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S1. Frequency Domain Characteristics of the Speech Stimuli in Experiment 4 

In experiment 4, the auditory stimuli were the phonemes /o/ and /i/ which were articulated by 

a female voice for a duration of 200 ms. To analyze the frequency domain characteristics of 

the phonemes, we derived the frequency spectra (i.e., the power spectral density estimates) 

of the audio signals using the Welch method (sampling rate = 44.1 kHz, 1700 points, 50% 

overlap, see Fig. S1).  

The range of fundamental frequency (F0) of speech has been reported to be about 165 – 255 

Hz for human female adults (Fitch & Holbrook, 1970). In experiment 4 of the present study, the 

F0 of the vowel /o/ was 194 Hz, and the F0 for the vowel /i/ was 221 Hz (Fig. S1a). Moreover, 

the frequency spectra of the vowel sounds indicated that the vowel sound /i/ had a higher 

power spectral density in the high-frequency speech range (2 – 7 kHz) compared to /o/ (Fig. 

S1b). 

In addition to F0, peaks in the frequency spectral envelope of vowel sounds, known as 

formants, have been argued to play a critical role in sound-shape associations (Ćwiek et al., 

2021). In particular, the association between the phoneme /i/ and spiky visual shapes has been 

hypothesized to be driven by its considerably high second formant frequency (F2). Here, we 

additionally calculated the formant frequencies of the phonemes in experiment 4 using the 

formant estimation toolbox in MATLAB R2022a (Rabiner et al., 2023; The MathWorks Inc., 

2022). The parameters for formant estimation were as follows: linear predictive code system 

order = 32, frame length = 40 ms, frame shift = 10 ms, minimum valid pole radius = 0.9, and 
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formant distance threshold = 0.05. The analysis indicated that the mean estimates for the first 

and the second formants (F1, F2) for /o/ were (394 Hz, 892 Hz), and for /i/, (299 Hz, 2841 Hz). 

These values agree well with canonical formant frequency ranges reported for these vowel 

sounds (Peterson & Barney, 1952), and provide a quantitative corroboration of the observation 

that the phoneme /i/ had a higher power spectral density at higher speech frequencies 

compared to the phoneme /o/. 

Figure S1 

Frequency Spectra of the Vowels Sounds in Experiment 4 

a. 

 

b. 

 

Note. Power spectral density estimate for the vowel sounds /i / and /o/ used in experiment 4, calculated with the 

Welch method (sampling rate = 44.1 kHz, 1700 points, 50% overlap). a. The fundamental frequency for the 

phoneme /i/ was approximately 221 Hz, which was higher than that of /o/ (approximately 194 Hz). Note that the x – 

axis has the unit of kHz. B. The same plot with the x-axis ranging from 0 – 7 kHz. Higher power spectral density in 

the high-frequency speech range (2 – 7 kHz) can be observed for the vowel /i/ compared to the vowel /o/. 

S2. Sound-Size Association and Temporal Resolution: A Conceptual (Non-) 

Replication of Experiment 1 of Parise and Spence (2009)  

In the preregistered experiment 3 of the present study, we aimed to investigate whether sound-

shape association (SSA) modulates multisensory temporal resolution as reported in 

experiment 2 of Parise and Spence (2009), and whether such a modulation might be 

observable selectively for smaller visual stimuli. For this analysis, the factor congruence was 

defined based on SSA, that is, the constituent visual stimulus shapes and sound pitch. For 



3 
 

 

example, the combination of a spiky visual shape with a higher-pitched tone was coded as a 

congruent SSA combination, whereas a stimulus with a spiky visual shape and a lower-pitched 

tone was coded as an incongruent one (Table S2). The additional factor size allowed us to 

investigate whether visual stimulus size might modulate a hypothetical SSA congruence effect. 

We found no evidence that SSA modulated temporal resolution, irrespective of visual stimulus 

size (see Results: No Replication of Parise and Spence (2009) with Identical Nonparametric 

Tests in the article).  

Parise and Spence (2009) additionally reported that an association between auditory pitch and 

visual stimulus size (sound-size association) modulated multisensory temporal resolution akin 

to sound-shape association in the first experiment of the article. Replicating this experiment 

was not a central aim of our preregistered experiment 3. However, as we used different visual 

stimulus sizes, the data of this experiment allowed a conceptual replication analysis of 

experiment 1 of Parise and Spence (2009). For this analysis, the factor congruence was coded 

not based on the visual stimulus shape and the auditory stimulus pitch, as for the SSA analysis, 

but based on the visual stimulus size and the auditory stimulus pitch (Table S2). 

Table S2 

Visual and Auditory Stimulus Properties in the Preregistered Experiment 3 and the Operationalization of Sound-

Shape/Sound-Size Association 

Visual Stimulus 
Size 

Visual Stimulus 
Shape 

Auditory Stimulus 
Pitch 

Sound-Size 
Association 
Congruence 

Sound-Shape 
Association 
Congruence 

Small Smooth Low 0 1 

Small Smooth High 1 0 

Small Spiky Low 0 0 

Small Spiky High 1 1 

Large Smooth Low 1 1 

Large Smooth High 0 0 

Large Spiky Low 1 0 

Large Spiky High 0 1 

Note. For the sound-shape/sound-size congruence, 1 denotes a congruent, and 0 an incongruent combination. 

Collapsing across the visual stimulus shapes, we found no evidence that sound-size 

congruence modulated multisensory TOJ performance, Wilcoxon signed-rank test, median 
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ΔJND (IQR) = 1.16 (−9.40, 18.61) ms, Z = 0.511, p = .610. This result once again highlights the 

need for evidence synthesis and indicates that multisensory temporal resolution may be 

unaffected by higher-level associations beyond SSA. 

It is to be noted that Parise and Spence (2009) used circular visual stimuli respectively 

subtending visual angles of 2.1° and 5.2° as the smaller and the larger visual stimuli, whereas 

in our study, the two visual stimulus shapes employed for investigating SSA effects, each 

subtending 5.2°/10.4°, were used. If sound-size associations meaningfully modulated temporal 

resolution, we would expect to observe a generalization across different visual stimulus 

shapes, as well as a replication of this effect for a range of visual stimulus sizes. 

S3. No Evidence That SSA Modulates Reaction Times in a Temporal Order 

Judgement Task 

We tested whether SSA modulated reaction times (RT) for the temporal order judgement (TOJ) 

task in the preregistered experiment 3 (https://aspredicted.org/ip5ht.pdf). RTs were recorded 

with response buttons connected to a low-latency and low-jitter data acquisition system 

(NIDAQ – 6509, National Instruments, Austin, TX, USA). As in the main analysis, RTs less 

than 100 ms and greater than 3.0 s were discarded from the analysis. The RT vs. SOA plots 

revealed a characteristic slowing down of the RTs for lower SOAs (Fig. S3a). With a 

hierarchical generalized additive model (HGAM, Pedersen et al., 2019), we tested whether the 

RT vs. SOA curves were different across the different SSA conditions (congruent/incongruent) 

and visual stimulus sizes employed in the study (5.2°/10.4°). The general shape of the RT vs. 

SOA curves was modeled by utilizing a thin plate smooth spline with a loss function that aimed 

to minimize the absolute sum of squared values of the residuals and contained a penalty for 

the complexity (“wiggliness”) of the curve as well (Wood, 2017). In addition to the general RT 

vs. SOA curve, additional penalized thin plate smooth splines modeled the group-level 

differences to this general shape, one for each Congruence × Visual Stimulus Size condition. 

These group-level smooth splines were constrained to share the same wiggliness parameter 

(cf. Pedersen et al., 2019, “model GS”). The HGAM was fitted with the R library mgcv v1.8-42 

https://aspredicted.org/ip5ht.pdf
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running on R v4.2.2 (R Core Team, 2016; Wood, 2011). The result of the hierarchical model 

indicated that SOA had a nonlinear effect on RT, smooth term for SOA, F(8.172, 926.828) = 

90.65, p < 2×10–16 (Fig. S3b). In contrast, we found no evidence that any of the specific 

Congruence × Visual Stimulus Size conditions differed from this general shape, smooth term 

for Congruence × Visual Stimulus Size, F(1.084×10–5, 926.828) < 0.01, p = .989. In Fig. S3b, 

the predictions of the HGAM model for the four conditions are plotted. 

Figure S3 

Dependence of Reaction Times on Stimulus Onset Asynchrony and Sound-Shape Association in the Preregistered 

Temporal Order Judgement Task 

 

Note. a. Plot of mean reaction times (RT) against stimulus onset asynchronies (SOA) for congruent and incongruent 

SSAs in the preregistered experiment 3, n = 18, left panel: audiovisual presentations with a larger (10.4°) visual 

stimulus, right panel: audiovisual presentations with a smaller (5.2°) visual stimulus. Curves are separate 

generalized additive model estimates for each congruence and visual stimulus size, and the ribbons indicate 95% 

confidence intervals of the mean estimates. At each SOA, filled large circles indicate the mean RT, and the error 

bars show 95% confidence intervals of the means obtained by smoothed bootstrapping with Gaussian kernels 

(Wołodźko, 2019). Individual data points have been jittered for readability. b. Hierarchical generalized additive 
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model (HGAM) estimates for the four SSA Congruence × Visual Stimulus Size conditions. Grey ribbons indicate 

95% confidence intervals of the mean. A single curve is perceived due to the four estimates virtually completely 

overlapping. 

Previously, in an implicit association task, Parise and Spence (2012) reported slower RTs to 

stimuli containing incongruent compared to congruent SSA, a finding that has been repeatedly 

replicated after its discovery (Peiffer-Smadja & Cohen, 2019; Silva & Bellini-Leite, 2020). The 

current results argue that unlike implicit association tasks, TOJ task performance is not 

modulated by SSA. These behavioral results are consistent with the hypothesis that SSA does 

not lead to obligatory and general modulations of behavioral performance, but rather might do 

so in a task-specific manner. 
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