) for each participant in each color and taste condition were excluded from data analysis (3.44%). There was no trial with response times slower than 3,000 ms and faster than 100 ms.

Results of GLMM analysis were shown in Table 3. The model analysis showed a significant main effect of congruency condition, that RTs in congruent conditions (mean RT = 535.93 ms, sd = 177.49) were faster than incongruent conditions [mean RT = 549.53 ms, sd = 188.47, x2(1) = 51.42, p < 0.001]. A significant interaction effect between congruency condition and taste was observed, x2(1) = 64.26, p < 0.001. Further analysis showed that for discriminating pink font color, participants responded faster in sweet taste words (congruent condition; 519.36 ms, sd = 79.13) than sour taste words [incongruent condition; 537.67 ms, sd = 96.58; t(34) = 2.88, Bonferroni corrected p = 0.014, Cohen’s d = 0.49, BF10 = 5.93]. For discriminating yellow font colors, there was no significant difference on RTs between sweet (incongruent condition; 561.96 ms, sd = 94.59) and sour [congruent condition; 559.95 ms, sd = 101.89, taste words, t(34) = 0.33, Bonferroni corrected p > 1, Cohen’s d = 0.06, BF10 = 0.19; Figure 3]. There was a marginal significant effect between congruency condition and level of taste, x2(1) = 3.64, p = 0.056, and a significant three-way interaction between congruency condition, level of taste, and taste, x2(1) = 6.09, p = 0.013.



TABLE 3 Summary of fixed factors for RTs in Task 2.
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FIGURE 3
 Violin plot showing the distribution of individual RTs in discriminating pink and yellow font colors in congruent (white color) and incongruent (gray color) conditions. The horizontal line represents the mean. Error bars represent the standard errors of the mean (*p < 0.05, Bonferroni corrected).




3.2.2 Accuracy

Participants made 11.57% of the error trials, indicating some difficulty in discriminating the low-level pink and yellow font colors. The GLMM model analysis showed no significant effect of congruency condition on errors, x2(1) = 1.84, p = 0.18. Thus, there was no significant difference on the effect of taste on color discriminating by error rate.




3.3 Comparison between the two tasks

The GLMM model analysis showed that there was no significant interaction effect between the two tasks and the congruency conditions, on both response times, x2(1) = 0.13, p = 0.72, and errors, x2(1) = 3.51, p = 0.06. Thus, the color-taste congruency effect showed little difference in taste categorization and font color discrimination.




4 Discussion

In two Stroop-word categorization tasks, we manipulated the font color (pink and yellow) and the taste of food names (sweet and sour) to examine the congruency effect of associations between color and taste (pink-sweet and sour-yellow). The results showed that color-taste congruency influenced the speed of categorization of both taste-related conceptual words and perceptual font colors. Specifically, yellow font color facilitated the categorization of sour taste words compared to pink font color, while sweet taste words facilitated the discrimination of pink font color compared to sour taste. The high and low levels of taste words and font colors failed to show any interaction effect with the congruency effect. These findings provided further evidence for the congruency effect of color-taste correspondences on cognitive processing and behavioral performance (Velasco et al., 2015; Chen et al., 2021).

When participants were instructed to categorize food names as sweet or sour, the font colors were processed simultaneously, which interfered with the taste process. Our participants responded faster when the font color was congruent with the taste category (sweet-pink/sour-yellow) than when it was incongruent (sweet-yellow/sour-pink). Specifically, sour-tasting words in yellow font colors were recognized faster than those in pink font colors, indicating a congruency effect of sour-yellow correspondences on word taste categorization. Meanwhile, when participants were asked to discriminate the font color as pink or yellow, the associated taste (sweet or sour) of the words was also automatically activated, that discriminating font colors in congruent conditions (pink-sweet/yellow-sour) was faster than in incongruent conditions (pink-sour/yellow-sweet). Specifically, a sweet-related word facilitated the discrimination of pink font color compared to sour-related words, suggesting a sweet-pink correspondence. Thus, congruent color-taste correspondences facilitated perceptual color discrimination. Taken together, the results indicate the congruency effect of an automatically activated color-taste correspondence that modulates the processing of both conceptual word taste categorization and perceptual font color discrimination.

Indeed, it is worth noting that foods in the natural environment that represent sweet and sour tastes often have colors that differ from the commonly associated pink and yellow. For example, dried plum, a popular sour-tasting tsukemono (pickled vegetables) in Japan, is usually red in color. In contrast, chocolate, which is sweet and bitter, are predominantly brown in color. Similarly, donuts, which are known for their sweetness, are typically found in brown and yellow/orange colors. These examples illustrate how learned color-taste correspondences can override natural color associations, potentially influencing the perception and behavior.

Previous research suggests that individuals learn the relationships between sensory features/dimensions across different modalities, leading to the establishment of crossmodal correspondences (Spence, 2011). These correspondences aid in the efficient binding and processing of multisensory information, allowing the brain to efficiently integrate and combine sensory inputs to create a coherent perceptual environment (Parise et al., 2013). In particular, color-taste correspondences can be acquired through mere exposure to the co-occurrence of tastes and colors in foods and beverages (e.g., sweet-pink from the image of ripe and sweet red fruits, and sour-yellow from the yellow lemon). Importantly, studies have shown that similar color-taste correspondences exist across different cultural backgrounds, and some are influenced by cultural contexts (Wan et al., 2014). For example, Japanese individuals show high congruency for sweet-pink (86.59%) and sour-taste (80.49%) correspondences (at a chance level of 20%), which may be due to the regional food behaviors.

Further, color-taste correspondence can also be mediated by the emotional responses from those colors and tastes (e.g., hedonics; Velasco et al., 2015). For example, the color pink is often associated with happiness and romanticism, which aligns with the positive emotions evoked by the sweet taste. Similarly, the color yellow is associated with stimulation and excitement, which aligns with the sensory experience of sour tastes. These overlapping emotional experiences between colors and tastes could contribute to the observed correspondences between them. Thus, the emotional correspondence hypothesis offers a potential explanation for color-taste correspondence.

One limitation of the current study is that it focused only on the sweet-pink and sour-yellow correspondences. Future research could extend this by testing the Stroop effect of correspondences between other basic tastes and colors. Thus, the colors implicitly associated with each basic taste and their strength can be revealed using the Stroop task. Another limitation is the selection of food names representing different levels of sweet and sour tastes from online ranking websites. Future studies could adopt a more systematic approach to examine and rank the basic tastes of different foods to ensure a more comprehensive representation of taste profiles. Moreover, the levels of tastes (i.e., high and low levels of sweetness and sourness) were not well controlled. The main interest of this study is to examine the congruency effect, we did not ask participants to rank the sweetness/sourness of the taste. Future studies could further explore the strength of these associations using the Stroop effect, such that the higher level of color-taste correspondence, the stronger the congruency effect. At last, participants reported whether they have abnormal color vision subjectively, future study should use the Ishihara color vision test and a chemosensory disorder questionnaire to assess the perception of color and taste. Besides, there is no control over the luminance of the chromaticity, future studies need to use isoluminant colors. Our participants were all university students, future studies should consider the effect of age difference on the formation and congruency effect of color-taste correspondence.

In conclusion, the present study demonstrated a congruency effect of color-taste correspondences (pink-sweet and yellow-sour), on both word taste categorization and font color discrimination tested by the Stroop tasks. This highlights the congruency effect of color-taste correspondences in influencing the cognitive processing of perceptual and conceptual information. Future research could investigate the statistical nature of these correspondences by examining the learning effects and training participants to establish color associations with novel tastes.
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Footnotes

1   http://pstnet.com/products/e-prime/
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df alue GFI AGFI NFI CFI RMSEA AlIC
7 factors, 35 items 1245.44 539.00 0.00 084 0.81 081 088 0.06 41290.04
6 factors, 30 items 806.49 390.00 0.00 087 085 085 092 005 3510472
6 factors, 25 items 530,35 260.00 0.00 090 087 088 093 005 29281.00

GFI, goodness of it index; AGFI, adjusted GFI; NFI, normed ft index; CFI, comparative fit index; RMSEA, root mean square error of approximation; AIC, Akaike' information criterion.
25-items version excludes items that do not load on each factor in Table |
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Day-1 data (N=389) Day-2 data (N=344) UK data from study 2 of Andrade et al

(N=209)
M SD t P
Psi-Q 529 080 0.94 514 082 081 0.00 522 075 100 030 0.09
Vision 575 087 078 558 078 069 0.00 582 065 ~102 031 ~0.08
Sound 581 090 0.84 558 093 071 0.00 541 098 491 0.00 043
Smell 430 122 081 422 117 0.68 0.00 4.60 116 =301 0.00 -0.25
Taste 527 107 0.3 5.16 105 072 0.00 478 125 485 0.00 0.44
Touch 529 102 0.80 520 102 071 0.00 549 097 -231 002 ~0.20
Body 531 098 079 510 100 067 0.00 523 0.96 102 031 0.09

Psi-Q, Plymouth Sensory Imagery Questionnaire; M, mean; SD, standard deviation,
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SD Psi-Q Vision Soun: mell Taste Body
Psi-Q 529 0.80 - 0.70 0.79 0.79 0.82 0.82 0.81
Vision 575 087 - 0.63 041 045 044 051
Sound 581 090 - 0.50 053 0.60 0.58
Smell 430 122 - 0.63 0.56 054
Taste 527 107 - 0.63 0.60
Touch 529 102 - 0.62
Body 531 098 -
AlQ 340 070 0.68 048 0.54 0.53 051 059 057
voIQ 3.0 0.80 059 033 0.39 0.56 049 047 049
Big Five
Extraversion 374 123 027 021 023 022 021 023 018
Neuroticism 492 125 —0.13 ~008 -009 ~0.14 -006 ~009
Openness. 401 105 019 016 013 015 012 017 0.16
Conscientiousness 425 109 0.10 0.05 008 013 012 007 002
Agreeableness 426 104 014 014 on 014 008 015 005
FFMQ 315 038 024 016 015 0.21 016 027 016
Observe 347 072 032 021 0.24 0.28 018 0.30 0.28
Non-react 290 067 013 012 007 o 009 017 005
Non-judge 299 065 ~0.04 -003 -001 -006 -004 -0.02 ~003
Describe 288 073 0.16 0.09 0.08 019 0.09 0.20 008
Actaware 349 072 0.06 0.04 000 005 010 007 003
SWLS 364 141 024 024 024 017 016 017 018
Age 4072 1073 021 0.10 016 0.28 017 o5 012
Gender 160 049 014 012 018 006 008 015 0.10
Education 333 095 ~0.01 ~0.03 ~0.05 001 003 003 ~0.04

M, mean; SD, standard deviation; Psi-Q, Plymouth Sensory Imagery Questionnaire; AIQ, Auditory Imagery Questionnaire; VOIQ Vividness of Olfactory Imagery Questionnaire; FEMQ, Five
Facet Mindfulness Questionnaire; SWLS, Satisfaction With Life Scale. Bolded figures have a value of p of less than 0.05. Gender is numbered 1 for men and 2 for women.
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Frequency Genetics  Flavor Taste Non.

(n=329) (%) intensity timeline  existing
(%) (%) qualities
(%)*
7. Very helpful 66 180 142 114
6. 9.8 293 202 17.0
s. 322 290 309 237
4. Neutral 322 133 202 215
7.6 6.6 2] 79
2. 6.6 19 38 8.8
1. Not very 5.1 19 35 9.8

helpful

* Communication of absent sensory qualities that might affect acceptance on individual
level.





OPS/images/cover.jpg
& frontiers | Research Topics.

Crossmodal
correspondence

Eareavy
and Charies spence

Published in
Frontirs in Psychology.






OPS/images/fpsyg-14-1129903/math_1.gif
§=a?
o &2
B





OPS/images/fpsyg-14-1129903/inline_6.gif





OPS/images/fpsyg-14-1129903/inline_7.gif





OPS/images/fpsyg-14-1129903/inline_8.gif





OPS/images/fpsyg-14-1129903/inline_9.gif





OPS/images/fpsyg-14-1129903/inline_2.gif





OPS/images/fpsyg-14-1129903/inline_3.gif





OPS/images/fpsyg-14-1129903/inline_4.gif





OPS/images/fpsyg-14-1129903/inline_5.gif





OPS/images/fpsyg-14-1129903/inline_1.gif





