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Abstract

The Bouba/Kiki effect constitutes a classic sound-shape correspondence, with the meaningless

sounds “Bouba” and “Kiki” being mapped onto smooth and spiky patterns, respectively. While it is

commonly believed that the Bouba/Kiki effect is driven by the local rounded and angular features

of a pattern, here we investigated the importance of an alternative level of visual processing—

namely the global contours. We adopted compound radial frequency (RF) patterns and segmented

them into convexities (outward curves) or concavities (inward curves). Note that convexities are

more informative in terms of inferring the global contour than concavities. When the perceptual

grouping of segments was facilitated by increasing their length, the grouping of convexities was

more efficient than that of concavities as manifested by the closer matching judgments to the

compound RF patterns. When we interfered with the perceptual grouping of segments by rotating

each segment by 180°, the matching consensus of convexities was higher when they were presented

in the original than in the reversed orientation. Hence, the Bouba/Kiki effect was susceptible to the

factors modulating the perceptual grouping process going from segments to the global contour,

suggesting that the Bouba/Kiki effect may occur at the global level of shape perception. Sound-

shape correspondences would therefore seem to be expressed at multiple levels of information

processing, furthering our understanding of the development, underpinning neural mechanisms, and

applications of crossmodal correspondences.
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Public Significance Statement

The human brain searches for the relations between, and regularities of, incoming sensory signals in

order to reconstruct and better understand the physical world. One classic example is a matching

between sounds and shapes, as illustrated by the classic Bouba/Kiki effect, first reported in 1929 by

Wolfgang Kohler. This is where the meaningless speech sounds (i.e., “Bouba” and “Kiki”) are

mapped onto smooth and spiky patterns, respectively. In contrast to the general agreement that the

Bouba/Kiki effect is driven by the local rounded and angular visual features, we demonstrate for the

first time that the global contour that emerges from the grouping of segments is critical to this

phenomenon. Our study highlights the level of information processing at which this sound-shape

correspondence occurs in humans. These findings provide an intriguing direction for future research

examining the developmental trajectory, underpinning neural mechanisms, and applications of such

sound-shape correspondences.
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1. Introduction

In order to make sense of the noisy multisensory world in which we find ourselves, the inputs

from different senses belonging to a common source need to be integrated in order to construct a

unified representation. This process is known as the multisensory binding problem (e.g., Chen &

Spence, 2017; Rohe et al., 2019; Shams & Beierholm, 2010; Spence & Frings, 2019). In order to

solve this problem, our brains not only use stimulus spatiotemporal structure (Parise et al., 2012;

Stein & Meredith, 1993; Welch & Warren, 1980), but also extract certain co-occurrence regularities

and non-arbitrary relationships between stimuli such as crossmodal correspondences (Marks, 2013;

Spence, 2011; Spence & Sathian, 2020; Walker, 2012). The majority of crossmodal

correspondences reflect mappings between simple features either along polar dimensions (such as

higher-pitched tone and smaller-sized objects; Parise & Spence, 2009; Walker et al., 2010) or

between perceptual categories (such as reddish foods/colours and sweetness or spiciness; Spence et

al., 2015; Woods & Spence, 2016). One unique exception is a sound-shape correspondence between

complex stimuli (see Figure 1 for examples): People typically match visual shapes with smooth

contour to nonsense spoken words like “Maluma” or “Bouba”, while matching others with a spiky

contour are matched to “Takete” or “Kiki” (e.g., Kohler, 1910, 1929; Ramachandran & Hubbard,

2001). This phenomenon, hereafter called the Bouba/Kiki effect, is commonly agreed to reflect the

local rounded and angular features in each figure driving this correspondence (e.g., Holland &

Wertheimer, 1964). Nevertheless, given the fact that the Bouba/Kiki effect was first proposed as an

example of subjective experience in Gestalt psychology (Kohler, 1929), we would like to examine
4
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whether this phenomenon is simply a collections of crossmodal correspondences at the feature

level, or any emergent property at a higher level of information processing dominate the

Bouba/Kiki effect.

Figure 1. Examples of smooth and spiky figures that have been used in previous studies of the Bouba/KiKki

effect.

At least three possible accounts at different levels of information processing have been

proposed for the Bouba/Kiki effect: the linguistic, semantic, and perceptual hypotheses (e.g., Marks,

1996; Ramachandran et al., 2020; Spence, 2011). According to the linguistic hypothesis, the

Bouba/Kiki effect is a developing outcome of sensory-motor connections during speech learning.

Specifically, smooth and spiky visual shapes resemble lip movements when uttering the vowel /u/

and /i/, respectively (see Ramachandran & Hubbard, 2001). However, given that preverbal infants

are sensitive to the Bouba/Kiki effect (e.g., Asano et al., 2015; Ozturk et al., 2013), an account at

the linguistic level cannot provide a full explanation of the phenomenon. Instead, it is suggested that

such sound-shape correspondences may provide a basis for language acquisition early in life (e.g.,

Imai & Kita, 2014; Maurer et al., 2006; though see Pejovic & Molnar, 2017).
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The semantic hypothesis suggests that particular speech sounds are associated with certain

meaning or concepts, also known as “sound symbolism” or “perceptual metaphor” (Marks, 1996;

Nuckolls, 1999; Sidhu & Pexman, 2018). A classic example comes from Berlin’s (1994) study

showing that English speakers are able to categorize the words in an unknown Peruvian language

(Huambisa) into to “bird” or “fish” category at a level that is above chance. One of the possible

clues is that the first vowel of bird’s names often consisted of the vowel /i/ that is plausibly

associated with the ideas of “quick and rapid”; on the other hand, the names of fish often consisted

of the vowel /a/, plausibly associated with the ideas of “slow and smooth”. More recently, another

study demonstrated that English speakers have no problem consensually matching certain nonsense

words (e.g., “axittic”) to either one side of contrasting concepts (such as “sharp-round”, “large-

small”, and “masculine-feminine”, Westbury et al., 2018). Taken together, the above evidence

suggests that the concepts underpinning sound symbolism may be abstract, universal, and amodal

(Bremner et al., 2013; Davis, 1961; Marks, 1996). However, substantial differences of the

Bouba/Kiki effect have also sometimes been demonstrated in different cultures or countries (e.g.,

Chen et al., 2016; Rogers & Ross, 1975; Shang & Styles, 2017). In addition, reports from the early

blind suggest that they show less consensual matching between the sounds of “Bouba” and “Kiki”

to tactile smooth and spiky shapes than do sighted controls (Bottini et al., 2019; Fryer et al., 2014;

Sourav et al., 2019). Hence, the concepts underpinning the Bouba/Kiki effect are not completely

universal and amodal; instead, they are shaped by a person’s prior perceptual experience.
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The perceptual hypothesis of the Bouba/Kiki effect aims to find out the relationships between

the perceptual features of sounds and shapes that drive the participant’s matching judgments. For

example, the power-spectrum analysis of speech sounds demonstrates that the spoken word “Kiki”,

as compared to “Bouba”, consists of stronger high-frequency signals (above 10,000 Hz, see Chen et

al., 2016). Hence, the Bouba/Kiki effect may be a form of the crossmodal correspondence between

lower-pitched sounds and rounded shapes whilst higher-pitched sounds and more angular shapes

(Hamilton-Fletcher et al., 2018; Marks, 1987). Such correspondences between pitch and shape have

been demonstrated in 4-month-old infants (Walker et al., 2010, 2014; though see Lewkowicz &

Minar, 2014), consistent with the emergence of the Bouba/Kiki effect in early infancy (Ozturk et

al., 2013). Taken together, the Bouba/Kiki effect, though partly underpinned by linguistic and

semantic mechanisms, may therefore originate from the perceptual stage of information processing.

The Bouba/Kiki effect has long been studied using hand-drawing patterns and a few of their

variations (e.g., Bremner et al., 2013; Maurer et al., 2006; see Nielsen & Rendall, 2013, for a

review). That is, thus far, very few studies have systematically manipulated the visual features in

this phenomenon (e.g., Sievers et al., 2019) compared to the accumulating studies that have

investigated the critical phonological and acoustic features driving the Bouba/Kiki effect (e.g.,

Bottini et al., 2019; Knoeferle et al., 2017; Nielsen & Rendall, 2011, 2013; Shang & Styles, 2017;

Silva & Bellini-Leite, 2019; Spector & Maurer, 2013; Westbury et al., 2018). To investigate this

issue, Chen et al. (2016) were the first to use radical frequency (RF) patterns (Wilkinson et al.,

1998), because their features can be systematically manipulated (see also Chen, et al., 2019). RF
7
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patterns are closed contours with sinusoidal modulations along the circumference of a circle that are

frequently used to investigate shape perception (Wilkinson et al., 1998; see Figure 2A). It is

suggested that combining multiple RF patterns can generate a complex shape that resembles the

outline of a real object (Wilson & Wilkinson, 2002, Wilson et al., 2002; though see Schmidtmann

& Fruend, 2019).

Chen et al. (2016) manipulated the number and magnitude of sinusoidal modulations per circle,

as well as the spikiness in terms of adding harmonic triangular waveforms on top of each sinusoidal

modulation, in a stepwise manner. The results demonstrate that the participants were more likely to

match an RF pattern to “Kiki” rather than to “Bouba” when the frequency of RF patterns increased;

more specifically, the frequency of five was the boundary roughly separating the “Bouba” and

“Kiki” responses. Interestingly, it has been suggested that RF patterns are processed holistically

when the frequency is five or lower; otherwise, they are processed analytically by processing each

lobe individually and then pooling the information into a global pattern based on probability

summation rule (Hess et al., 1999; Loffler et al., 2003, see also Baldwin et al., 2016; Schmidtmann

et al., 2019; Schmidtmann & Kingdom, 2017 for alternative explanation for the processing of RF

patterns, e.g. pooling with additive summation rules or in the absence of pooling process). This

observation leads to an interesting question pertaining to the level of visual processing at which the

Bouba/Kiki effect occurs: Conventionally, researchers focused at the rounded or angular features of

a pattern; alternatively, the shape perception constructed by pooling these local features into a

global pattern may be what actually drives these sound-shape correspondences.
8
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Figure 2. The visual stimuli used in the current study (A) Each compound RF pattern was created by
combining three RF patterns using different amplitude and phase combinations (see Appendix). Then, the
compound RF patterns was segmented into convexities (i.e., the outward curves) or concavities (i.e., the
inward curves). (B) In Experiment 1, the segment length of convexities and concavities were manipulated.

(C) In Experiment 2, the orientation of each segment was either in the original or reversed orientation.

To address this issue, we adapted variations of compound RF patterns used in Schmidtmann et
al. (2015): The compound RF patterns which combined three RF patterns additively gave rise to
unfamiliar and asymmetrical patterns (see Figure 2A). Each compound RF pattern was then
segmented into convexities (i.e., the outward curves) or concavities (i.e., the inward curves). The
presented segments can be grouped and used to compute the unseen curvatures (e.g., Fantoni &
Gerbino, 2003; Feldman, 1997). People find it easier to recognize a pattern when presented with its

convexities rather than with concavities (Schmidtmann et al., 2015, see Appendix for a replication;
9
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though see Feldman & Singh, 2005). One reason for this is that convexities represent the maximum

numbers of curvatures and the outer boundary of a closed pattern. A visual pattern can be

reconstructed even when the end-points of convexities are linked using straight lines (Bell et al.,

2010; Schmidtmann et al., 2015), following the minimal path of a gap (i.e., the simplicity principle

of perceptual grouping, Chater & Vitanyi, 2003). An alternative possibility, based on amodal

completion, suggests that the imagery contour was more extrapolated (i.e., curvier) when the

occluded part was concave rather than when it was convex (Fantoni et al., 2005). Hence, when

grouping segments, interpolating the trajectories between convexities (i.e., imaging the missing

concavities) rather than between concavities (i.e., imaging the missing convexities) should generate

a contour that is more similar to the original pattern. This interpolation process aims to seek for an

optimal trajectory connecting nearby segments, consistent with the likelihood principle of

perceptual grouping (Feldman, 1999, 2009).

We therefore compared the participants’ sound-shape matching judgments when viewing

segmented convexities, segmented concavities, or compound RF patterns. The hypothesis was that

if global contour is critical to Bouba/Kiki judgments, then the segments that are easily grouped

(such as convexities rather than concavities) would be matched to the same sound as the compound

RF patterns. In contrast, if local elements determine Bouba/Kiki judgments, then the presentation of

rounded or angular segments, rather than their grouping tendency, would seem to dominate

matching judgments instead.

10
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2. Experiment 1

In Experiment 1, our aim was to examine the role of perceptual grouping from segments to the

contour of a pattern in the Bouba/Kiki effect. Two factors that presumably influence the grouping

process were manipulated: curvature type (convexities or concavities) and segment length.

Specifically, convex rather than concave segments, and longer rather than shorter segments,

should facilitate the construction of a pattern representation (see Schmidtmann et al., 2015, and

Appendix). Therefore, our assumption was that, if global contour rather than local features drive

the Bouba/Kiki effect, the sound-shape matching judgments of segments that are easier to group

into the whole contour would be closer to the matching judgment of compound RF pattern.

2.1 Methods

2.1.1 Participants

A group of 123 participants (mean age = 19.5 £ 1.5 years, range = 18-24 years, 72 females) took

part in Experiment 1. All were students at National Cheng Kung University in Taiwan and received

course credit in return for taking part. They were naive as to the purpose of the study. The participants

gave their informed consent prior to the start of the experiment. The procedures were carried out in

accordance with the Declaration of Helsinki and were approved by the Department of Psychology,

National Cheng Kung University.

An analysis using G*Power for chi-square test (version 3.1.9.4; Faul et al., 2007) suggests that

the power reaches 0.85 when testing 100 participants with type-I error (a) setting at the 0.05 level

11
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and a medium level of effect size (Cohen’s @ = 0.3). Hence, at least a hundred participants were

planned to test in each experiment (see Chen et al., 2019).

2.1.2 Stimuli and Design

The visual stimuli were compound RF patterns created by combining three RF patterns

(frequencies of three, five, and eight cycle/circle) using one of six amplitude combinations and one

of four phase combinations (see Figure 2A and Appendix for the procedure of creating these stimuli).

Hence, there were a total of 24 compound RF patterns. Each compound RF pattern was segmented

into eight convexities or concavities with equal angles along the circumference, and each segment

presented with 25%, 50%, 75%, or 100% of the length (see Figure 2B for examples). Taken together,

there are 168 RF patterns as visual stimuli, including 24 compound RF patterns (i.e., 100% segment

length) and 144 segmental RF patterns (6 amplitude combinations x 4 phase combinations x 2

convexities/concavities x 3 segment lengths).

The auditory stimuli consisted of the spoken nonsense words “Bouba” and “Kiki” produced by

a female native English speaker three times for each word with slightly different prosody (32 bit

mono; 44,100 Hz digitization). All six sound files were edited to the same length (400 ms) and their

sound pressure level (in terms of the value of root mean square) were equalized.

2.1.3 Procedure

Experiment 1 was conducted on an online platform via the Adobe Flash based Xperiment

software 2.0 (https://www.xpt.mobi/). The participants were requested to switch to full screen mode

12
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and confirmed that they could hear the sounds clearly (by typing in three digits that they heard) before
the experiment started.

On each trial, a visual pattern was presented in the center of the monitor, and the spoken non-
word “Bouba” and “Kiki” were presented auditorily — their order of presentation was randomized on
a trial-by-trial basis. The participants had to judge whether the spoken words “Bouba” or “Kiki”
provided a better match for the seen pattern — they had to choose one or the other by clicking on the
button labeled “Sound 1” or “Sound 2”” on the monitor in order to proceed. Each participant completed
the first block containing the 144 segmental RF patterns, followed by the second block containing the
24 compound RF patterns, and the final block containing the two figures commonly used to test the
Bouba/Kiki effect (see Figure 1; Bremner et al., 2013; Chen et al., 2016). The presentation order of
the patterns in each block was completely randomized.

2.2 Results

We first confirmed that this group of participants demonstrated typical sound-shape
correspondences: When they were tested with the two commonly-used figures, 88.6% of the
participants matched the rounded figure to “Bouba” (X?(1) = 73.37, p <.001, Cohen’s w = 0.77), and
74.0% of participants matched the spiky figure to “Kiki” (X?(1) = 28.30, p <.001, Cohen’s w = 0.48).
Hence, this group of participants demonstrated the classic Bouba/Kiki effect.

The proportion answering “Bouba” for each RF pattern was plotted as a function of segment
length in Figure 3. The results of compound and segmental RF patterns belonging to the same

amplitude combination (including four phase combinations) were plotted in the same figure. The light
13
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grey dashed lines indicate the boundaries of undetermined matching. Three main results can be
summarized when inspecting Figure 3: First, all of the 24 compound RF patterns were matched to
“Bouba” (ranging from 74.8% to 91.9%, all X?(1) > 30.25, p < .001, Cohen’s w > 0.49). Second,
presenting the convexities or concavities of the segmental RF patterns demonstrated different
matching results (see Table 1). Specifically, among the 24 segmental RF patterns of 25% convexities,
two were matched to “Bouba” (61.0% and 64.2%, both X2(1) > 5.92, p < .05, Cohen’s > 0.21), 14
were undetermined (percentage of “Bouba” response ranging from 42.3% to 58.5%, all X?(1) < 3.59,
p > .05, Cohen’s @ < 0.17), and the remaining eight were matched to “Kiki” (percentage of “Bouba”
response ranging from 23.6% to 40.7%, all X?(1) > 4.30, p < .05, Cohen’s > 0.18). Hence, among
the three types of matching results (“Bouba”, undetermined, or “Kiki”), the majority of these 24
segmental RF patterns of 25% convexities were undetermined (X?(2) = 9.00, p < .05, Cohen’s w =
0.61). When 50% and 75% convexities were presented, all of the segmental RF patterns were matched
to “Bouba” (ranging from 60.2% to 83.7%, all X?(1) > 5.08, p < .05, Cohen’s > 0.20). In contrast,
when 25% and 50% concavities were presented, all of these segmental RF patterns were matched to
“Kiki” (percentage of “Bouba” response ranging from 11.4% to 26.0%, all X?(1) > 28.30, p < .001,
Cohen’s w > 0.47). Among the 24 segmental RF patterns of 75% concavities, five were matched to
“Bouba” (ranging from 60.2% to 76.4%, all X?(1) > 5.08, p < .05, Cohen’s > 0.20), seven were
undetermined (percentage of “Bouba” response ranging from 43.1% to 56.9%, all X?(1) < 2.35, p >

.12, Cohen’s w < 0.14), and the remaining 12 were matched to “Kiki” (percentage of “Bouba”

14
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Figure 3. Mean percentage of “Bouba” responses of each compound and segmental RF patterns in Experiment

1. The open shapes and dashed lines represent the results for convexities, and the filled shapes and solid lines

represent the results for concavities. Each shape-color combination represents one of the phase combinations.
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Table 1. The results of Experiment 1. The number of patterns (out of 24) that were matched to “Bouba”, “Kiki”, or
undetermined in each of the curvature x segment length conditions, and the Chi-square test of the distribution violating

equal probability for each of the three response types. *: the majority response type in each condition.

Segment Matching responses
Curvature X3(2) p Cohen’s o
length Bouba Undetermined Kiki
25% 2 14* 8 9.00 <.05 0.61
Convexities 50% 24* 0 0 48.00 <.001 141
75% 24* 0 0 48.00 <.001 141
25% 0 0 24* 48.00 <.001 141
Concavities 50% 0 0 24* 48.00 <.001 141
5% 5 7 12 3.25 =.20 0.37

Third, when the segment length increased, it seems that the increasing rate of the proportion of

“Bouba” responses (i.e., the majority response of the compound RF patterns) differed when either

convexities or concavities were presented. In order to examine this, logit regressions were used to

predict the participant’s matching judgments by using the curvatures (convexities or concavities) and

segment length (25%, 50%, and 75%) as the predictors, while the random variables were participants

and the phase combinations nested in amplitude combinations. The linear mixed-effect model (Ime4

package, version 1.1-8, Bates et al., 2015) in R (version 3.2.1) was used to fit the data using the

maximum likelihood method. It was also used to apply parametric bootstrapping method 1,000,000

times in order to derive the standard error (SE) for each coefficient. Two models were compared (see

Table 2): Model 1 assumed the same coefficient of segment length for convexities and concavities;

Model 2 assumed different coefficients of segment length for convexities (the Segment Length) and

16



1 concavities (the Segment Length + ASegment Length). Both Models 1 and 2 demonstrated significant

2 positive coefficients for curvature and segment length, suggesting that both factors effectively

3 modulated people’s matching judgments. Comparing the two models, Model 2 provided a better fit,

4  suggesting that the coefficient of segment length was higher for convexities than concavities a (given

5 that the coefficient of ASegment Length was negative). In summary, the presentation of convexities

6  rather than concavities, and the presentation of longer segments, led to a higher probability of “Bouba”

7 responses; furthermore, the increasing segment length of convexities led to a more rapid increment

8 of “Bouba” responses than concavities.

10 Table 2. The model comparison in Experiment 1. The coefficient, 95% confidence interval (Cl, in brackets), degrees of
11 freedom (df), and goodness of fit of Models 1 and 2, and their comparison using Chi-square test. **: p < .01; ***: p <
12 .001.

Segment ASegment Log .
Models  Curvature Constant af Deviance  X%(1) p
length length likelihood
1.96%** 3.12%** -4, 72%**
- 3  -97944  19588.7
[1.89,2.03] [2.94,3.30] [-4.92, -4.52]
8.4 <.005
1.69*** 3.36%** -0.52** -4.31***

-9790.2  19580.3
[1.50,1.89] [3.12,3.61] [-0.87,-0.17]  [-4.65, -3.96]

13 Model 1: Response ~ 1 + Curvature + Segment length + (1|Subject) + (1 + 3RF + 5RF + 8RF|Phase)
14 Model 2: Response ~ 1 + Curvature + Segment length + ASegment Length + (1|Subject) + (1 + 3RF + 5RF + 8RF|Phase)

15
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2.3 Discussion

In Experiment 1, we examined whether the grouping process of segments modulates the sound-

shape matchings in the Bouba/Kiki effect. We used the compound RF patterns which were

predominantly matched to “Bouba”. When these compound RF patterns were presented segmentally

with only convexities or concavities, their convexities were more likely to be matched to “Bouba”;

specifically, all of the segmental RF patterns with 50% or 75% convexities were reliably matched to

“Bouba”, whereas the segmental RF patterns with 75% concavities did not show a dominant matching

result. Finally, the proportion of “Bouba” responses increased with increasing segment length more

rapidly when convexities rather than concavities were presented.

Our assumption here was that given the compound RF patterns predominantly matched to

“Bouba”, the segments that were easier to reconstruct the compound RF patterns would be more

likely to be matched to “Bouba” as well. Consistent with this hypothesis, we demonstrated that

convexities rather than concavities and longer segments that are easier to group into a global contour

were more likely to be matched to “Bouba”. Furthermore, these two factors interact: When increasing

the segmental information of a contour (i.e., increasing the segment length), the information of

convexities was pooled together more efficiently than concavities. This result is therefore consistent

with Schmidtmann et al. (2015) who demonstrate that the convexities, rather than the concavities,

constitute the critical information underpinning shape perception. We further extended their finding

in that the grouping process was more efficient for convexities than for concavities when constructing

a contour as manifested by the proportion of “Bouba” judgments. The advantage of pooling
18
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information for convexities over concavities when reconstructing the complete pattern can be

explained by interpolation mechanisms proposed by Schmidtmann et al. (2015) and Fantoni et al.

(2005). Specifically, either using straight lines or inferencing optimal trajectory to link the endpoints

of segments, convexities compared to concavities would create a pattern that is more similar to the

original one.

The grouping of segments into contour therefore seems to be a critical process in the Bouba/KiKki

effect, especially for those patterns being matched to “Bouba”. That said, before concluding that the

global contour rather than local features of a pattern drive the Bouba/Kiki effect, one alternative

explanation needs to be excluded: The convexities are the outward curves while the concavities, the

inward curves, and the former are smoother by nature in the compound RF patterns used in the present

study. Hence, the possibility that the local rounded and angular curvatures (i.e., convexities and

concavities, respectively) drive the Bouba/Kiki effect remains. We excluded this alternative

explanation in Experiment 2.

3. Experiment 2

In Experiment 2, we aimed to further examine whether the higher probability of “Bouba”

responses for convexities than for concavities was genuinely attributable to the perception of global

contour, rather than the local features. Specifically, the assumption put forward here is that it would

be easier for participant to make a “Bouba” response when viewing the convexities of a compound

RF patterns in the original orientation; by contrast, these convexities would no longer be
19
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predominantly matched to “Bouba” when the grouping of these convexities is interrupted. The

concavities, however, given the fact that they are hard to reconstruct the global contour, they would

be mainly matched to “Kiki” in both original and reversed orientations.

In contrast to Experiment 1 which was conducted online, Experiment 2 was conducted in the

laboratory. Hence, the physical properties of the stimuli (including the monitor resolution, the size

of each visual pattern, and the volume of speech sound, etc.) were all well-controlled between

participants.

3.1 Methods

A new group of 101 participants (mean age = 20.02 + 1.19 years, range = 18-23 years, 46

females) from the same participant pool took part in Experiment 2. Twelve compound RF patterns

were created by combining three, five, and eight cycle/circle with the 0.1, 0.2 and 0.2 amplitude

combinations and four phase combinations (the patterns in Figure 3 upper panel). In order to

increase the generalization of our results, each compound RF pattern was segmented into five or

eight convexities or concavities with equal angle along the circumference. Each segment was

presented with 50% of the length. The reversed pattern of each convexity and concavity was created

by rotating the local segment for 180 degrees along the radial axis (see Figure 2C for the examples).

In this case, their local features remained the same while the reversed segments were not possible to

be grouped and reconstruct the original compound RF pattern. Taken together, there were a total of

96 segmental RF patterns (12 compound RF patterns x 2 five/eight segments x 2

convexities/concavities x 2 original/reversed).
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The stimulus was presented on a 24-inch LCD monitor (1280 x 720 pixels) and controlled by a
PC compatible with Psychophysics Toolbox Version 3 (Brainard, 1997) under the MATLAB
environment (The Mathworks, Matrict, MA, USA). With viewing distance of 60 cm, the size of the
RF pattern was 15 degrees. The auditory stimulus was presented at a comfortable sound level by a
pair of speakers that was placed 5 cm left and right from the monitor. On each trial, the fixation
point was presented for 100 ms and then a blank for 100 ms, followed by the visual pattern and the
sound. The presentation order of the sounds was randomized on a trial-by-trial basis. The visual
pattern disappeared after the participant responded. Each participant completed the first block
containing the 96 segmental RF patterns, then the second block containing the 12 compound RF
patterns, and the final block containing the two figures commonly used to test the Bouba/Kiki effect
(Bremner et al., 2013; Chen et al., 2016). The presentation order of the patterns in each block was
completely randomized.
3.2 Results

When the participants in Experiment 2 were tested using the two commonly-used figures,
54.5% of participants matched the rounded figure to “Bouba” (X?(1) = 0.80, p = .37, Cohen’s w =
0.09), and 82.2% of participants matched the spiky figure to “Kiki” (X?(1) = 41.83, p < .001,
Cohen’s w = 0.64). These participants therefore demonstrated a weak Bouba/Kiki association
mainly resulting from the consensual matching between the spiky pattern and “Kiki”.

Among the 12 compound RF patterns, six were predominantly matched to “Bouba” (ranging

from 61.4% to 77.2%, all X?(1) > 5.23, p < .05, Cohen’s w > 0.22). Five were mainly matched to
21
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“Bouba”, though this trend was not statistically significant (ranging from 53.5% to 59.4%, X?(1) <
3.57, p>.059, Cohen’s @ < 0.19). There was no difference in the extent to which the last one was
matched (the percentage of “Bouba” response was 49.5%, X?(1) = 0.01, p = .92, Cohen’s w = 0.01).

Figure 4 presents the proportion of “Bouba” responses as the Y-axis and the conditions of
original or reversed segments as the X-axis. The results of segmental RF patterns with the same
amplitude combination (including four phase combinations) is plotted in the same figure. When the
segmental RF patterns were original convexities, all of the 12 patterns were matched to “Bouba”
(ranging from 61.4% to 79.2%, all X?(1) > 5.23, p <.05, Cohen’s e > 0.22) in both 5- and 8-
segment condition. In contrast, when the convexities were reversed, only three segmental RF
patterns were matched to “Bouba” (ranging from 60.4% to 64.4%, all X?(1) > 4.36, p < .05, Cohen’s
> 0.20), while the majority (i.e., the remaining nine patterns) were undetermined (ranging from
47.5% t0 59.4%, all X?(1) < 3.57, p >.059, Cohen’s < 0.19), in both 5- and 8-segment condition.
Hence, when the convexities were rotated from original to reversed orientation, the majority of the
segmental RF patterns were less likely to be matched to “Bouba” (see Table 3). When the
segmental patterns were original concavities, most of the patterns were matched to “Kiki” (8 and 12
in the 5- and 8-segment condition, respectively, the percentage of “Bouba” response ranging from
22.8% to 38.6%, all X?(1) >5.23, p <.05, Cohen’s e > 0.22), while the remaining were
undetermined (the percentage of “Bouba” response ranging from 41.6% to 52.5%, all X?(1) < 2.86,
p > .09, Cohen’s @ < 0.17). Similarly, when the concavities were reversed, most of the patterns

were matched to “Kiki” as well (11 and 7 in the 5- and 8-segment condition, respectively, the
22



percentage of “Bouba” response ranging from 24.8% to 39.6%, all X2(1) > 4.36, p < .05, Cohen’s

> 0.20), while the remaining were undetermined (the percentage of “Bouba” response ranging from

41.6% to 44.6%, all X2(1) < 2.86, p > .09, Cohen’s w < 0.17). Hence, when the concavities were

presented either in the original or reversed orientation, the majority of segmental RF patterns were

matched to “Kiki” (see Table 3).
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Figure 4. Mean percentage of “Bouba” responses of each segmental RF patterns in Experiment 2. There were

five segments was in the upper panel, and eight in the lower panel. The open shapes and dashed lines represent

the results for convexities, and the filled shapes and solid lines represent the results for concavities. Each

shape-color combination represents one of the phase combinations.

Table 3. The results of Experiment 2.The number of patterns (out of 12) that were matched to “Bouba”, “Kiki”, or

undetermined in each of the Number of segments x Curvature x Orientation conditions, and the Chi-square test of the

distribution violating equal probability for each of the three response types. *: the majority response type in each

condition.
Number of Matching responses Cohen’s
Curvature  Orientation X?(2) p
segments Bouba Undetermined Kiki w
Original 12* 0 0 24.00 <.001 1.41
Convexities
Reversed 3 9* 0 10.50 <.01 0.94
5
Original 0 4 8* 8.00 <.05 0.82
Concavities
Reversed 0 1 11* 18.50 <.001 1.24
Original 12* 0 0 24.00 <.001 1.41
Convexities
Reversed 3 9* 0 10.50 <.01 0.94
8
Original 0 0 12* 24.00 <.001 1.41
Concavities
Reversed 0 5 7* 6.50 <.05 0.74

We then further verified the distinct influences of reversing segments in convexities and

concavities using logit regressions. The three predictors were number of segment (5 or 8), curvature

(convexities or concavities), and orientation (original or reversed), while the random variables were

participants and phase combinations nested in amplitude combinations. Similar to Experiment 1,

two models were compared (see Table 4): Model 1 assumed that the same coefficient of orientation
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for the convexities and concavities; in contrast, Model 2 assumed that different coefficients of

orientation in the convexities (the Orientation) and concavities (the Orientation + AQOrientation).

The results of the model comparison revealed that Model 2 provides a better-fit, suggesting that

reversing the segments induced different effects on matching judgments for the convexities and

concavities. Given that the values of coefficients of Orientation and AOrientation factors were

opposite values, we then conducted two linear mixed-effect models using number of segment and

orientation factors as predictors for convexities and concavities, separately (see Table 5). The

coefficient of orientation was negative for the convexities (-0.70, p < .001), thus suggesting that

reversing each convex segment significantly reduced the probability of “Bouba” responses.

However, the coefficient of Orientation was not significant for the concavities (0.11, p =.10),

suggesting that reversing each concave segment did not influence the matching response (i.e.,

mainly to “Kiki” in both orientations). Nevertheless, the coefficient of the number of segments

happened to be significant for the concavities (-0.05, p < .05), thus suggesting that when the

compound RF patterns were cut into more concave segments, they would be more likely to be

matched to “Kiki”.
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Table 4. The model comparison in Experiment 2. The coefficient, 95% confidence interval (Cl, in brackets), degrees of freedom (df), and goodness of fit of Models 1 and 2, and their

comparison using Chi-square test. **: p < .01; ***: p <.001.

Number of ) . . ) Log )
Model Curvature Orientation AOQrientation Constant df o Deviance X3(1) p
segment likelihood
-0.02 1.24%%** -0.26*** -0.35**
1 - 4 -6224.7 12449.4
[-0.05, 0.01] [1.15,1.32] [-0.35, -0.18] [-0.58, -0.13]
68 <.001
-0.02 1.60*** -0.62%** 0.71%** -0.53%**
5 -6190.7 12381.4
[-0.05, 0.01] [1.48,1.73] [-0.74, -0.50] [0.54, 0.88] [-0.76, -0.30]

Model 1: Response ~ 1 + Number of segments + Curvature + Orientation + (1|/ID) + (1 + 3RF + 5RF + 8RF|Phase)
Model 2: Response ~ 1 + Number of segments + Curvature + Orientation + AQOrientation + (1|ID) + (1 + 3RF + 5RF + 8RF|Phase)

Table 5. Predicting the participants’ “Bouba” responses using Number of segment and Orientation as
predictors for convexities and concavities separately in Experiment 2. The coefficient, 95% confidence
interval (Cl, in brackets). *: p <.05; ***: p <.001.

Curvature Number of segments Orientation Constant
0.01 -0.70%** 1.04***
Convexities
[-0.04, 0.05] [-0.83, -0.57] [0.68, 1.40]
-0.05* 0.11 -0.40*
Concavities
[-0.09, -0.004] [-0.02, 0.23] [-0.77,-0.03]

Model: Response ~ 1 + Number of segments + Orientation + (1|ID) + (1 + 3RF + 5RF + 8RF|Phase)
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When comparing the matching judgments of the patterns used in both Experiments 1 and 2
(The rounded shape in Figure 1, and the 12 compound RF patterns in Figure 3 upper panel), these
patterns were matched to “Bouba” with a higher degree of consensus in Experiment 1 than in
Experiment 2. We therefore examined the participants’ overall binomial distributions between the
two alternative responses in each experiment. The total numbers of “Bouba” and “Kiki” responses
in Experiment 1 were 10,806 (51.7%) and 10,104 (48.3%), respectively (X?(1) = 23.57, p < .001,
Cohen’s w = 0.03), and those in Experiment 2 were 5,517 (49.7%) and 5,593 (50.3%), respectively
(X2(1) = 0.52, p = .47, Cohen’s » = 0.007). Hence, the participants in Experiment 2 tended to
equalize their “Bouba” and “Kiki” responses, and this tendency may have reduced the proportion of
“Bouba” responses for certain patterns, especially in the later two blocks tested with compound RF
patterns and commonly-used figures. That said, this tendency to balance “Bouba” and “Kiki”
responses should not influence our main conclusion that reversing each segment significantly
reduced the “Bouba” responses of convexities rather than concavities given that these segmental RF
patterns were tested within the first block in a random order.

3.3 Discussion

The goal in Experiment 2 was to examine whether interrupting the grouping process of
segmental RF patterns would influence participants’ sound-shape matching judgments. To do so,
the convexities or concavities were presented in either the original orientation (i.e., they can be
grouped into the compound RF pattern), or else in the reversed orientation (i.e., the grouping

process is interrupted). The results demonstrated that the convexities in the original orientation were
27
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predominantly matched to “Bouba”, while those in the reversed orientation became undetermined.

Hence, the proportion of “Bouba” responses was significantly reduced when the segment of the

convexities were reversed, suggesting that their grouping process is critical when making “Bouba”

judgments. In contrast, the concavities in either orientation were predominantly matched to “Kiki”,

and the matching responses were insensitive to reversing each segment. In addition, the proportion

of “Kiki” responses was increased when the number of segments increased. Combining these results

suggests whether and how segments were grouped was not essential when making “Kiki”

judgments.

The results of Experiment 2 therefore highlight a significant conclusion that, it was not the

rounded segments themselves (i.e., the convexities), but the smooth global contour constructed by

these segments gave rise to the matching judgment of “Bouba”. In contrast, the angular segments

(i.e., the concavities), no matter whether it was easy to construct a pattern with them or not,

remained predominantly matched to “Kiki”. Taken together, the pattern predominantly matched to

“Bouba” should satisfy two conditions: its local segments are rounded rather than angular, and

critically, these rounded segments can be integrated into a smooth global contour.

4. General Discussion

The present study examined the perceptual basis of the Bouba/Kiki effect. Specifically, as a

prototypical example of sound-shape correspondences, we examined whether the Bouba/Kiki effect

emerged at the level of local features or global contour in the pathway of visual information
28
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processing. We used segmental RF patterns to examine this issue, which constitutes a novel set of

visual stimuli in the literature on the Bouba/Kiki effect. Experiment 1 was an online study that the

participants viewed a visual pattern and judged whether “Bouba” or “Kiki” that they heard provided

a better match to the pattern. For the compound RF patterns that were predominantly matched to

“Bouba”, the participants were more likely to make the same response when viewing their

convexities rather than concavities. In addition, the proportion of “Bouba” responses increased

more rapidly when increasing segment length of convexities than concavities. These results

therefore demonstrate that the sound-shape matching of “Bouba” judgments was sensitive to the

factors modulating the perceptual grouping process of the segments. Experiment 2 was laboratory-

based, and the stimuli presented to each participant were carefully controlled. The “Bouba”

response was significantly decreased when convexities were reversed in which case the grouping

process was interrupted; in contrast, concavities were predominantly matched to “Kiki” irrespective

of their orientations. These results again suggest that the grouping process studied here is critical to

the Bouba/Kiki effect, and especially to the “Bouba” judgments. Taken together, we demonstrated

that the grouping process of convexities is critical for a pattern to be matched to “Bouba”. We

therefore suggest that the perceptual mechanism underlying the Bouba/Kiki effect is a perceptual

grouping process from local features to global contour, rather than simply a stage representing local

rounded or angular features. Hence, the Bouba/Kiki effect emerges in the visual feedforward

processing involving shape perception, the so-called “mid-level representation” (Hubel & Wiesel,

1962; Riesenhuber & Poggio, 1999; Serre et al., 2007; Van Essen & Gallant, 1994).
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In the present study, we mainly used the compound RF patterns matched to “Bouba” rather

than to “Kiki”; nevertheless, participants seemed to have no problem matching each pattern to

either “Bouba” or “Kiki” with similar probability over the whole testing session. These judgments

should not be random responses because we can predict participants’ matching judgments using

those factors that pertain to perceptual grouping (convexities/concavities and segment length in

Experiment 1, and convexities/concavities and segment orientation in Experiment 2). Interestingly,

while the segments which can be better grouped into a pattern were more likely to be matched to

“Bouba”, others being hard to group were predominantly matched to “Kiki” instead. These results

therefore question the relationship between the patterns matched to “Bouba” and “Kiki”,

respectively: Instead of being represented at the same level along a contrasting rounded-angular

dimension, they are plausibly represented hierarchically at more global and local levels. The latter

notion suggests that “Bouba” patterns are those with elements that are easily connected together and

then integrated into a smooth global contour, either following the simplicity principle (e.g.,

Schmidtmann et al., 2015) or the likelihood principle (Fantoni et al., 2005). That is, “Bouba”

patterns are the “good form” or “Pragnanz” when using the Gestalt psychology term (Todorovic,

2008; Wertheimer, 1938). In contrast, other patterns with jagged, fragmentary elements that are not

easily grouped into a simple shape would be matched to “Kiki” instead. In recent years, the

simplicity and likelihood principles are suggested to be conjointly quantified using Bayesian

approach (Froyen et al., 2015; Wagemans et al., 2012). The segmental RF patterns perhaps provide

a useful set of stimuli with which to test a hypothesis that convexities rather than concavities should
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lead to an optimal solution of boundary that is close to the original RF patterns efficiently. One

direction for future research is therefore to examine whether such a Bayesian approach can be

extended from visual to auditory perceptual grouping (e.g., Kubovy & Van Valkenburg, 2001), and

further to crossmodal perceptual grouping in a hierarchical framework (e.g., Froyen et al., 2015; see

Spence & Chen, 2012, for a discussion, and Rohe et al., 2019; Rohe & Noppeney, 2015, for

applications).

The hierarchical notion of “Bouba” and “Kiki” is perhaps useful to explain an interesting

observation in the Bouba/Kiki literature: In most studies, participants have been presented with both

rounded and angular patterns side-by-side, as well as typically hearing both sounds in each trial, and

they were asked for the better matching ways between the sounds and shapes (e.g., Bremner et al.,

2013; Holland & Wertheimer, 1964; Maurer et al., 2006). Hence, it is unclear whether both pairings

were matched equally well, or whether instead one pair might make more sense than the other.

However, when the participants are presented with only one pattern in each trial, the strength of the

sound-shape correspondences can be better elucidated (e.g., Chen et al., 2019). Using such a single

pattern procedure, the mapping between “Kiki” and spiky patterns is typically more reliable than

that observed between “Bouba’ and smooth patterns (as in the present study, Chen et al., 2016;

Nielsen & Rendall, 2011; Woods et al., 2013). Our conjecture is that when participants do not

perceive the pattern to be a good, simple pattern, they will tend to match it to “Kiki”. That is, the

variabilities in the perceptual grouping process within a particular participant group might

determine the consensuality of “Bouba” responses, but that of the “Kiki” responses was immune. It
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is therefore interesting to investigate whether different perceptual styles (e.g., holistic vs. analytic)

would explain any individual or cultural differences in the Bouba/Kiki effect in the future studies

(e.g., Chen et al., 2016).

Our results, showing that the Bouba/Kiki effect is underpinned by perceptual grouping process,

provides critical implications for the development and neural mechanisms underpinning this

phenomenon. Even though rudimentary forms of the Bouba/Kiki effect have been observed in early

infancy (Ozturk et al., 2013; Pejovic & Molnar, 2017; Walker et al., 2010), the group-level

consensus of this sound-shape mapping develops continuously until late childhood (Chow &

Ciaramitaro, 2019; Tzeng et al., 2017). This protracted developmental trajectory should partly

depend on the visual development of shape processing (e.g., Cribb et al., 2016). Furthermore, the

core center of shape perception is currently suggested to be located at V4 where neurons have larger

receptive fields that can pool local segments in various orientations and spatial frequencies into a

global contour (Gallant et al., 1996; Wilkinson et al., 2000). Hence, we would like to suggest that

those brain areas that are sensitive to the congruency of the Bouba/Kiki effect should start from V4

upwards in the ventral stream of visual pathway. A recent human neuroimaging study of the

Bouba/Kiki effect demonstrated that the activities in the ventral occipitotemporal regions associated

with visual processing were mildly modulated by the congruency of the sounds (Peiffer-Smadja &

Cohen, 2019). Our results should provide a more focal region of interest for future imaging studies

of the Bouba/Kiki effect.
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The Bouba/Kiki effect is suggested to be a basis for early language learning (Imai et al., 2015;

Monaghan et al., 2012; see Fort et al., 2018, for a review) and useful knowledge in product design

and marketing (Abel & Glinert, 2008; Chen et al., 2018; Ngo et al., 2011; Ngo et al. 2013; see

Spence, 2012, for a review). Another application is the sensory substitution device for the blind (see

Bach-y-Rita & Kercel, 2003; Deroy & Auvray, 2012, for reviews). Earlier vision-to-audition

sensory substitution devices typically decompose visual images into visual features and convert

them into auditory features using the already-known crossmodal correspondences (such as visual

elevation and auditory pitch, Capelle et al., 1998; Hamilton-Fletcher et al., 2016; Hanneton et al.,

2010; Meijer, 1992). The mid-level crossmodal correspondences that we have demonstrated here

might provide an alternative vision-to-audition coding scheme in that the complex visual shapes can

be directly converted into speech sounds.

4.1 Consistency between the laboratory and online study

We used an online study in Experiment 1 and a laboratory study in Experiment 2. The

advantage of online studies is that a large number of participants can be recruited in a short period

of time, and therefore the between-participant variables can be minimized; however, it is not

possible to control the parameters of stimulus presentation in online studies as in laboratory studies.

Nowadays, as the number of online participant pools and studies increase, researchers have also

demonstrated that the data obtained from online studies can be similarly reliable as laboratory

studies (Germine et al., 2012; Pauszek et al., 2017; Woods et al., 2015). Therefore, convergent

evidence from online and laboratory studies can hopefully strengthen the robustness and
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generalization of the conclusions. In the Bouba/Kiki effect specifically, Chen et al. (2016)

demonstrated that this effect is insensitive to the size of visual patterns, and similar results can be

observed in online and laboratory studies. In the current study, the modulation of the curvature

factor (convexities or concavities) on the Bouba/Kiki effect were reliably observed when using

either method. We therefore suggest that online studies provide useful and reliable tools with which

to examine the multi-faceted of the Bouba/Kiki effect and crossmodal correspondences.

5. Conclusion

Here we demonstrated that the Bouba/Kiki effect, specifically the patterns matched to “Bouba”

should be underpinned by the shape perception rather than feature level of visual information

processing. In future research it will be intriguing to examine whether any corresponding level in

the auditory information processing underpinning the Bouba/Kiki effect as well. Our results

provides critical implications to the development and neural mechanisms of the Bouba/Kiki effect,

as well as the possible applications in the fields of language learning, marketing, and sensory

rehabilitations.
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Appendix

To create unfamiliar but object-like contours, we used compound radial frequency (RF)
patterns in the current study (Schmidtmann et al., 2015). We summed three different RF
components, which were defined as follows:

Teompound(0) = Tmean(1 + A1sin(w,0+¢1) + Azsin(w,0 + ¢3) + Azsin(wz6 + ¢3) Eq.(A1)
In which rmean is the radius of the base circle, A is the modulation amplitude, o is the radial
frequency, and ¢ is phase of each RF component, respectively. We chose radial frequencies of 3, 5,
and 8. Six different amplitudes combinations (A1, A2, A3) were tested in which their sum equals 0.5:
(0.1,0.2,0.2), (0.2, 0.1,0.2), (0.2, 0.2, 0.1), (0.3,0.1,0.1), (0.1,0.3,0.1), and (0.1,0.1,0.3). Four phase
combinations (¢1,¢2, @3) were used: (-0.5, 0.5, 0), (0.5, -0.5, 0), (-0.25, 0.25, 0) and (0.25, -0.25, 0).
The manipulation of the phase produced the compound RF patterns having different rotation angles.

The segment length of the segmental RF patterns was defined as the percentage of the angles
that the compound RF pattern covered. When producing eight segments, the center of convexity and
concavity was based on that of RF8. While when producing five segments, the center of convexity
and concavity was based on that of RF5. The center of each segment corresponds to the peak of
each convexity or the valley of each concavity. The reverse of the segments was created using the
software Photoshop. Each segment was rotated 180 degrees along the radial axis.

Schmidtmann et. al (2015) have demonstrated that the segments of convexities play a more
critical role than concavities in recognizing the closed curvilinear shapes. In order to investigate
whether the stimuli used in Experiment 1 also exhibited such a superiority for convexities over
concavities when grouping these segments to construct a pattern, we adapted the match-to-sample
task (Schmidtmann et al., 2015).

Twenty-Five participants who were naive to the purpose of the study and did not participate
Experiments 1 and 2 took part in this study. The apparatus was the same as for Experiment 2. Two
factors were manipulated: curvature (convexities and concavities) and segment length (25%, 50%,

and 75%) (same as in Experiment 1). Thirty-six segmental RF patterns (6 amplitude combinations x
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2 curvature x 3 segment length) were created. Each segmental RF pattern was tested 30 times, giving
rise to a total of 1080 trials. The experiment took about 35 minutes to complete.

Each trial consisted of a 400 ms presentation of a segmental RF pattern as reference shape,
followed by a 300 ms blank interval, and then the simultaneous side-by-side presentation of two
compound RF pattern as target and distractor shapes. The target was the complete pattern of the
segmental RF pattern, and the distractors were randomly chosen from other compound RF patterns
that had been used in this experiment. The location of the target (on the left or right side of the display)
was randomly determined on a trial-by-trial basis. The target and distractors were presented until the
participants responded. In order to avoid the possibilities that participants used local cues (e.g.
distance between local features) to complete the matching task, the size of the target and distractors
were scaled by a random amount between -1/2 to +1/4 in size relative to the reference shape
(Schmidtmann et al. 2015). The participants had to match a segmental RF pattern to one of two
compound RF patterns (one target and the other distractor).

The results are shown in Figure ALl. We averaged the accuracy for all segmental RF patterns in
each participant. The mean accuracy across 25 participants was plotted against the segment length.
The squares represent the results for concavities, and the circles represent the results for convexities.
The error bars indicate +1 standard error of the mean. The mean accuracy data was submitted to a
two-way repeated-measure ANOVA. The main effect of curvature was significant (F(1,24) =4.81, p
< .05), where the accuracy was higher for convexities than concavities. The main effect of segment
length was also significant (F(2,48) = 231.00, p <.001). However, their interaction was not significant
(F(2,48) = 1.44, p = .25). These result therefore demonstrates that the segments of convexities were
easier to group and reconstruct into original compound RF patterns as compared to concavities, thus

replicating Schmidtmann et al.’s (2015) results.
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Figure Al. Mean accuracy of matching responses for segmental and compound RF patterns. The open circles

and orange dashed line represent the results for convexities, and the solid squares and blue solid line represent

the results for concavities. Error bars represent +1 standard error (SE) of the mean.
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