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Abstract

Cross-modal correspondence is the tendency to systematically map stimulus features across sensory
modalities. The current study explored cross-modal correspondence between speech sound and shape
(Experiment 1), and whether such association can influence shape representation (Experiment 2). For
the purpose of closely examining the role of the two factors — articulation and pitch — combined in
speech acoustics, we generated two sets of 25 vowel stimuli — pitch-varying and pitch-constant sets.
Both sets were generated by manipulating articulation — frontness and height of the tongue body’s
positions — but differed in terms of whether pitch varied among the sounds within the same set. In
Experiment 1, participants made a forced choice between a round and a spiky shape to indicate the
shape better associated with each sound. Results showed that shape choice was modulated according
to both articulation and pitch, and we therefore concluded that both factors play significant roles in
sound—shape correspondence. In Experiment 2, participants reported their subjective experience of
shape accompanied by vowel sounds by adjusting an ambiguous shape in the response display. We
found that sound—shape correspondence exerts an effect on shape representation by modulating au-
diovisual interaction, but only in the case of pitch-varying sounds. Therefore, pitch information within
vowel acoustics plays the leading role in sound—shape correspondence influencing shape representa-
tion. Taken together, our results suggest the importance of teasing apart the roles of articulation and
pitch for understanding sound—shape correspondence.
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1. Introduction

Converging inputs from our sensory systems are useful for processing exter-
nal events. The inputs can sometimes provide information on a single object
or property, for example when visual and haptic sensory cues provide re-
dundant estimates for shape of the same object (Chen and Spence, 2017;
Deroy and Spence, 2016; Ernst and Banks, 2002; Schutz and Kubovy, 2009;
Welch, 1972). On the other hand, inputs from different sensory modalities
can be converging in the sense that they provide ‘corresponding’ information,
the information not necessarily stemming from the same source and there-
fore seemingly unrelated. In fact, there has been growing interest in research
into ‘cross-modal correspondence’, a term referring to our brain’s tendency
of mapping certain features across the senses in a systematic and non-random
manner (Marks, 2004; Spence, 2011). For instance, people tend to associate
high-pitched sound with light colors rather than dark colors, although pitch it-
self does not convey lightness/darkness (Hubbard, 1996; Ludwig et al., 2011;
Marks, 1974, 1987, 1989). Cases of cross-modal correspondence are now
reported between many stimulus features. For example, auditory pitch is asso-
ciated with a variety of stimulus features including visual elevation (Ben-Artzi
and Marks, 1995; Bernstein and Edelstein, 1971; Evans and Treisman, 2010;
Jamal et al., 2017; Melara and O’Brien, 1987), tactile elevation (Occelli et
al., 2009), visual size (Bien et al., 2012; Evans and Treisman, 2010; Gal-
lace and Spence, 2006; Parise and Spence, 2009, 2012; Pefa et al., 2011),
and visual shape (Marks, 1987; Walker et al., 2010). Relatively recent studies
have also found that vowel sounds are systematically related to visual features
such as color and lightness (Kim et al., 2018; Moos et al., 2014). In addition,
tastes/odors are known to be associated with visual shape (Deroy and Valentin,
2011; Ngo et al., 2013; Spence and Gallace, 2011) and auditory pitch (Belkin
et al., 1997; Crisinel and Spence, 2010, 2012).

In the current study, we focus on one of the most representative examples of
audiovisual correspondence: the ‘maluma-takete’ effect documented by Koh-
ler (1929, 1947) later renamed as the ‘bouba—kiki’ effect (Ramachandran and
Hubbard, 2001). This effect refers to the consistency observed in matching
the sounds of nonsense words to particular visual shapes: people tend to re-
late a round shape with the sounds ‘maluma’/‘bouba’ and a spiky shape with
the sounds ‘takete’/‘kiki’. Since Kohler’s initial finding, similar patterns have
been replicated not only across several languages and cultures (Ahlner and
Zlatev, 2010; Bremner et al., 2013; Davis, 1961; Tarte, 1974), but also across
ages including infants (Maurer et al., 2006; Ozturk et al., 2013).

Given the robustness of this effect, also referred to as sound—shape cor-
respondence, research has investigated which particular properties in speech
sounds are associated with certain shapes. According to previous studies,
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speech articulation is the driving force behind the effect (D’Onofrio, 2014;
Fort et al., 2015). D’Onofrio (2014), for example, showed that vowel front-
ness, consonant voicing, and consonant place of articulation modulate the
associated visual shape. However, not only articulation, but also auditory pitch
— an acoustic property that has been frequently studied in cross-modal corre-
spondence literature — possibly leads to the association between speech sound
and shape. This is because auditory pitch itself is known to be associated with
visual shape (Evans and Treisman, 2010; Marks, 1987). As both articulation
and pitch have been reported to bear a relationship with visual shape, and be-
cause both of these factors are combined in speech sounds (e.g., low pitch
sounds such as /a/ in ‘bouba’ are associated with a round shape, whereas high
pitch sounds such as /i/ in ‘kiki’ are associated with a spiky shape), which
one of them is driving the well-known ‘maluma-takete’/‘bouba—kiki’ effect
remains elusive. Particularly in the case of vowel sounds, change in articula-
tion is accompanied by change in auditory pitch; therefore, it is difficult to
manipulate these factors separately. It may be possible that sound—shape cor-
respondence is entirely driven by one of these factors, but it is also plausible
that both of them play an important role in the association.

Another question yet to be answered in sound—shape correspondence liter-
ature is whether the correspondence can exert an influence beyond the con-
ceptual level and affect one’s subjective experience of shape. In fact, this
question has been examined for other types of cross-modal correspondences.
For example, in line with the view that perceptual representation is modu-
lated by pitch—location correspondence, Maeda et al. (2004) demonstrated that
varying auditory pitch information systematically biases the percept of visual
motion direction. However, other studies have shown that cross-modal corre-
spondence does not change one’s representation (Hidaka et al., 2013; Marks
et al., 2003), leaving this issue a point of contention within the cross-modal
correspondence literature. For instance, Gallace and Spence (2006) found that
concurrent auditory information (i.e., high- or low-frequency tone) did not
affect the size representation of the visual stimulus. Whether sound—shape cor-
respondence can modulate the shape representation is yet to be established (but
see Hung et al., 2017).

In the current study, we aimed to examine the two aspects of sound—shape
correspondence introduced above: the relative contribution of features com-
bined in speech sounds to sound-shape correspondence (Experiment 1) and
the influence of sound—shape correspondence to the perceptual representation
of shape (Experiment 2).

In Experiment 1, participants listened to speech sounds and made a forced
choice between a round and a spiky shape to indicate the shape more associ-
ated with each sound. For the auditory stimuli, an articulatory synthesizer was
employed to create simple and short vowel sounds. For the following reasons,
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the synthetic vowel sounds served as the appropriate stimulus set for observing
the effects of both articulation and pitch — the two factors combined in speech
acoustics. First, we could systematically examine the relationship between
vowel articulation and shape choice by using a synthesizer to equidistantly
manipulate the two articulatory dimensions known to determine vowel acous-
tics — ‘frontness’ and ‘height’ of the tongue body’s position. Based on the
principles used to create the stimuli, we could observe the effects of height and
frontness on the matching pattern between sound and shape. Second, the cur-
rent stimuli allowed us to test the role of pitch in sound—shape correspondence,
separately from vowel articulation. Pitch is an acoustic feature that systemat-
ically varies with the tongue body’s vertical position — the height dimension
— and therefore cannot be easily dissociated from vowel articulation. To touch
upon this issue in the current study, we generated two sets of vowel sounds —
the pitch-varying (Experiment 1a) and the pitch-constant (Experiment 1b) —
and compared the shape choice for the two stimulus sets.

Experiment 2 was designed to explore whether visual shape representation
would change depending on the sound information accompanied, based on
sound—shape correspondence. As in Experiment 1, we aimed to closely ex-
amine the roles of articulation and pitch; and to do so, we conducted three
sub-experiments with pitch-varying (Experiment 2a) and pitch-constant (Ex-
periments 2b and 2c¢) vowel sounds. In all three experiments, an ambiguous
visual shape — a neutral morph between a round and a spiky shape — was
briefly presented with task-irrelevant vowel sounds. Participants had to adjust
the curvature of a random shape in the response display to render it identical
to the shape presented with the sound. We hypothesized that if the contents of
subjective experience of shape is being influenced by sound—shape correspon-
dence, the visual shape representation should change depending on the sound
information. For example, when presented with the vowel sound associated
with round shape, the ambiguous visual shape should be represented as being
rounder. Comparing the results of the sub-experiments, in which the presented
vowel stimulus sets were manipulated in terms of either articulation or pitch,
or both, allowed us to explore the relative contribution of the two factors in
sound-shape correspondence affecting visual representation.

2. Experiment 1

For the purpose of closely examining the pattern of correspondence between
speech sound and shape, we conducted a matching task in Experiment 1. Par-
ticipants listened to vowel sounds and made a forced choice to indicate the
shape better associated with each sound. In Experiment 1a, we presented pitch-
varying vowel sounds, among which pitch systematically differed along the
height dimension such that sounds with different height possessed different
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pitch values. In Experiment 1b, on the other hand, the pitch-constant vowel set
of stimuli was utilized, and pitch was set identical among the sounds within
the set. Utilizing both stimulus sets allowed us to examine how the articula-
tory dimensions — frontness and height — interact with pitch in sound—shape
correspondence.

2.1. Methods

2.1.1. Participants

Forty individuals (16 males and 24 females, 20-29 years of age) participated
in Experiment la, and a separate group of 40 participants (16 males and
24 females, 19-39 years of age) ran in Experiment 1b. They gave informed
consent approved by the Korea University Institutional Review Board (KU-
IRB-17-85-A-1) before participating in the study. All participants had normal
or corrected-to-normal vision and hearing. Their native language was Korean.

2.1.2. Stimuli
Visual Stimuli. A round—piky shape pair, which subtended 12.9° x 12.9°,
was presented against a black background (see Note 1).

Auditory Stimuli: Pitch-Varying and Pitch-Constant Vowels. In this study,
we employed the Haskins laboratories Configurable Articulatory SYnthesis
model (CASY; Rubin ef al., 1996) to generate synthetic vowel-like sounds
(Fig. 1; Kim et al., 2018). CASY builds upon Mermelstein’s articulatory
model, in which the model variables specify the spatial position of the ar-
ticulators (lips, jaw, tongue body, tongue tip, and etc.) in terms of distance
and angle, thereby determining the shape of the vocal tract in the mid-sagittal
plane (Mermelstein, 1973). The temporal variation of this vocal tract shape is
equivalent to a dynamic sequence of speech events.

The vowel stimuli in Experiments 1a and 1b were synthesized by paramet-
rically manipulating the tongue body’s center position, which is given by the
tongue body articulator variables (Fig. 1; TCL, TCA). All other articulator
variables were fixed. We created a set of 25 points of tongue body’s center
(TC) positions, each point with varying horizontal (i.e., frontness) and ver-
tical (i.e., height) coordinates in the vocal tract space. The distance between
all neighboring points was 2.8 mm. Input pitch and duration of vowels were
set to 120 Hz and 500 ms, respectively. In Experiment 1a, there were system-
atic variations in output pitch among sounds generated from different tongue
body positions (range: 120.5-131.6 Hz), which reflect the acoustics of vow-
els resulting from the actual articulatory process (Kim et al., 2018; Whalen
and Levitt, 1995). For the pitch-constant stimulus set in Experiment 1b, we
used Praat software (Boersma and Weenink, 2013) to set the pitch of all vowel
sounds at an identical value of 110 Hz (for demonstration of the stimuli sets
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Figure 1. Vowel stimuli presented in Experiment 1. Representation of the vocal tract in CASY
with the model’s articulatory variables for generating both the pitch-varying (Experiment 1a)
and the pitch-constant (Experiment 1b) vowel sounds. F: mandibular condyle, TC: tongue
body’s center, TB: tongue blade, TT: tongue tip, J: jaw. The position of the tongue body’s
center (TC) is given by the center of an imaginary circle with a fixed radius representing the
tongue body. The center is determined by the angle (TCA) between the line F-J and the line
F-TC (TCL). For generating the vowel sounds, the tongue body’s articulatory variables (TCA
and TCL) were parametrically manipulated to modulate the horizontal and vertical position of
the tongue body’s center (TC). The tongue blade (TB) and tip (TT) are attached to the tongue
body’s center. All the other articulatory variables were fixed. The positions of the tongue body’s
center for generating the 25 stimuli are overlayed on the representation of the vocal tract; a
larger version of the positions with indices is shown on the right. The terms ‘frontness’ and
‘height’ refer to the horizontal and vertical position of the tongue body’s center point in space
(for more information, see Kim et al., 2018).

used in Experiments 1a and 1b, see Supplementary Movies S1 and S2). The
effectiveness of the physical stimulus manipulation in terms of the frontness
and height dimensions were verified using multidimensional scaling (for more
information, see the Supplementary Text and Supplementary Fig. S1).

2.1.3. Apparatus

Visual stimuli were presented on a 19-inch CRT monitor (1024 x 768 res-
olution, 60 Hz refresh rate; viewing distance 52 cm). All auditory stimuli
were presented through SRH440 headphones. Experiments were conducted
in a quiet, dark room using MATLAB version 9.1 (The Mathworks, Inc., Nat-
ick, MA, USA) and Psychophysics Toolbox version 3 (Brainard, 1997; Pelli,
1997).
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2.1.4. Procedures

In both Experiment la and 1b, participants made a two-alternative forced-
choice judgment as to the visual shape that was associated with each vowel
sound. On each trial, a round and a spiky shape appeared on the left and right
sides of the screen (11.018° from the central fixation), and the position of
each shape was randomly chosen every trial. The onset of the vowel sound
was synchronous with that of the visual display. The visual stimuli were pre-
sented on the monitor screen until participants indicated the shape that better
matched the sound on the trial with a button press, and there was no limit to
the response time. In each experiment, there were 20 repetitions of 25 vowel
sounds, resulting in a total of 500 trials. The order of the trials was randomized
for each participant.

2.2. Results

Figure 2 shows the mean frequency of choosing the spiky shape for each level
of frontness and height of the tongue body’s positions when participants lis-
tened to pitch-varying (Experiment 1a) and pitch-constant (Experiment 1b)
vowel sounds. For the results of both experiments, a two-way ANOVA was
conducted with frontness and height as within-participant factors.

2.2.1. Experiment la: Pitch-Varying Vowels

Results are shown in Fig. 2A. Both the main effects of frontness and height on
shape choice were statistically significant (F{1 .477,57.621) = 20.866, p < 0.001,
n? = 0.349; F(1.265.49.324) = 8.887, p < 0.01, n*> = 0.186; both Greenhouse—
Geisser corrected). The interaction effect between frontness and height was
also significant (Fs5.822227.063) = 2.728, p < 0.05, 172 = 0.065, Greenhouse—
Geisser corrected).

In an attempt to determine which means are significantly different from
each other, a series of post-hoc paired-sample ¢-tests were conducted. We re-
port only the results of the pairwise comparisons between the extreme levels
of each factor (see Fig. 1 for index of vowel stimuli): 1 and 21 [low back vowel
and low front vowel; ¢#(39) = 3.993, p < 0.01, Cohen’s d = 0.753], 5 and 25
[high back vowel and high front vowel; #(39) = 4.772, p < 0.001, Cohen’s
d = 0.893], 1 and 5 [low back vowel and high back vowel; #(39) = 2.791,
p < 0.05, Cohen’s d = 0.712], 21 and 25 [low front vowel and high front
vowel; 1(39) = 3.660, p < 0.01, Cohen’s d = 0.846] [all p values are false
discovery rate (FDR)-corrected].

2.2.2. Experiment 1b: Pitch-Constant Vowels

Results are shown in Figure 2B. We observed a significant main effect of
frontness on shape choice (F(1.442 56.239) = 10.521, p < 0.01, n2 = 0.212,
Greenhouse—Geisser corrected), but not the effect of height (F(j 368,53.359) =
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Figure 2. Shape-matching results of Experiments la (A) and 1b (B). The y-axis shows the
percentage of spiky shape choice for 25 vowel sounds. A more yellowish color denotes a higher
percentage of round shape choice, whereas a more bluish color denotes a higher percentage of

spiky shape choice. The numbers shown on some of the bars indicate the indices of sounds that
will be used in Experiment 2.
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0.835, p = 0.399, Greenhouse—Geisser corrected). The frontness—height in-
teraction was significant (F(4.997,194.892) = 2.895, p < 0.05, 772 = 0.069,
Greenhouse—Geisser corrected).

As in Experiment 1a, a series of post-hoc paired-sample ¢-tests were con-
ducted to examine which means are significantly different from each other.
When conducting the comparisons between the extreme levels of each dimen-
sion, the difference between 5 and 25 (see Fig. 1 for index of vowel stimuli)
reached statistical significance [#(39) =4.999, p < 0.001, Cohen’s d = 0.895;
FDR-corrected].

2.3. Discussion

Experiment 1 demonstrates that both articulation and auditory pitch are the
driving forces behind the sound—shape correspondence effect. In Experiment
1a, the choice between the round and the spiky shape was modulated according
to the two articulatory dimensions manipulated to generate vowel acoustics —
frontness and height. When the pitch-constant stimuli were presented in Ex-
periment 1b, the frontness dimension still exhibited influence on shape choice;
this indicates that articulation plays a role in sound—shape correspondence,
even when there is no pitch difference among the vowel sounds. However, that
the height dimension had no effect shows that the systematic variation in pitch
along the height dimension is also contributing significantly to the association
between vowel sound and shape.

The current study indicates that articulatory dimensions determining vowel
acoustics modulate the choice between round and spiky shape, leading to
well-known phenomena such as the ‘bouba—kiki’ effect. In particular, manip-
ulating the frontness of the tongue body’s position significantly influenced
shape choice in both Experiments 1a and 1b, consistently with previous liter-
ature (D’Onofrio, 2014; Maurer et al., 2006; McCormick et al., 2015; Spector
and Maurer, 2013). Most studies in fact have categorized vowels into front
and back vowels and have focused on testing the effect of the frontness di-
mension. For example, Spector and Maurer (2013) showed that toddlers match
front vowels to spiky shape and back vowels to round shape, by presenting the
vowels /i/ and /o/. In addition, D’Onofrio (2014) replicated sound—shape cor-
respondence by using a wider range of vowel stimuli and classifying them into
front and back vowels to examine the role of vowel frontness.

In terms of the height dimension, Experiments 1a and 1b showed differ-
ent patterns of results. The main effect of height on shape choice was present
only for the pitch-varying stimulus set (Experiment 1a), in which vowel pitch
varied systematically with different levels of height. This can be interpreted
in the context of previous studies demonstrating pitch—shape correspondence;
high pitches are associated with spiky shapes whereas low pitches are asso-
ciated with round shapes (Marks, 1987; Parise and Spence, 2009; Walker et
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al., 2010). To elaborate, pitch is an acoustic feature that constitutes vowels
(Whalen and Levitt, 1995) and cannot be separated from vowel height; the
low vowel /a/ intrinsically has lower pitch compared to the high vowel /i/.
By comparing the effect of height on shape choice for pitch-varying and
pitch-constant sounds in the current study, we conclude that the pitch—shape
correspondence contributes to the association between vowel sound and shape.
Vowel height, along with vowel frontness, is an articulatory dimension that
determines sound—shape correspondence, but the inherent variation in pitch of
vowels with different levels of height seems to be the driving force behind it.

It is also worth noting how the use of speech sounds generated with an ar-
ticulatory synthesizer can address potential issues arising from stimuli used in
previous studies. While most studies have used a limited number of stimuli
and have coupled them into congruent and incongruent pairs (e.g., /a/ and /i/
with round and spiky shape), here we broke the dimensions of vowel acoustics
into many levels and generated numerous cross-modal pairs that were neither
congruent nor incongruent. Such a manipulation can prevent undesired range
effects: effects found using a limited number of stimuli may not be general-
ized to stimuli that are outside of the range tested (Parise, 2016). It is therefore
important to know exactly the shape of internal mappings across sensory cues
(e.g., non-monotonic mapping) using a wide range of parametrically manipu-
lated stimuli before testing the effect of cross-modal congruency as in previous
studies. Failing to do so may lead to issues such as reversed cross-modal con-
gruency effects for different ranges of stimuli. In addition, presenting a large
number of stimuli is useful for making the goal of the study less penetrable to
participants, compared to presenting only congruent and incongruent stimulus
pairs.

Another advantage of the current stimuli is that they could not be easily cat-
egorized into cardinal vowels of an extant linguistic system. This would have
made it less likely for participants to utilize orthography or other language-
specific factors (e.g., sound eliciting activation of lexical items associated with
shape in a certain language) when matching a certain shape to speech sounds.
In fact, Cuskley et al. (2017) demonstrated that the participants’ choice be-
tween a round and a spiky shape was influenced by the curvature of letters
comprising non-words, even when the non-words were presented aurally. It is
also reported that orthographic representation is activated when literate par-
ticipants process phonological information (Slowiaczek et al., 2003; Stone et
al., 1997). In light of the aforementioned studies, presenting a speech sound
with which participants easily associate a specific language, thus giving rise to
orthographic representation, may preclude a definitive conclusion on the cor-
respondence between shape and speech acoustics per se. Thus, although it is
impossible to eliminate linguistic context (e.g., categorical perception effects
in speech perception are based on linguistic context influencing the perceived
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boundary, or category, of simple vocal sounds; Goldstone, 1994; Liberman et
al., 1957), our stimuli have advantages over recorded speech sounds, which
are confined to a specific language system.

3. Experiment 2

In Experiment 1, we showed that sound is associated with shape in a non-
random manner and that both articulation and pitch contribute to this ef-
fect. However, although the explicit matching paradigm demonstrates that
the association exists, it cannot reveal whether it exerts an influence on how
visual shape is subjectively represented. Therefore, Experiment 2 was con-
ducted to further examine whether sound—shape correspondence can induce
a shift in perceptual representation. As in Experiment 1, we conducted sub-
experiments with pitch-varying (Experiment 2a) and pitch-constant (Experi-
ments 2b and 2c) stimuli to closely examine the contribution of articulation
and pitch.

In all three experiments, an ambiguous visual shape was presented with
vowel sounds. The task was to adjust the curvature of the shape in the re-
sponse display to make it as similar as possible to the previously presented,
ambiguous visual shape. We hypothesized that if perceptual representation in-
deed changes based on sound-shape correspondence, it should be affected by
the concurrently presented sound information.

The difference among the three experiments was the vowel stimuli pre-
sented. In Experiment 2a, the vowel sounds which were associated with the
round shape and the spiky shape were chosen from the pitch-varying stimu-
lus set, based on the results of Experiment 1a. Even if we do find the effect
of sound on shape perception, however, it is difficult to tease apart the con-
tribution of articulation and pitch in this effect, with the vowels from the
pitch-varying set. Therefore, we conducted Experiments 2b and 2¢ with vow-
els from the pitch-constant set. The auditory stimuli in Experiment 2b had the
same articulatory features as those in Experiment 2a but differed in that pitch
was kept constant across the sounds. However, since the results of Experi-
ments la and 1b demonstrated that the sound—shape correspondence pattern
differs between the sounds used in Experiments 2a and 2b — in other words,
the correspondence was present for sounds in Experiments 2a whereas that
was not the case for sounds in Experiments 2b — we could not rule out the
possibility that such difference, and not the presence and absence of pitch,
would influence the results. Therefore, we conducted Experiment 2c with
pitch-constant sounds that were comparable in terms of sound—shape corre-
spondence patterns to the sounds used in Experiment 2a, to determine the role
of pitch.
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3.1. Methods

3.1.1. Participants

Twenty individuals (8 males and 12 females, 20-31 years of age) from Korea
University took part in Experiment 2a, and a separate group of 20 individuals
(7 males and 13 females, 19-27 years of age) participated in Experiment 2b.
A new group of 20 participants (5 males and 15 females) ran in Experi-
ment 2c. None of them participated in Experiment 1. They gave informed
consent approved by the Korea University Institutional Review Board (KU-
IRB17-85-A-1). All participants had normal or corrected-to-normal vision and
hearing, and their native language was Korean.

3.1.2. Stimuli
Visual Stimuli. The visual stimuli were identical for all three experiments.

To generate an ambiguous shape that could not be categorized as round or
spiky, linear interpolation was carried out on the x, y coordinates of the points
on the contour of a round and a spiky shape. We searched for points on the
contours to which the line from the center of the square matrix embedding
each shape formed an angle of 0° to 360° (with steps of 1°) with the horizon-
tal axis passing through the center. As a result, we extracted 360 points each
along the contour of the two shapes. The interval for linear interpolation was
defined as the Euclidean distance between the two points in each shape that
corresponded to one another in terms of the angle formed with the horizontal
axis. The interval was divided by 14 to extract coordinates for 13 intermedi-
ate shapes. This process was repeated for 360 pairs of coordinates (each pair
contains one coordinate from the round shape and one coordinate from the
spiky shape), which were connected to form the contour of the intermediate
shapes. Therefore, we were able to generate a total of 15 visual stimuli includ-
ing the roundest shape and the spikiest shape (Fig. 3A). The reason we chose
to create 15 shapes is because we concluded that the number was appropriate
for levels of shape adjustment in the response phase (see Section 3.1.4) based
on results of a pilot test, and the size of the steps along the parametric shape
space was determined accordingly [step size = (the difference between corre-
sponding coordinates on the round and the spiky shape)/(the total number of
shapes — 1)].

Based on the method with which the visual stimuli were generated, the in-
termediate shape indexed as 8 (shape index 1 indicates round shape and index
15 indicates spiky shape) was assumed to be the most ambiguous stimulus and
thus was presented as the test stimulus in the main experiment. Although there
is a possibility that the test shape might not be the exact point of perceptual
ambiguity, selecting the middle index was justified based on the fact that there
was a large number of steps resulting in a small step size. When calculating
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Figure 3. Stimuli and trial sequence in Experiment 2. (A) The 15 shapes used in Experiments
2a, 2b, and 2c. Top left and bottom right show a round and a spiky shape, respectively. The
dashed box indicates the shape chosen as the ambiguous test stimulus. (B) Example of a trial
sequence in Experiments 2a, 2b, and 2c. For illustration purposes, the shape stimuli are shown
in full contrast. After an initial fixation point of 400 ms, the test stimulus was introduced for
33 ms and was accompanied by a vowel sound with a duration of 500 ms. The masking stimulus
appeared shortly after and was presented for 150 ms. Finally, a randomly selected shape was
presented as a starting point for the shape adjustment task. The trial sequence for the shape
adjustment task and the sound detection task are identical up to this point, but the two tasks
require different response keys. After participants made a response, visual feedback (correct/
incorrect) was provided only for the sound detection task. Participants were instructed to press
the spacebar for the next trial.
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the Euclidean distance between all the corresponding points (in terms of an-
gles from the horizontal axis) in any two most similar steps, the value ranged
from O to approximately 0.17° of visual angle in the display. Furthermore,
most of the large values came from comparing shape index 1 (the roundest)
and 2, or shape index 15 (the spikiest) and 14, which indicates that there was
much less difference in shape in the case of middle shape indices.

The visual stimuli were presented on a gray background (27.8 cd/m? in
luminance). All shapes presented during the experiment spanned 9.5° of visual
angle in width and 7.3° of visual angle in height. The contrast (alpha value) of
all shapes was 12% (33.6 cd/m? in luminance).

Auditory Stimuli: Pitch-Varying and Pitch-Constant Vowels. Auditory stim-
uli in Experiment 2a were chosen from the vowel sounds presented in Experi-
ment la (see Fig. 1 for index of vowel sounds which will be used throughout
the paper). Based on the results of Experiment 1a, we selected a low back
vowel (LB; index 1 in Fig. 1) which was associated with the round shape,
and a high front vowel (HF; index 25 in Fig. 1) which was associated with the
spiky shape, significantly above the chance level (see Fig. 2A for the index and
the shape-matching results of the sounds used in Experiment 2a). In addition,
a low front vowel (LF; index 21 in Fig. 1) associated with neither of the two
shapes was presented as a control stimulus. All paired differences of the shape
choice for the sounds were statistically significant, and the shape choices for
the low back vowel and the high front vowel were significantly different from
chance (see Section 2.2.1). To maintain participants’ attention on the auditory
stimuli during the experiment, catch trials were inserted in which a high back
vowel (HB; index 10 in Fig. 1) served as the catch stimulus to be detected
(see Section 3.1.4). The pitch of LB (1), HB (10), LF (21), and HF (25) were
120.5 Hz, 131.6 Hz, 120.5 Hz, and 131.6 Hz, respectively.

In Experiment 2b, participants were presented with LB (1), HB (10), LF
(21), and HF (25) from the pitch-constant stimulus set. The pitch of the sounds
was set to 110 Hz. As shown in the results of Experiment 1b (Fig. 2B), the
shape choice for LB (1), LF (21), and HF (25) sounds were not significantly
different from chance and did not differ among each other (see Fig. 2B for the
index and the shape-matching results of the sounds used in Experiment 2b).
Although the vowel stimuli in Experiments 2a and 2b differed in terms of
the associated shape, LB (1), HB (10), LF (21), and HF (25) were selected
to maintain the articulation constant across the two experiments while manip-
ulating pitch. The vowel sounds in Experiment 2b served as the appropriate
comparison to those in Experiment 2a in that pitch manipulation differed while
controlling for articulation. However, unlike those in Experiment 2a, the stim-
uli in Experiment 2b were not associated with a particular shape above the
chance level, and sound-shape correspondence was absent in this case.
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Therefore, in Experiment 2c, we chose vowel sounds from the pitch-
constant set that were significantly associated with the round shape and the
spiky shape, although they differed in terms of the tongue body’s positions
with the vowel stimuli in Experiments 2a and 2b (see Fig. 2B for the index
and the shape-matching results of the sounds used in Experiment 2c). Based
on the matching results of Experiment 1b (see Fig. 2B), the sound indices 9
and 25 were selected because they each showed the strongest association with
the round shape and the spiky shape, respectively, among the 25 sounds in the
pitch-constant set. Sound index 21 was presented as the neutral sound, and
index 1 was the catch sound. Such choices were made because we attempted
to utilize sounds that had the same tongue body positions with Experiments 2a
and 2b, as much as possible. As in Experiment 2b, the pitch of all sounds was
set to 110 Hz.

3.1.3. Apparatus
The apparatus was identical to that in Experiment 1.

3.1.4. Procedures
The procedures were identical for all three experiments.

Before the main experiment, participants went through a practice session
which served to familiarize them with the task instructions. Only the catch
sound was explicitly given to participants during the instructions.

The procedures of the main experiment are shown in Fig. 3B. Each trial
began with a fixation dot (subtending 0.5° x 0.5°) lasting 400 ms, after which
the test stimulus was presented for 33 ms (subtending 9.5° x 7.3°). A masking
stimulus consisting of 4 x 10 arrays of random symbols (subtending 11.5° x
10°) appeared 160 ms after the onset of the test stimulus (Hung et al., 2017),
and the exposure time was 150 ms. On each trial, a vowel sound was presented
together with the test stimulus for 500 ms, and we presented the sounds at three
different stimulus onset asynchronies (SOAs): 50 ms before the test stimulus
(—50 ms), simultaneously with the test stimulus (0 ms), and 50 ms after the
test stimulus (+50 ms). The manipulation of SOA was to examine whether
perceptual representation, if influenced by sound—shape correspondence, de-
pends on the temporal synchrony between the audiovisual features (for more
details, see Section 3.3). In the response display, participants had to perform
one of two tasks, the shape adjustment task or the sound detection task. For
trials with no sound, LB/sound matched with round shape, LF/neutral sound,
and HF/sound matched with spiky shape, participants had to perform the shape
adjustment task by reporting the perceived shape of the test stimulus using the
method of adjustment. Participants could alter the level of the shape stimulus
presented on the response display to render it as similar as possible to the per-
ceived test stimulus. The shape from which participants started the adjustment
was randomly determined among the 15 shapes every trial (see Section 3.1.2).
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As participants responded with left and right arrow keys, the visual stimulus
was constantly updated so that the shape became more round or spiky. When
participants reached the roundest/spikiest shape, a message appeared to inform
that they had done so. On the other hand, when the catch sound was presented,
participants had to perform a sound detection task by pressing the ‘f” key.
Visual feedback (‘correct’ or ‘incorrect’) was provided only for responses to
those trials. Participants were correct when responding with the ‘f” key to the
catch sound, but incorrect when pressing the arrow keys for the catch sound or
pressing the ‘f” key for other sounds. Response time was not limited for either
task type. A one-minute break was given three times during the experiment.

Each sound condition, except for the catch sound, was repeated 20 times
for each of the three SOA conditions (3 sounds x 20 repetitions x 3 SOAs =
180 trials). Catch sounds were randomly inserted 20 times during the experi-
ment (the mean and the standard error of the trials in which participants gave a
correct response were 16.95 &£ 0.749 in Experiment 2a, 15.25 & 1.066 in Ex-
periment 2b, and 16 %+ 0.696 in Experiment 2c). Also, there were 60 trials in
which only the test stimulus was presented without any vowel sounds, adding
up to a total of 260 trials. However, incorrect trials were re-added at the end
of the experiment to match the number of trials in each condition, and there-
fore the total number of trials differed among participants (the mean and the
standard error of the number of incorrect trials across participants were 5.6 £
1.134 in Experiment 2a, 12.3 &+ 2.474 in Experiment 2b, and 4.25 £ 0.739 in
Experiment 2c).

3.1.5. Data Analysis
The data analysis was identical for all three experiments.

Since the purpose of inserting catch trials was to make participants process
sound information, the trials in which participants heard the catch sound were
excluded from further analysis. For the conditions that were included in the
analysis (3 SOAs x 3 sounds + 1 no-sound), we calculated the average of the
shape indices the participants reported to be the same as the test stimulus, in
other words, the average of the final shapes at which participants stopped the
adjustment. Instead of comparing among conditions with the arbitrary shape
indices (1 to 15), the shape index was rendered more informative by subtract-
ing the average of the no-sound trials from the average for each combination of
sound and SOA condition — LB/sound matched with round shape, LF/neutral
sound, HF/sound matched with spiky shape, each coupled with three SOAs.
This modified shape index was used for comparison among the conditions. The
index O indicates the perceived shape of the test stimulus when no sound was
presented with it. Negative and positive indices indicate rounder and spikier
shapes, respectively.
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3.2. Results

Mean values of the modified shape index are displayed in Fig. 4. For each ex-
periment, a two-way repeated-measures ANOVA was conducted with sound
(LB/sound matched with round shape, LF/neutral sound, HF/sound matched
with spiky shape) and SOA (—50 ms, 0 ms, 50 ms) as within-participant vari-
ables.

3.2.1. Experiment 2a: Pitch-Varying Vowels

Results are shown in Fig. 4A. The main effect of sound type on perceived
shape of the test stimulus was significant (F( 3g) = 4.308, p < 0.05, n2 =
0.185, Greenhouse—Geisser-corrected 1?). Neither the main effect of SOA nor
the SOA—sound interaction effect reached statistical significance (F(238) =
0.505, p = 0.564; F(4.76 = 0.668, p = 0.616; both Greenhouse—Geisser-
corrected).

Post-hoc pairwise comparisons using paired ¢-tests were conducted on data
collapsed across the SOA conditions: we observed significant differences be-
tween LB (1) and HF (25), and LF (21) and HF (25) [#(19) = 2.400, p < 0.05,
Cohen’s d = 0.664; 1 (19) =2.370, p < 0.05, Cohen’s d = 0.615; both FDR-
corrected]. These results indicate that the test stimulus in trials with the low
back vowel and the low front vowel was perceived to be rounder than when the
high front vowel was presented. However, there was no statistical difference
in the perceived shape of the test stimulus between the low back vowel trials
and the low front vowel trials [7(19) = 0.215, p = 0.832; FDR-corrected].

We also compared each sound condition with the no-sound condition by
conducting a series of one-sample #-tests against 0. Note that the value O of
the modified index refers to the perceived shape of the test stimulus without
any sound (see Section 3.1.5). The results revealed a significant difference
between LB (1) and 0 [7(19) = 2.991, p < 0.05, Cohen’s d = 0.669; FDR-
corrected], suggesting that the test stimulus was perceived to be a rounder
shape when the low back vowel was presented, compared to when the test
stimulus was not accompanied by vowel sounds. The difference in perceived
shape between other conditions and O did not reach statistical significance
[LF (21): £ (19) =2.239, p = 0.056; HF (25): 1 (19) = 0.537, p = 0.597; both
FDR-corrected].

These results indicate that sound information is influencing visual shape
perception in a direction consistent with sound—shape correspondence. That
there is a shift in the content of visual perception indicates that sound—shape
correspondence is affecting the perceptual processing stage.

3.2.2. Experiment 2b: Pitch-Constant Vowels
Figure 4B demonstrates the results of Experiment 2b. The main effect of sound
type on perceived shape of the test stimulus was not significant (F(2 3g) =
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0.288, p = 0.751, Greenhouse—Geisser-corrected). Neither the main effect
of SOA nor the SOA—sound interaction effect reached statistical significance
(F(2,38) = 0.703, p= 0.501; F(4y76) = 1.291, p = 0.281; both Greenhouse—
Geisser-corrected).

The sounds used in Experiment 2b had the same tongue body positions —
articulation — as the sounds in Experiment 2a, but the difference was that the
pitch value was kept identical among the sounds. Therefore, comparing the
results of Experiments 2a and 2b suggests the possibility that the difference in
pitch among the vowel sounds is driving the effect of sound on visual shape
perception. However, since the sounds in Experiment 2b also failed to show
significant association with a particular shape in the matching task in Experi-
ment 1b, the absence of sound—shape correspondence might be the reason for
the discrepancy in the results of Experiments 2a and 2b. To confirm the role
of pitch and rule out the difference in terms of sound—shape correspondence
effects, we conducted Experiment 2c.

3.2.3. Experiment 2c: Pitch-Constant Vowels

Figure 4C demonstrates the results of Experiment 2c. The main effect of sound
type on perceived shape of the test stimulus was not significant (F(2 38) =
1.577, p = 0.220, Greenhouse—Geisser corrected). Neither the main effect
of SOA nor the SOA—sound interaction effect reached statistical significance
(F2,38 = 0.118, p = 0.557; F4,76) = 0.247, p = 0.911; both Greenhouse—
Geisser-corrected).

These results, along with those of Experiments 2a and 2b, suggest that the
difference in pitch among the vowel sounds is important for sound information
to influence visual shape perception. In the current experiment setting where
sound-shape correspondence is not made explicit and sound is task-irrelevant,
the influence of pitch seems to override that of articulation.

3.3. Discussion

Experiment 2 was conducted to examine whether concurrent presentation of
sound information shifts visual shape representation based on sound—shape
correspondence. In Experiment 2a, the low back vowel and the low front vowel
biased the shape representation toward the round shape compared to the high
front vowel. The results of Experiments 2b and 2c further show that this ef-
fect — the effect of sound on shape representation — depends largely on the
variation in pitch among the vowel sounds.

The observation that pitch and its correspondence with visual shape affects
perceptual representation is intriguing because studies examining such effects
are focused on its correspondence with visual motion direction or elevation
(Guo et al., 2017; Maeda et al., 2004; Orchard-Mills et al., 2016), although
pitch is one of the features most frequently studied in the cross-modal cor-
respondence literature due to the wide range of features it is associated with
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(e.g., visual lightness/darkness, elevation, motion direction, size); indeed, vi-
sual motion and elevation are features possessing a tighter link with pitch
compared to visual shape (Parise et al., 2014). Therefore, the current results
are meaningful in that shift in the content of visual representation has not been
explored for pitch—shape correspondence, not to mention the correspondence
between vowel sound and shape (but see Hung et al., 2017; Parise and Spence,
2009).

One of the influential frameworks of multisensory research is modeling fac-
tors modulating multisensory integration with the Bayesian integration theory
(Burr and Alais, 2006; Ernst, 2007; Ernst and Biilthoff, 2004; Seilheimer et
al., 2014). According to this model, humans combine sensory information
in an efficient manner by utilizing prior beliefs and weighting the sensory
signals depending on their reliability, also referred to as ‘cue combination’.
We interpret the current results in the context of cue combination. Although
research has prevailed on how sensory cues providing redundant or comple-
mentary estimates of a single property are integrated, Spence (2011) raised
the possibility of modeling cross-modal correspondence within the framework
of the Bayesian integration theory. It is plausible that cross-modal features,
although not stemming from the same source, may be combined based on
the prior information we have of the systematic mapping across the senses
(this prior knowledge is also referred to as the ‘coupling prior’; Ernst, 2007;
Parise, 2016). In Experiment 2a, sound—shape correspondence acted as prior
information, modulating audiovisual interaction of vowel sound and shape.
Experiments 2b and 2c further show that it is the pitch component embed-
ded within the vowel sound that interacts with shape information. In other
words, pitch—shape correspondence — which can be interpreted as a form of
sound—shape correspondence — is the coupling prior modulating audiovisual
interaction, thereby leading to change in perceptual representation.

That sound and shape are integrated based on their correspondence, even
without participants’ explicitly evaluating the association between the fea-
tures, shows that the current results reflect multisensory interaction. When
asked after the experiment, none of the participants were aware that the sounds
and shapes could bear a relationship, and none of them were conscious of
the irrelevant sound information influencing their response in the shape ad-
justment task. Indeed, sound—shape correspondence is less intuitive compared
to correspondence between stimulus features that share similar neural codes
(e.g., both loudness and brightness are coded in terms of an increase/decrease
in the magnitude of stimulation) or are associated frequently in nature (e.g.,
larger objects tend to produce low-frequency sounds), in which the relation-
ship may be more cognitively penetrable (Deroy and Spence, 2016; Evans and
Treisman, 2010; Sidhu and Pexman, 2018; Spence and Deroy, 2012). Taking
these into account, we argue that the driving force behind our results is that
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sound—shape correspondence modulates audiovisual interactions even in the
absence of explicit awareness of the association. Our finding is stronger evi-
dence of perceptual representation modulated by cross-modal correspondence
compared to some of the previous studies, which have shown that cross-modal
correspondence influences performance and perception only when its saliency
is boosted (e.g., explicitly informing participants of the association or orient-
ing attention toward the association; Chiou and Rich, 2012; Klapetek et al.,
2012; Orchard-Mills et al., 2016).

In the present study, we did not find the effect of SOA, although temporal
synchrony/asynchrony between features is known to be an important factor de-
termining multisensory integration. It is important to consider, however, that
the relationship between sound and shape is different from that of features
belonging to a single property which explicitly require spatiotemporal integra-
tion and are susceptible to SOA manipulation (e.g., audiovisual speech/action;
see Chen and Vroomen, 2013 for review; Obermeier and Gunter, 2015). There-
fore, it is somewhat surprising that despite such characteristics, Hung et al.
(2017) reported an interaction effect between SOA and cross-modal congru-
ency using similar stimuli as in our study (e.g., the sound ‘bubu’ and round
visual shape): the effect of cross-modal congruency was observed only when
the auditory stimulus preceded the visual stimulus by 150 ms. Yet, such results
might reflect a priming effect, where a clearly audible sound presented earlier
brings the masked, low-contrast visual shape congruent with it to conscious
perception. This may not be a mere speculation since a previous study demon-
strated the priming effect of non-words presented aurally, on performance of
a subsequent task related to shape (Sidhu and Pexman, 2017).

4. General Discussion

The present study demonstrates the non-arbitrary relationship between speech
sound and shape, and further implies that perceptual representation is influ-
enced by the association. Importantly, the synthetic vowel sounds we created
enabled us to more closely examine the separate roles of articulation and pitch
in these effects. In Experiment 1, we found that the frontness articulation plays
an important role in the correspondence between vowel and shape, and that
the effect of height articulation can be attributed to pitch effects. In other
words, both articulation and pitch are contributing to sound—shape correspon-
dence. Results of Experiment 2 show that sound—shape correspondence affects
representation of an ambiguous shape accompanied by task-irrelevant vowel
sounds, providing compelling evidence for audiovisual interaction of vowel
sound and shape. This effect was observed only when the concurrently pre-
sented vowel sounds possessed different pitch, leading to the conclusion that
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the correspondence between pitch within vowel acoustics and shape is driv-
ing this effect. The different pattern of results elicited by pitch-varying and
pitch-constant vowels in both Experiments 1 and 2 suggests the importance
of taking into account the factors mingled in speech sounds in investigating
sound—shape correspondence.

Previous studies have utilized various experimental paradigms to explore
cross-modal correspondences. For example, a number of studies have reported
that response times or accuracy in speeded detection/classification tasks are
modulated according to the congruency of cross-modal stimuli (Ben-Artzi and
Marks, 1995; Bernstein and Edelstein, 1971; Brunel et al., 2015; Brunetti et
al., 2018; Chiou and Rich, 2012; D’ Ausilio et al., 2014; Evans and Treisman,
2010; Gallace and Spence, 2006; Getz and Kubovy, 2018; Jamal et al., 2017;
Marks, 1987, 2004; Melara and O’Brien, 1987; Walker and Walker, 2012).
Other examples include the Implicit Association Test (Greenwald et al., 1998),
through which Parise and Spence (2012) demonstrated that response time is af-
fected by the cross-modal congruency of stimuli assigned to the same response
key, or an adjustment paradigm where participants had to adjust the pitch/loud-
ness of a tone to reach the tone that matched a certain level of visual brightness
(Marks, 1974). Furthermore, a handful of studies employ the explicit matching
paradigm, as in Experiment 1 of the current study (D’Onofrio, 2014; Maurer
et al., 2006; McCormick et al., 2015; Spector and Maurer, 2013). It should be
noted, however, that our study departs from others by presenting synthesized
speech sounds based on Articulatory Phonology (Ohala et al., 1986), which
specifies human speech in terms of coordinated articulatory movements of
vocal tract organs. Using an articulatory synthesizer enabled us to examine
sound—shape correspondence in a more systematic manner compared to pre-
vious studies by parsing the role of features combined in vowel acoustics. In
addition, the parametric manipulation of articulatory gestures allowed us to
present a large number of stimuli. This could help minimize major challenges
arising from employing a matching paradigm, such as undesired range effects
and cognitive penetrability (see Section 2.3 for details).

Although results from the aforementioned paradigms allow us to argue
that cross-modal correspondence influences human performance, whether it
affects perceptual representation via multisensory interaction remains unre-
solved. Several studies support the claim that corresponding cross-modal stim-
uli induce a shift in perceptual representation (Guo et al., 2017; Maeda et al.,
2004; O’Leary and Rhodes, 1984; Takeshima and Gyoba, 2013). Parise and
Spence (2009) found that congruent audiovisual pairs increased the Just No-
ticeable Differences (JNDs) of participants’ temporal-order judgments, which
shows that the coupling between sound and shape reduced the reliability of the
unisensory estimates and promoted multisensory integration. Another study
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worth noting is Hung et al. (2017), which demonstrates that congruent sound—
shape pairs lowered the threshold for detecting the masked, low-contrast visual
shape in one of the SOA conditions. However, although these results are im-
portant pieces of evidence indicating that sound and shape can be integrated
into perceptual representation, whether and how the ‘content’ of perceptual
representation in one modality is altered by information from another modal-
ity through multisensory interaction still remains elusive. To demonstrate the
change in perceptual content, we took a different approach by parametrically
manipulating the roundness/spikiness dimension in Experiment 2. By break-
ing the dimension into many levels and employing the adjustment technique to
sensitively measure one’s subjective experience of perceptual representation,
we could observe in which direction it shifts depending on each sound condi-
tion. This approach enabled us to conclude that the content of the visual shape
representation is altered through sound and shape cues being combined based
on sound-shape correspondence.

At this point, it is natural to wonder about the brain mechanism subserving
cross-modal correspondence and its influence on perceptual representation.
Some studies have shown that activity in the superior temporal sulcus (STS)
is modulated by cross-modal congruency, although the direction of this ef-
fect is equivocal (Barraclough et al., 2005; Calvert et al., 2000; Liittke et al.,
2016; Meyer et al., 2011; Van Atteveldt et al., 2004). Even considering the
dearth of evidence, the involvement of STS in cross-modal correspondence is
not far-fetched, with research suggesting that this area refers to the ‘content’
or ‘identity’ of sensory information when combining unimodal inputs, rather
than similarity in the physical properties, such as spatiotemporal congruence,
of very simple sensory stimuli (Calvert, 2001). In addition to such brain re-
gions regarded as multisensory convergence zones, a body of research has
revealed activity changes in sensory-specific regions, even primary sensory
cortices, induced by signals from a different sensory modality or multisen-
sory co-activation (see Driver and Noesselt, 2008 for review; Calvert et al.,
1997; Giard and Peronnet, 1999; Pekkola et al., 2005; Wallace et al., 2004).
Noteworthy, these findings utilized stimuli which provide information on the
same property or identity (e.g., audiovisual speech/action). Recent studies,
however, have begun to make progress in directly addressing the neural mech-
anism underlying audiovisual ‘correspondence’ (McCormick et al., 2018). For
example, Bien et al. (2012) showed that temporarily disrupting the intrapari-
etal cortex with transcranial magnetic stimulation (TMS) resulted in the loss
of the pitch-size congruency effect on the performance in an auditory spa-
tial localization task. Their results are also in line with an anecdotal report
that the ‘bouba-kiki’ effect is not generalized to patients with damage in the
angular gyrus (Ramachandran and Hubbard, 2003). Peiffer-Smadja and Co-
hen (2019), a recent imaging study on the ‘bouba—kiki’ effect, found that



592 Y. Kwak et al. / Multisensory Research 33 (2020) 569-598

the congruency of sound—-shape correspondence modulated activations in the
bilateral prefrontal cortex and the occipitotemporal visual cortex. Together
with the aforementioned studies, the current results demonstrating a shift in
visual shape representation caused by sound, suggest the possibility of sig-
nals from auditory-specific areas modulating the activity of visual-specific
areas, through feedback influences from higher-order regions such as the STS,
parietal, and even frontal regions (Macaluso et al., 2000; Ramachandran and
Hubbard, 2001). Future research is needed to determine the exact locus of
cross-modal correspondence and the interaction among sensory and higher-
order cortices. The extent to which the underlying neural mechanism is shared
or differs across different types of cross-modal correspondences is also an in-
triguing question that will hopefully be answered through further research.
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Note

1. In Experiment 1a, we presented two round—spiky pair types: a pair re-
sembling stimuli in previous studies (Ahlner and Zlatev, 2010; Cuskley
et al., 2017; Ramachandran and Hubbard, 2001) and a more bulbous pair
(D’Onofrio, 2014). Both shape pairs maintain a round—spiky distinction
but differ in the degree of overall roundness, and we employed both pair
types to examine whether they yield different results. Pair type was a
between-participant factor, which means that each participant was pre-
sented with only one of the two pair sets throughout the whole experiment.
However, as we did not find a significant effect of pair type on shape
choice, we kept the pair type constant across the participants in Experi-
ment 1b.
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