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Abstract

Until now, numerous studies have used stimuli containing Gabor patches and mod-

ulated tones to examine how auditory and visual information is combined and pro-

cessed. The current study uses such stimuli and investigates the roles of their phys-

ical parameters in defining perceived congruency.

In the past, the congruency between a Gabor patch and a tone was often de-

termined by matching the spatial frequency of a patch and a carrier or modulation

frequency of a tone. However, it is yet unknown whether this crossmodal corre-

spondence has an effect on (in)congruency in the case of dynamic (flickering or

drifting) Gabor patches. Besides, in cases when modulated tones are used (AM or

FM), the choice of modulation type often remains unsupported by empirical data,

as no comparative studies for AM- and FM-tones in the context of their effect on

audiovisual (in)congruency were conducted. Therefore, the objectives of the current

study were: (1) to investigate the perceived congruency in relatively long stimuli

(2 seconds) consisting of a Gabor patch and a modulated tone; (2) to compare the

perceived congruency of such stimuli with an AM-tone and an FM-tone; (3) to in-

vestigate the effect of static (spatial frequency of the patch and the carrier frequency

of the tone) and dynamic or temporal parameters on perceived congruency to define

the most prominent factors for congruency in such stimuli.

The present research examined Gabor patches of various spatial frequencies (2-10

cpd) with flickering or drifting gratings in combinations with AM- or FM-tones of

0.5 - 4 Hz modulation, and 500-, 1000- and 2000-Hz carrier frequencies. Data were

collected through experiments in which combinations of a Gabor patch and a tone

were rated on a scale from 1 (incongruent) to 7 (congruent). The results showed,

viii



first, that stimuli with a flickering Gabor patch and an AM-tone showed signifi-

cantly higher perceived congruency compared to stimuli with an FM-tone. Besides,

the effect was especially strong in stimuli in which the patch-flicker frequency and

the tone-modulation frequency were (almost) similar. Second, the dynamic param-

eters, such as the flickering (temporal) frequency of the patch and the modulation

frequency of the tone, played a prominent role in defining perceived congruency,

while static parameters had little or no effect. These findings were confirmed for

stimuli of different duration (1 - 4 seconds).

The results suggest that the temporal similarity between auditory and visual

components plays a prominent role in defining audiovisual (in)congruency. Ad-

ditionally, the similarity in the dynamics of auditory and visual components can

further enhance congruency. The crossmodal matching of the visual component’s

spatial frequency and the auditory frequencies, on the other hand, has no measurable

effect on the (in)congruency of dynamic stimuli.
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Chapter 1. General Introduction

We perceive the world around us through different senses, and most of the real-life

events are registered by more than one sense at the same time. This multisensory

nature of our perception is highly beneficial as it increases perception reliability by

compensating the limitations of one sense organ with abilities of the other, or by

utilising the redundant or complementary information from two or more senses. One

example of such perception enhancement is the improvement of speech intelligibil-

ity when the speaker’s face (lips) is visible compared to when the face is hidden

(Sumby and Pollack, 1954; Summerfield, 1992). In some cases, however, audiovi-

sual perception not only enhances, but alters the perception of the event. Some of

the most prominent examples of such crossmodal influence would be the McGurk

effect (McGurk and MacDonald, 1976), in which the perception of a spoken syllable

changes depending on the perception of visual information regarding lip movements

of the speaker. Another example is the stream/bounce illusion (Sekuler et al., 1997),

in which the visual movement of two objects is influenced by whether the stimulus

is accompanied by a sound or not.

Numerous studies have investigated human audiovisual integration using various

methods. The correct choice of stimuli for such experiments could be crucial in

getting reliable and meaningful results. One term that is often used to describe how

well auditory and visual stimuli work together is congruency. Various studies have

employed the idea that physically congruent and incongruent stimuli are processed

differently. This has often been expressed as a “congruency effect” that can be

observed and measured (see Spence, 2007). However, when the term “congruency”

is used, different features of audiovisual stimuli can be implied, such as temporal,
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spatial, or semantic features.

Congruency as a factor for the “Assumption of Unity”

Most of the events in the world are perceived through both vision and hearing, and

an ability to correctly match visual information with sound is crucial for successful

navigation and survival. Numerous studies investigated how event interpretation

and detection are affected by correspondence in stimulus parameters (Sumby and

Pollack, 1954; Bolognini et al., 2004; Iordanescu et al., 2010). The important impli-

cation of such crossmodal relationships is the “assumption of unity”. The “assump-

tion of unity” holds that a particular combination of temporal, spatial and semantic

parameters of sound and visual signals can provide clues that these signals pertain

to the same multisensory event (Welch and Warren, 1980; Chen and Spence, 2017).

“Congruent” stimuli in that case can be interpreted as stimuli that are perceived as

referring to one event, while “incongruent” audio and visual signals are perceived as

originated by separate events.

Temporal and spatial congruency

In the case of temporal congruency, most of the time when the term “congruency”

is used, simultaneity or synchrony is meant. In real life, sound and light from the

same event do not reach our senses at the same time, due to different propagation

times and due to differences in “central availability”, i.e., the differences in process-

ing time of sound and light in the brain. The study of the relation between physical

simultaneity and perceptual simultaneity starts by defining the point of subjective

simultaneity (PSS; Keetels and Vroomen, 2011). Tasks that are often used to mea-

sure PSS are the temporal order judgement task (TOJ) or the synchrony judgment

task (SJ). In both cases, participants are asked to judge the audio and visual signal

on their simultaneity: “sound first” or “light first” in case of TOJ, “synchronous”

or “asynchronous” in case of SJ. Depending on the method and the stimuli, PSS

for sound and light can differ and is observer specific (Jaśkowski et al., 1990; As-

2



chersleben and Musseler, 1997; Slutsky and Recanzone, 2001; Stone et al., 2001;

Zampini et al., 2003; Vatakis and Spence, 2006; Eijk et al., 2008; Kayser et al.,

2008;).

Similar to temporal congruency measurements, spatial congruency can be ex-

pressed by obtaining the point of subjective spatial alignment (PSSA; Lewald et al.,

2001; Miyauchi et al., 2014). It must be noted, however, that temporal and spatial

congruencies are interrelated, and spatial congruency is often studied in the context

of the temporal congruency or when temporal simultaneity of the studied stimuli

is implied. Commonly, both PSS and PSSA are in the center of a limited range of

stimulus characteristics (i.e., a temporal or spatial window) in which simultaneity

is perceived. In studies that consider both temporal and spatial factors of sound

and light, a spatiotemporal window is identified in which audiovisual integration can

happen, depending on both temporal and spatial congruency of the stimuli (Ber-

telson and Radeau, 1981; Radeau and Bertelson, 1987; Meredith et al., 1987; Stein

et al., 1988; Frens et al., 1995; Lewald et al., 2001; Hairston et al., 2003; Alais and

Burr, 2004; Zampini et al., 2005; Miyauchi et al., 2014). Congruency in spatiotem-

poral terms often refers to an assumption that the sound and light come from the

same location and originated at the same time. This assumption is closely related

to the “assumption of unity” that was described earlier.

Semantic or synaesthetic congruency

Compared to temporal and spatial congruency, semantic congruency is more chal-

lenging to define and measure, as it usually refers to stimulus components in terms

of their “identity and/or meaning” (Spence, 2011). The differentiation between se-

mantically congruent and semantically incongruent stimuli is quite clear when not

abstract, but meaningful stimuli are used - pictures of objects or text for visual

components, and environmental sounds or speech for auditory components. The

perfect example of such combinations is the Visual-Auditory Stroop task (Donohue

et al., 2013). In such tasks, a colour name is presented as a word on the screen with

3



a voiceover saying the same (congruent) or different (incongruent) colour.

The semantic congruency for abstract stimuli is more complex. Unlike temporal

and spatial congruency, semantic congruency is not defined by one parameter only.

The studies on such congruency often deal with a variety of features. For example,

in the study by Lipscomb and Kim (2004) participants were asked to rate how well

auditory and visual components matched in audiovisual stimuli. The results showed

crossmodal correspondence between vertical location and pitch, size and loudness,

and shape and timbre. Similar results were obtained by Evans and Treisman (2010),

who used a different method and demonstrated a correspondence between vertical

location and perceived pitch, and size and pitch. In the case of abstract stimuli,

the term “semantic” could not always be considered suitable. Therefore, in some

studies the term “synaesthetic” is used to refer to such crossmodal correspondence

(Spence, 2011).

Stimuli with Gabor patches and tones

Among the wide variety of stimuli that are used in studies on audiovisual interac-

tions, a vast number of researchers have used Gabor patches in combination with

various sounds to create audiovisual stimuli of certain congruency. Gabor patches

are considered to be the building blocks of our visual perception system (Figure 1.1;

Gabor, 1947; Watson et al., 1983). They are simple, yet have a range of parameters,

which when systematically varied, can create a great variety of visual stimuli with

clearly defined properties. These parameters are:

• spatial frequency,

• gratings orientation,

• contrast,

• phase,

• size.
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Figure 1.1: Examples of Gabor patches. Patches A and B have different spatial
frequencies, patches B and C have different gratings orientations.

As these parameters refer to static Gabor patches, in this dissertation they are

referred to as “static” parameters.

Besides static parameters that are described above, various dynamic changes can

be applied to the patch by systematically varying static parameters over time:

• gradual change of spatial frequency, creating a pulsating effect;

• gradual change of gratings orientation, creating a rotating effect;

• gradual change of contrast, creating a flickering effect;

• gradual change of phase, creating a drifting effect;

• various combinations of dynamic changes can create more complex effects, for

example a gradual change of spatial frequency and size, or spatial frequency

and contrast, creates stronger pulsating effects.

Parameters referring to as the dynamic changes of a Gabor patch, such as flickering

frequency or drifting speed, are referred as “dynamic” parameters in this disserta-

tion.

When creating an audiovisual stimulus using a Gabor patch, congruency with au-

ditory components can be achieved by matching these parameters with correspond-

ing parameters of a tone or noise, such as its spectral components or modulation

frequency.

5



Research on audiovisual congruency using a Gabor patch and a sound

Studies with short stimuli (<1 second)

Evans and Treisman (2010) specifically examined the effect of combinations of

Gabor patches and pure tones in order to answer a more general question concerning

the neural mapping between audio and visual features. The results demonstrated a

cross-modal correspondence between auditory pitch and visual position and between

pitch and spatial frequency. In that study, short stimuli with a duration of 120 ms

were used. The pure tones were of 1000 Hz (low) and 1500 Hz (high) frequency

and combined with Gabor patches of 2 cycles per degree (cpd), i.e., a low spatial

frequency, and 6 cpd, a higher spatial frequency. The combinations with a tone of

a high (low) frequency and a patch of a high (low) frequency were considered con-

gruent, while combinations with dissimilar frequencies were considered incongruent.

The congruent pairs demonstrated significantly shorter reaction times in a speeded

classification task.

Green et al. (2019) also demonstrated a crossmodal correspondence between a

spatial frequency of a Gabor patch and the frequency of a tone. However, results

demonstrated not an absolute relationship between visual and sound frequencies but

rather the correspondence between their ranges. The range of visual frequencies that

human eyes are most sensitive to was matched with the range of audio frequencies

that the human ears are most sensitive to.

The study of Guzman-Martinez et al. (2012) demonstrated a correspondence

between the spatial frequency of a Gabor patch and the modulation frequency of

amplitude modulated (AM) white noise. In this experiment, participants adjusted

the AM white noise to fit the presented Gabor patch of either 0.5, 2.0 or 4.5 cy-

cles/cm. The results demonstrated that participants “consistently and absolutely”

matched a certain modulation frequency to a Gabor patch of a certain spatial fre-

quency. A similar study (Orchard-Mills et al., 2013a, 2013b) confirmed the relations

between AM auditory stimuli and the spatial frequency of Gabor patches. However,

the exact matching between these two parameters varied in this study and the study

6



by Guzman-Martinez et al. For example, while in the study of Orchard-Mills et al.

(2013a) the stimuli with the visual component of 2 cycles/cm were matched with 3-

Hz modulated white noise, in the study by Guzman-Martinez et al. the same visual

component was matched with 6-Hz modulated white noise. In summary, cross-

modal correspondence was investigated mainly between the spatial frequency of a

Gabor patch and the frequency or modulation frequency of the tone or modulation

frequency of the noise, by using different experimental methods.

Following these studies, multiple researchers based their stimulus design on the

above-mentioned findings. For example, Heron et al. (2012), in research on time

perception, used short stimuli (20 ms) consisting of a Gabor patch of high (4 cy-

cles/degree) or low (1 cycle/degree) spatial frequency and a pure tone of high (2000

Hz) or low (500 Hz) frequency in order to create “contextually congruent and in-

congruent” pairs. An effect of congruency, however, was not observed.

In some cases, a similar principle for creating audiovisual pairs was used, i.e.,

a patch of high (low) spatial frequency was combined with a sound of high (low)

frequency, however, no assumption that these stimuli were naturally perceived as

congruent was made. A study on learning processes (Altieri et al., 2015) employed

6 pairs of Gabor patches and pure tones of 100 ms, in which Gabor patches of

higher spatial frequency were combined with pure tones with a higher frequency,

and these pairs were referred to as “previously unassociated”. It can be seen that

though the same matching principle was used in both above-mentioned studies (high

spatial frequency was matched with the high audio frequency), the utilisation and

interpretation of the resulting stimuli were different.

Studies with longer stimuli (> 1 second)

Most of the short (up to a second) stimuli consisting of a Gabor patch and a

sound used a pure tone as auditory part with a static Gabor patch, but in the case

of longer stimuli, dynamic changes to both visual (Gabor patch) and auditory parts

were often introduced. For example, in a study by Schall et al. (2009), congruency

between the Gabor patch and the auditory stimulus was created by simultaneous

7



temporal dynamics - the Gabor patch spanned 180 degrees, and the frequency of

the tone was modulated between 200 Hz and 300 Hz. In congruent conditions,

the so called “trajectory” of these changes were the same, while in incongruent

conditions they were different. A similar idea was used in a study by Guttman

et al. (2005) where visual rhythm was created by presenting a Gabor patch that

reversed in contrast over some random periods of time. This visual rhythm was

combined with the auditory rhythm consisting of clicks. Congruent pairs were the

combinations of these rhythms where visual contrast reversals and auditory clicks

coincided. Another visual rhythm was created by Covic et al. (2017) by introducing

a flickering and a pulsating Gabor patch consisting of spatial frequency changes

and a frequency modulated (FM) tone. So for relatively long stimuli, the perceived

congruency was most often induced by synchronous dynamic changes of the patch

and a sound.

Multiple studies have employed a variety of dynamic Gabor patches with modu-

lated tones, however, the empirical data on the perceived congruency of such stimuli

are lacking. One of the features that was often used, but rarely tested, is the sound

modulation type. The most commonly used types of modulations are amplitude and

frequency modulations. In the previously mentioned studies (Guzman-Martinez et

al., 2012; Orchard-Mills et al., 2013a, 2013b), the frequency of AM white noise

was matched with a spatial frequency of a static patch. Interestingly, in a study

by Orchard-Mills et al. (2013a) the search benefits persisted even for the stimuli

where the spatial frequency of the Gabor patch did not match the tone-modulation

frequency. Hence, the matching between the visual and sound frequencies was not

the source of the benefit. However, in the study by Guzman-Martinez et al. (2012)

the congruency effect was observed for stimuli with the tone-modulation frequency

that matched the spatial frequency of the Gabor patch. Evidently, sound modu-

lation affects the perceived congruency of audiovisual stimuli, however, this effect

may vary in different contexts and for different stimuli. It might be assumed that

in case of FM-tones, similar effects could take place, however, no empirical data on
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the congruency of stimuli with FM-tones are available.

Suppose there are two stimuli with similar visual components but with auditory

components that vary in modulation type (for example, AM and FM). Given that the

modulation frequency is the same, their frequency content is still different (Schorer,

1986; Tsumura et al., 1990). In that case, would the stimuli with identical visual

components and modulated tones, that differ only in modulation type but not the

modulation frequency, be perceived as equally congruent? Fujisaki et al. (2005),

in a study on audiovisual synchrony, used both AM- and FM-tones and combined

them with a flickering Gaussian blob and a rotating Gabor patch correspondingly to

induce temporal congruency. These stimuli showed similar results in visual search

tasks, however, the individual effects of AM- and FM-tones could not be conclusively

assessed here, as these tones were combined with different visual stimuli.

To summarise, although the AM- and FM-tones were widely used in audiovisual

integration studies, no study assessed the effect of modulation type on perceived

congruency by comparing the stimuli with an AM- or an FM-tone of the same

modulation frequency and identical visual components. Furthermore, the design of

relatively long (over 1 second) stimuli with Gabor patches and modulated tones has

been often based on creating a temporal synchrony of dynamic changes between the

visual and the auditory components of the stimuli. The nature of these changes,

however, is somehow vague with no empirical evidence of perceived congruency

level in these cases. The available data of perceived congruency of stimuli consisting

of a Gabor patch and a tone mostly concern short (less than a second) stimuli.

Whether matching principles that are applicable for short stimuli consisting of a

Gabor patch and a sound also hold for longer stimuli remains unknown. Besides,

the congruency of the stimuli was most often studied by assessing congruency effect,

i.e., analysing the changes in response time or temporal window of integration in

speed classification or search tasks (Evans and Treisman, 2010; Guzman-Martinez

et al., 2012; Orchard-Mills et al., 2013a; Green et al., 2019). However, it is unknown

whether stimuli examined in these studies are actually perceived as congruent or
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incongruent by participants, as no (in)congruency judgement was explicitly asked

from participants. Also, the level of perceived (in)congruency of such stimuli was

never assessed, though it can be assumed that certain stimuli could evoke stronger

perceived congruency (or incongruency) than others.
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1.1 General objectives and research plan

The stimuli consisting of a Gabor patch and a modulated tone are widely used to

investigate the mechanisms of audiovisual integration and congruency perception.

For these purposes, such stimuli are often varied on congruency levels, where certain

combinations of a Gabor patch and a modulated tone are considered congruent, and

others incongruent. The justification of such categorisation is often found in studies

of relatively short stimuli (≈100 ms), in which Gabor patches and tones or modu-

lated noises demonstrated certain crossmodal correspondences between parameters

of a static Gabor patch and a frequency of a tone. However, the exact effect of

these parameters on perceived congruency in other contexts and conditions, i.e., in

longer or dynamic stimuli, remains unknown. Besides, in the case of modulated

tones, the type of modulation is often chosen arbitrarily, and no comparison studies

on amplitude and frequency modulation in such stimuli are available.

The current research aims to investigate the effect of modulation type, specifi-

cally amplitude and frequency modulation, on the perceived congruency of stimuli

consisting of a modulated tone and a Gabor patch. This study employs non-static

visual stimuli consisting of flickering and drifting Gabor patches. A wide variety of

crossmodal parameters will be explored and compared, including the comparison of

potential effects from physical (dis)similarities between static parameters, i.e., the

spatial frequency of the patch and a carrier frequency of the tone, and dynamic

(temporal) parameters, such as flickering frequency or drifting speed of the patch

and modulation frequency of the tone.

Perceived audiovisual (in)congruency is obtained through rating experiments in

which participants are asked to rate the stimuli on an (in)congruency scale. On this

scale, higher ratings correspond to higher perceived congruency, while lower ratings

correspond to stronger incongruency. The average ratings for different groups of

stimuli are evaluated and compared.

The main objective of this dissertation is to define the parameters that affect the
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perceived congruency of Gabor patches and modulated tones, i.e, (1) to compare

the perceived congruency evoked by AM- and FM-tones in stimuli consisting of a

Gabor patch and a modulated tone; (2) to confirm whether static parameters have

an effect on perceived congruency in the presence of dynamic changes in relatively

long audiovisual stimuli (2 seconds), as it was demonstrated for short stimuli with

a static Gabor patch (Evans and Treisman, 2010; Green et al., 2019); and (3) to

assess the effect of correspondence between the physical frequencies of the auditory

and the visual components of the stimuli on perceived audiovisual congruency.

1.2 Structure of the dissertation

Chapter 2 describes a pilot study (Experiment 1) that employs a wide variety of

Gabor patches and modulated tones in order to, first, investigate whether the mod-

ulation type (AM or FM) had any effect on the perceived congruency, and second,

to identify the parameters of Gabor patches and tones that affect perceived congru-

ency. This experiment defined the direction of the current study and the framework

of Experiments 2-4.

The goal of Chapter 3 was to confirm and further explore findings described in

Chapter 2, namely the advantage of AM-tones over FM-tones in evoking perceived

congruency with Gabor patches, and the role of temporal (dis)similarities in estab-

lishing congruency between visual and auditory components. For these purposes

the initial parameters of stimuli were adjusted to create audiovisual stimuli in which

auditory and visual components were of similar temporal frequencies. Besides, the

experimental application was modified and a fixation point was introduced.

Chapter 4 investigates the effect of carrier frequency of modulated tones on

perceived audiovisual congruency and further describes the effect of modulation

type. For the purpose of the study, tones of various carrier frequencies were added

to the stimulus pool. The special focus was on the crossmodal correspondence

between the spatial frequency of the Gabor patch and the carrier frequency of the

tone, which was observed in the previous studies.
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Chapter 5 explores whether stimulus duration had an effect on perceived audio-

visual congruency. Stimuli with a duration that was shorter and longer than used

in Experiments 1-3 were employed and their (in)congruency ratings were compared.

This chapter aims to answer the question of whether the stimulus duration could

affect the perceived congruency or amplify/weaken the effects of static and dynamic

parameters.

Chapter 6 summarizes the findings of the current study and provides a discussion

based on individual and cumulative results of the previous chapters, and includes

suggestions for future study.
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Chapter 2. Experiment 1. Pilot study

2.1 Introduction

To clarify the role of different parameters of visual and auditory components of

the audiovisual stimuli on perceived (in)congruency, the following experiment was

developed and conducted. The main purpose of the experiment was to investigate

the effect of tone modulation (AM and FM) on perceived congruency. It was hy-

pothesised that if modulation type affects the congruency, the difference in average

perceived (in)congruency ratings between audiovisual stimuli containing AM and

FM tones could be observed.

According to previous studies (Evans and Treisman, 2010; Guzman-Martinez

et al., 2012; Orchard-Mills et al., 2013a; Orchard-Mills et al., 2013b), the spatial

frequency of the Gabor patch can evoke differences in perceived congruency in com-

binations with different tones. In order to clarify and compare the roles of different

parameters on perceived congruency, a wide range of stimulus parameters was used.

The choice of parameters was done in a way so that it overlaps with previously

mentioned studies. The main focus was on the following features: a) the modula-

tion type of the tones, b) spatial frequency of the Gabor patches, and c) temporal

(dis)similarities between these auditory and visual components.

As the interest of the study was perceived congruency, the stimuli were rated

directly by participants. Average ratings were calculated for the groups of stimuli

aggregated by different parameters or parameters’ pairs. Analysis of such groups

were conducted to define which parameters played prominent roles in establishing the

congruency. The results of this pilot study became the foundation of this dissertation
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and defined the direction of the subsequent experiments.

2.2 Method

2.2.1 Participants

Initially 15 persons participated in Experiment 1. One participant was excluded

prior to the experiment due to a self-reported visual impairment. The other 14 par-

ticipants reported normal or corrected-to-normal vision and normal hearing. Among

them 8 were males, 6 were females. The mean age was 28 years (SD = 6). Twelve

out of 14 were Kyushu University students, and 2 were recruited from outside of the

university.

Prior to the experiment, all participants were given an explanation about the

purpose of the experiment and they received written instructions about the pro-

cedure. Each participant provided written informed consent. The experiment was

conducted with prior approval of the Ethics Committee of Kyushu University.

2.2.2 Apparatus

The experiment was conducted in a dim-lit and sound-attenuated (less than 27 dBA

in quiet) experiment booth. The illuminance at the participant level was measured

with a TOPCON IM-1000 lux meter and was as follows: below 0.05 lx for a black

screen, 1 lx for the grey background of the experiment’s application and 2.97 lx for

the white screen.

The experiment procedure was controlled from outside the booth through a Mac-

Book computer (MacBook Pro Early 2015). The application for the experiment pro-

cedure was developed with PsychoPy3 Experiment Builder (Peirce et al., 2019, see

Appendix A for the application description). The visual stimuli were presented us-

ing a CRT monitor (Iiyama HF703U E, 16 inches). The sound was passed through

a D/A converter (Behringer U-Phono UF0202), a filter (NF DF-3BL; cut-off fre-

quency 14 kHz), and a headphone amplifier (STAX SRM-323A), and presented to
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Figure 2.1: Experiment settings

participants binaurally through headphones (STAX SR-307) with maximum sound

level of the stimuli set to 57.8 dB (the full information on sound measurements see

Appendix C). To ensure simultaneity of the audio and visual signals, the calibration

was conducted by using a multi-channel oscilloscope (IWATSU DS-5314). The full

calibration procedure is described in Appendix B. Each participant was asked to

place their head on a head-and-chin rest in order to fixate the distance from the

monitor (57 cm) and to ensure a constant observation angle.

To eliminate distractions during the experiment, the monitor was set inside a

tunnel-like black cover and a front black cover for the monitor designed such that

all parts of the front side of the monitor, except the display, were covered with black

carton paper (Fig. 2.1). Participants were also asked to cover their hands with black

cloth, to avoid distractions caused by the reflection of light from their watches or

red LED light from the optical mouse.

2.2.3 Experiment application and procedure

The experiment consisted of 500 trials and was divided in two parts conducted on

different days. Each part consisted of 5 sessions of 50 trials each with 3-minute

breaks between the sessions.

The rating scale that was used in the experiment was designed based on a 7-

Points Likert Scale. The number of points on the scale was chosen so that it allowed

to collect the ratings with high precision (3 levels of congruency and 3 levels of incon-
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gruency) and included a neutral answer option. A value was assigned to every point

on the scale from 1 (“incongruent”) to 7 (“congruent”). Point 4 represented the neu-

tral response. Thereby, high ratings correspond to stronger perceived congruency,

while low ratings correspond to stronger perceived incongruency.

Each participant received an instruction (see Appendix E) with detailed descrip-

tion of the experiment flow, information about pauses and breaks between trials,

and expected completion time. The main task was formulated in the instruction as

follows: “Please, choose the most appropriate rating for the seen stimulus from 1 to

7, where “1” is completely incongruent and “7” is perfectly congruent.” During the

experiment, only the rating scale with the word “incongruent” written on the left

side of the scale, and the word “congruent” written on the right side of the scale

appeared (Fig. 4 in Appendix A). In cases when participants needed a clarification

on what congruency meant, the following explanation was given: “how well auditory

and visual parts work together”.

The flow of the experiment is presented in Figure 2.2. Every trial started with a

2-second pause after which the fixation point appeared, indicating where the stimuli

would be located. The fixation point was visible for 1 second followed by 1 sec-

ond pause, after which the stimulus appeared and lasted for 2 seconds. After the

stimulus, there was another 2-second pause, after which the rating scale appeared.

Answering time was not limited, but as soon as the response was recorded the trial

was over. Participants had to confirm that they were ready for the next trial by

clicking the mouse for the second time (“Click for next” message appeared on the

screen).

Time (s)0 s 2 s 3 s 4 s 6 s 8 s

duration 2 s

1 s

1 s

2 s

2 s

Response

Figure 2.2: Trial flow of Experiment 1.
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The experiment started with a practice session during which the experimenter

was inside the experiment room together with the participant (the experiment was

performed before the COVID-19 outbreak, May 2019). This session consisted of

5 trials, randomly selected for each participant from the pool of all trials. After

completion of the practice session, the experimenter left the room.

2.2.4 Stimuli

Every stimulus consisted of a Gabor patch and a tone. The stimuli had a duration

of 2 seconds.

Gabor patches

All Gabor patches were 2×2 degrees in visual angle in size with a Gaussian envelope,

and consisted of black-and-white sinusoidal gratings with the peak luminance at

9.53 cd/m2 (white) and the minimum at 0.01 cd/m2 (black) on a grey background

(2.78 cd/m2). The full measurements done prior to the experiment are presented in

Appendix C.

The stimuli consisted of Gabor patches varied across the following parameters:

• spatial frequency (Fig. 2.3), measured in cycles per degree (cpd): 2, 4, 6, 8,

and 10 cpd

2 cpd 4 cpd 6 cpd 8 cpd 10 cpd

Figure 2.3: Example of the stimuli used in Experiment 1 consisting of Gabor patches
with a spatial frequency of 2, 4, 6, 8 and 10 cps.
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• dynamic mode:

– Flickering. A “Flickering” effect was created by gradually changing the

luminance contrast of the patch from 0 to 1 and back (Fig. 2.4 A). The

phase was changed by π when the patch became invisible (luminance

contrast = 0). Flickering Gabor patches varied in flickering frequencies:

0.5, 1, 2, 3 and 4 flickers per second.

– Drifting. The gratings in the Gabor patches drifted from left to right.

This effect was created by gradually changing the phase of the sinusoidal

grating (Fig. 2.4 B). Drifting Gabor patches varied in drifting speed: 0.5,

1, 1.5, 2 and 2.5 degrees per second.

t

A

B

t

The direction of drifting

Figure 2.4: Example of a flickering Gabor patch (A) and a drifting Gabor patch (B)
as used in Experiment 1.

The Gabor patches were generated by the experiment application in real time

during the experiment. The full information about the stimulus generation proce-

dure and a code are presented in Appendix A.

Tones

Amplitude-modulated (AM) and frequency-modulated (FM) tones with the follow-

ing parameters were used in this experiment:
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• carrier frequency: 1000 Hz;

• rise and fall time: 500 ms, with a cosine-shaped ramp;

• modulation:

– AM,

– FM;

• modulation depth:

– for AM: 1 amplitude (the signal changed between the original intensity

and 0);

– for FM:±80 Hz, half a critical band width for a 1000 Hz tone (Zwicker,

1961);

• modulation frequency (same for AM- and FM-tones): 0.5, 1, 2, 3 and 4 Hz.

The set of modulation frequencies was the same as the set of flickering fre-

quencies for flickering Gabor patches.

Auditory stimuli were generated before the experiment (44100 Hz sampling fre-

quency, 16 bit quantization) and called by the application during the experiment.

The scripts that were used to generate the audio files are presented in Appendix D.

The consolidated table with all parameters for Experiment 1 and the subsequent

experiments is presented in General Discussion on page 86 in Figure 6.1.

All together there were 50 different patches (25 flickering Gabor patches: 5 spatial

frequencies × 5 flickering frequencies, and 25 drifting Gabor patches: 5 spatial

frequencies × 5 drifting speeds) and 10 different tones (5 modulation frequencies ×

2 modulation types, AM and FM), resulting in 500 possible combinations of Gabor

patches and tones with the described parameters. Each participant rated each of

them once, excluding the 5 random stimuli that appeared in the practice session

(practice session ratings were not included in the analysis of the results).
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2.3 Results

As the main purpose of the experiment was to define the difference in percep-

tion evoked by tones with a different type of modulation, the average perceived

(in)congruency ratings were calculated separately for stimuli with AM- and FM-

tones, and then compared.

Another purpose was to define which parameters of the stimuli, or more specif-

ically what combinations of a visual parameter and an auditory parameter of the

stimuli, influenced perceived congruency. As Gabor patches had two parameters

that were varied (spatial frequency and flickering frequency, or spatial frequency

and speed), different grouping principles were applied in order to determine which

parameter played a more important role in perceived (in)congruency. It can be as-

sumed that if some parameter or a crossmodal combination of parameters affects

the perceived congruency, then the average ratings of the stimuli grouped by these

parameters will demonstrate some difference between those groups, and the differ-

ence will be greater between groups aggregated by parameters with a stronger effect

on the congruency.

Flickering and drifting Gabor patches were analysed separately as they had dif-

ferent physical parameters. Nevertheless, the same statistical methods were used

for both stimulus types. Also, as the obtained data were not normally distributed,

as confirmed with the Kolmogorov-Smirnov test of normality, non-parameteric tests

were used to compare the ratings of different groups. Below, the results are first

described for flickering Gabor patches, and then for drifting Gabor patches. This

structure is kept throughout the dissertation.

2.3.1 Flickering Gabor patches

Tone modulation

The average ratings between the stimuli containing AM-tones and FM-tones were

compared using the sign-test. The results demonstrated a significant difference
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between the stimuli containing AM-tones and corresponding stimuli containing the

same visual component and the FM-tone of the same modulation frequency: Nplus

= 745, Nminus = 452, Z = -8.440, p < 0.001, where stimuli containing AM-tones

evoked higher perceived (in)congruency ratings than stimuli containing FM-tones.

Spatial frequency

According to the previous studies, spatial frequency and tone frequency (perceived

pitch) demonstrated cross-modal correspondence (Evans and Treisman, 2010). There-

fore, given that we were using only one carrier frequency for all our tones, Gabor

patches of certain spatial frequency could potentially have stronger correspondence

with these tones than others. In order to check that, we calculated the average

ratings across all stimuli with a flickering Gabor patch (Figure 2.5).

congruent

incongruent

neutral

average ratings

spatial frequency

Figure 2.5: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

The average ratings for stimuli with a Gabor patch with different spatial frequen-

cies demonstrated that participants did not have any preferences towards any spatial

frequency in terms of perceived congruency. All the average ratings regardless of

the spatial frequency occupied roughly the middle of the rating range: 4.38-4.49
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for AM-tones, 3.93-4.17 for FM-tones. However, the results in Figure 2.5 clearly

demonstrate that stimuli with AM-tones scored higher on the rating scale, and the

effect was consistent for stimuli with visual components of all spatial frequencies.

Based on previous findings, we can also assume that Gabor patches of a certain

spatial frequency can evoke different perceived congruency when combined with

tones of different modulation frequencies (Guzman-Martinez et al., 2012; Orchard-

Mills et al., 2013a; 2013b). Therefore, (in)congruency ratings for both spatial fre-

quency of the Gabor patch and the modulation frequency of the tone were combined

for analysis. As it can be seen in Figure 2.6, some of the combinations scored higher

than others, however, no clear rating pattern can be observed and the difference

between the groups was not statistically significant (based on 95%-confidence in-

tervals, Figure 2.6). Here too, we can clearly see the difference between AM- and

FM-stimuli, and the difference is greater for the stimuli with auditory components

of higher modulation frequencies. In summary, spatial frequency of the Gabor patch

had no clearly distinguishable effect on perceived (in)congruency.

Flickering frequency

The temporal synchronicity between the visual and the auditory component of a

stimulus can play a prominent role in establishing congruency (Munhall et al.,

1996; Fujisaki et al., 2005). Similar to previous research, as expected, perceived

(in)congruency was strongly affected by similarity or dissimilarity between the tem-

poral frequencies of the auditory (modulation frequency) and the visual (flickering

frequency) part of the stimuli. Figure 2.7 shows the average ratings with 95%-

confidence intervals around the mean. For a better demonstration of the rating

pattern, a grayscale heatmap is also presented in Figure 2.8.

In contrast to groupings by spatial frequency with roughly no difference between

the groups’ ratings, grouping by flickering and modulation frequencies demonstrated

a wide range of average rating values - from significantly congruent (significantly

above 4 as shown by the 95%-confidence interval around the mean) to significantly
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congruent

incongruent

neutral

Figure 2.6: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

incongruent (significantly below 4). As expected, the combinations of a Gabor

patch and a modulated tone with similar temporal frequencies received significantly

higher ratings (see Figure 2.7 and Figure 2.8 for average ratings values and 95%-

confidence intervals around the mean) than the combinations of auditory and visual

components whose temporal frequencies did not coincide. This is true for both AM-

and FM-tone stimuli.

The maximum ratings for stimuli with certain modulation frequencies were al-

ways achieved when these stimuli contained a Gabor patch of the flickering fre-

quency equal to this modulation frequency. However, it can be noticed that the
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congruent

incongruent

neutral

Figure 2.7: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

Figure 2.8: Results of Experiment 1, presented as a grayscale heatmap. Average
perceived (in)congruency ratings of stimuli consisting of a flickering Gabor patch
and an AM- or FM-tone. The colour demonstrates the degree of (in)congruency:
grey - high (in)congruency rating, white - low (in)congruency rating.

stimuli whose flickering frequency and modulation frequency were not equal, but

whose patch-flickering versus tone-modulation ratio could be expressed as a whole

25



number, for example, 1 flicker/s and 0.5 Hz, or 1 flicker/s and 2 Hz, got still higher

ratings than the stimuli who’s flickering-modulation ratio was a fraction, for exam-

ple 2 flicker/s and 3 Hz. This relation can be expressed and illustrated using the

formula for “logarithm of the frequencies ratio” (LFR):

LFR = log2

tone modulation frequency

flickering frequency
(2.1)

Using this formula, the stimuli of equal LFR were aggregated and the average

ratings were calculated. The resulted function is presented in Figure 2.9.

congruent

incongruent

neutral

Figure 2.9: Results of Experiment 1. Average ratings of stimuli consisting of a
flickering Gabor patch in combination with an AM- or an FM-tone aggregated per
LFR (spline interpolation is applied).

The highest average rating was as expected at the point of LFR = 0, i.e., where

the tone-modulation frequency and the Gabor patch-flickering frequency were equal.

Two roughly symmetrical spikes can be also observed at the point where LFR =

1 and -1, thus where the tone-modulation frequency was exactly double or half

the flickering frequency. The local minimums are located at the points where the

logarithm is a fraction, for example, for a stimulus with a Gabor patch of 3 flicker/s

and a modulated tone of 2 Hz. For these combinations, the temporal mismatch was

the strongest. That is, apart from the simultaneous beginning and the end of the

signal, none of the other changes in the tone and the patch coincided.

We can also see that AM-tones had higher ratings compared to stimuli with FM-

tones, especially at the points of a local maximum (-1, 0, 1). Almost no difference
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is seen at points where LFR is a fraction, i.e., in between -1 and 0, and 0 and 1 at

local minimum points.

To summarise, flickering Gabor patches in combination with modulated tones

received higher ratings when combined with AM-tones. The most prominent factor

that defined the congruency of these audiovisual stimuli was the similarity of their

temporal frequencies: similarity in the flickering frequency of the Gabor patch and

the modulation frequency of the tone. The difference between AM- and FM-tone

stimuli was especially profound in perceptually congruent combinations of a Gabor

patch and a tone.

2.3.2 Drifting Gabor patches

Tone modulation

Similarly to the previous analysis, firstly the ratings for audiovisual stimuli with

either an AM- or FM-tone were compared using a sign test. The results showed that

stimuli containing a drifting Gabor patch also evoked higher perceived congruency

when in combination with an AM-tone rather than with an FM-tone (sign test:

Nplus = 701 , Nminus=540, Z = -4.542, p < 0.001).

The analysis of the stimuli with modulated tones of different frequencies demon-

strates that stimuli with higher tone-modulation frequencies (AM or FM) received

higher average (in)congruency ratings. The only exceptions to that tendency were

the stimuli containing tones with a modulation frequency of 0.5 Hz, which were

rated as high as the stimuli containing the highest modulation frequency tones of 4

Hz. The average ratings for stimuli with tones of different modulation frequencies

are presented in Figure 2.10.

Figure 2.10 also shows that similarly to the stimuli with a flickering Gabor patch,

stimuli with a drifting Gabor patch with higher ratings demonstrate greater differ-

ence between AM- and FM-tones. Table 2.1 shows a positive correlation between the

average ratings (AM and FM together) and the difference between average ratings

of stimuli containing AM- and FM-tones.
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congruent

incongruent

neutral

average ratings

modulation frequency

modulation
AM
FM

0.5 Hz 1.0 Hz 2.0 Hz 3.0 Hz 4.0 Hz

Figure 2.10: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

Table 2.1: Results of Experiment 1. The difference between average ratings of
stimuli with an AM- and FM-tone and a drifting Gabor patch.

Modulation frequency
Average ratings

(AM and FM)

Difference between ratings

of stimuli with AM- and FM-tones

1.0 Hz 3.985 -0.21

2.0 Hz 4.23 -0.04

3.0 Hz 4.73 0.28

4.0 Hz 5.02 0.36

0.5 Hz 5.045 0.33

Spatial frequency

Next, as the second objective of this study, the analysis of the average ratings for

the groups of stimuli containing Gabor patches of different spatial frequencies was

conducted (Fig. 2.11). In contrast with flickering Gabor patches, we can see a

tendency to rate stimuli with a drifting Gabor patch slightly different depending on

their spatial frequency. The ratings were higher for the patches with a lower spatial

frequency and lower for the patches with a higher spatial frequency This tendency

can be observed for both stimuli with AM- and FM-tones, but FM-stimuli were rated

a bit lower than AM-stimuli for most of the spatial frequencies, demonstrating the

difference between AM- and FM-tones that was described in the beginning of this
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section (sign test for stimuli with AM- and FM-tones: Nplus = 701 , Nminus=540, Z

= -4.542, p < 0.001).

congruent

incongruent

neutral

average ratings

spatial frequency

Figure 2.11: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

The average ratings for the stimuli grouped by their spatial frequency and mod-

ulation frequency were also calculated. The results are presented in Figure 2.12

and Figure 2.13. The tendency to rate low-spatial frequency stimuli with higher

perceived (in)congruency can be also seen here for all modulation frequency-tones

except those with a 0.5-Hz modulation.

Speed

Next it was checked if drifting speed affected the perceived congruency. Figure 2.14

demonstrates that stimuli with different drifting speeds were rated quite equally

overall. The 95%-confidence intervals suggest that there were no significant differ-

ences between stimuli.

As a third objective of the experiment, similarly to the analyses of flickering

patches, we calculated the average ratings for the stimuli aggregated by temporal

parameters of both the visual and the auditory component, thus for drifting speed

and modulation frequency. As can be seen based on the 95%-confidence intervals

around the mean in Figures 2.15, no clear rating pattern demonstrating the cor-
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congruent

incongruent

neutral

Figure 2.12: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

Figure 2.13: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The colour
demonstrates the degree of (in)congruency: grey - high (in)congruency rating, white
- low (in)congruency rating.

respondence between the speed and the modulation frequency or any significant

difference in ratings between stimuli containing patches of different speed can be

observed.
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congruent

incongruent

neutral

average ratings

speed, degree/s

Figure 2.14: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

congruent

incongruent

neutral

Figure 2.15: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

31



Temporal frequency

Additionally, in the case of drifting stimuli, one derivative parameter should be

considered: temporal frequency. In the case of flickering Gabor patches, temporal

frequency is the frequency of the contrast change of the whole patch, where every

point of a patch changes its contrast simultaneously with others. In the case of

drifting Gabor patches, the frequency of luminance fluctuations at one point caused

by drifting of black and white gratings should be considered. The temporal (or local

flickering) frequency of one such point can be expressed using the following formula

(Ashida and Osaka, 1995):

Temporalfrequency = spatialfrequency × speed (2.2)

Every point of the Gabor patch retinal image flickers with such temporal fre-

quency, therefore it might be assumed, that this local flickering frequency is also

registered.

The average ratings for the groups of stimuli aggregated by temporal frequency

of the drifting patch and the modulation frequency of the tone are presented below

in Figure 2.16.

The analysis of data for stimuli aggregated by temporal frequency of a Gabor

patch and a modulation frequency of a tone showed a potential pattern similar

to the one we observed with flickering Gabor patches. Upon a closer view, the

following can be noticed: first, for a modulation frequency of 1 Hz, the maximum

rating was achieved for stimuli with a temporal frequency of 1 flicker per second

for both AM- and FM-tones. Second, for stimuli with a modulation frequency of

2 Hz, the maximum (in)congruency rating was achieved for stimuli consisting of 2

flicker/s for AM and 3 flicker/s for FM (second high score for 2 flicker/s). Third, for

a modulation frequency of 3 Hz the maximum (in)congruency rating was achieved

for stimuli consisting of 6 flicker/s for AM, with the second highest for stimuli

consisting of 3 flicker/s. Finally, for a modulation frequency of 4 Hz the maximum
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Figure 2.16: Results of Experiment 1. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The colour
demonstrates the degree of (in)congruency: grey - high (in)congruency rating, white
- low (in)congruency rating.

(in)congruency rating was achieved for stimuli with 8 flicker/s for AM and 9 flicker/s

for FM. As can be noticed, similarity of the frequencies seems to play an important

role here: the highest congruency is obtained with stimuli containing an auditory

and visual component of similar frequencies, i.e., high (low) modulation frequency

of the tone and high (low) temporal frequency of the patch. Besides, the numerical

values of these auditory and visual frequencies are often (almost) the same or their

ratio is a whole number.

Based on these results we can assume that temporal frequency could also play

a role in perceived (in)congruency for drifting patches. Similarly to the flickering

Gabor patches, stimuli with a drifting Gabor patch received higher ratings when

the modulation frequency of the tone and the temporal frequency of the patch were

the same or their ratio was a whole number. This analysis, however, cannot lead to

a definitive conclusion as the number of cases for some frequencies was too low to

produce statistically valid results. This flaw was fixed in the next experiments.

To summarise, stimuli with a drifting Gabor patch also demonstrated higher

perceived (in)congruency ratings for the stimuli containing an AM-tone compared

to stimuli containing an FM-tone. Also, the analyses showed that spatial frequency
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of the Gabor patch affected the perceived (in)congruency ratings. However, this

effect could be related to the effect of temporal frequency of a drifting Gabor patch

and its’ (dis)similarity to the modulation frequency of the tone. This should be

investigated further in the next experiments.

2.4 Discussion

The first objective of the experiment was to to compare the perceived (in)congruency

evoked by AM- and FM-tones. The results demonstrated that the stimuli containing

an AM-tone evoked higher perceived congruency than stimuli with FM-tones, and

the difference was significant for both stimuli with a flickering patch and stimuli with

a drifting patch. The more detailed analysis also showed that AM- and FM-tones

demonstrated similar rating patterns for groups of stimuli aggregated by visual or

auditory parameters. Furthermore, stimuli with AM-tones showed higher ratings

compared to FM-tones especially for congruent stimuli, with ratings significantly

above 4 (the rating-scale midpoint). This was also observed in the analysis of the

LFR parameter for stimuli with a flickering Gabor patch (Figure 2.1), where points

of local and global maximums showed higher ratings for stimuli with AM-tones

than for ratings with FM-tones, while local minimums showed almost no difference

between the ratings.

Second, the roles of stimulus parameters in evoking perceived congruency were

investigated, and specifically if crossmodal correspondence that was reported in

the previous studies (Evans and Treisman, 2010; Guzman-Martinez et al., 2012;

Orchard-Mills et al., 2013a; 2013b) had any effect on perceived (in)congruency rat-

ings. In case of stimuli with a flickering Gabor patch, analysis of visual parameters

showed that spatial frequency had no observable effect on the average ratings in

the presence of dynamic changes. In case of stimuli with a drifting Gabor patch,

the spatial frequency of the patch demonstrated an effect on perceived congruency

where stimuli with a Gabor patch with low spatial frequency were rated higher than

stimuli with a patch with high spatial frequency. Regardless of the parameters of
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the tones, participants preferred the stimuli with low spatial frequencies.

Third, the dynamic parameters of the Gabor patch (flickering frequency and

speed) and their effect on perceived congruency were analysed. In case of stimuli

with a flickering patch, it was observed, that temporal similarity, i.e., similarity

between flickering frequency of the patch and the modulation frequency of the tone,

played a prominent role in establishing congruency. Besides, when peaks and troughs

of dynamic changes coincided partially, for example, when the flickering frequency

of the patch was twice as high as the modulation frequency of the tone and vice

versa, an increase in average ratings could also be seen (Figure 2.7, 2.8 and 2.9). The

analysis of the stimuli with a drifting Gabor patch demonstrated that similarities

between the temporal frequency of the patch and the modulation frequency of the

tone yielded ratings higher than for other stimuli, however, the effect did not reach

significance (according to 95% confidence intervals). It should be taken into account,

though, that in this experiment the temporal frequencies of Gabor patches were in

the range of 1 - 25 flickers/s with medium 8, while modulation frequencies of tones

were in the range of 0.5 - 4 Hz. Therefore, there were no “perfect” combinations

for patches with high spatial frequency in terms of the auditory component with

an equal temporal (modulation) frequency in this experiment, resulting in lower

average ratings for such drifting stimuli. Similarly, as there were more combinations

with higher temporal frequencies (see Figure 2.16), the higher ratings were also

shifted towards higher modulation frequencies. This was clarified in the following

experiments.

Considering these findings, it can be concluded that the effect of crossmodal

correspondence was not confirmed here.

Limitations of the study

First, though this pilot study employed a wide range of stimuli, the analysis showed

that the range that was used might not have fully satisfied the purposes of the

study. In the analysis of the drifting Gabor patches it was noticed that the temporal
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frequencies of most patches were much higher than the modulation frequency of the

tones. The range of temporal frequencies of Gabor patches was from 1 flicker/s to

25 flicker/s, while the tones were modulated only by 0.5 Hz to 4 Hz.

Second, another issue related to the analysis of temporal frequencies concerns

the presentation of the stimuli. All the stimuli were presented with no fixation point.

Therefore it might be assumed that when the stimuli with a drifting Gabor patch

were presented, participants moved their gaze to follow the grating’s drift. This

stimulus tracking potentially could decrease the effect of temporal frequency of the

drifting Gabor patch on perceived congruency as on the retina this patch would

appear as a static image. The presentation of the fixation point would fix the gaze

and enhance the local flickering effect of the Gabor patch, because for a given point

on the retina the temporal frequency of the Gabor patch would be equal to the

flickering frequency at this particular point.

Finally, it should be noted that this study mainly focused on the effect of pa-

rameters such as the spatial and temporal frequency of the patch and modulation

type and frequency of the tone.

2.5 Conclusions

• AM-tones evoked significantly higher perceived congruency with Gabor patches

compared to FM-tones, and the difference between ratings was higher for stim-

uli rated as “congruent” (significantly higher than “4”, the scale midpoint).

• Stimuli containing a flickering Gabor patch demonstrated significantly higher

ratings when temporal frequencies, i.e., the flickering frequency of the Gabor

patch and the modulation frequency of the tone, were similar than when they

were dissimilar.

• Stimuli containing a drifting Gabor patch of low spatial frequency received

higher (in)congruency ratings than stimuli with a patch of high spatial fre-

quency.
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Chapter 3. Experiment 2. Effect of tone modulation

type and temporal (dis)similarity

3.1 Introduction

To further clarify perceived (in)congruency of Gabor patches and AM- and FM-

tones, Experiment 2 was conducted. The results of the previous experiment demon-

strated that AM-tones in combination with Gabor patches evoked higher perceived

congruency than FM-tones. Besides, the temporal (dis)similarity between a tone

and a patch showed a greater effect on perceived (in)congruency than static features

such as the spatial frequency of a patch in case of flickering Gabor patches. In case

of drifting Gabor patches, however, some effect of spatial frequency of the Gabor

patch on perceived congruency ratings was observed. Therefore, the objectives of

Experiment 2 were the same as the objectives of Experiment 1: first, to compare

the perceived congruency evoked by AM- and FM-tones; second, to confirm whether

static parameters (spatial frequency) have an effect on perceived congruency in the

presence of dynamic changes; and finally, to assess the effect of dynamic parameters

of the stimuli (flickering or temporal frequency of a patch and modulation frequency

of a tone) on perceived congruency.

In the previous experiment, the analyses of temporal frequencies showed that

temporal (dis)similarities had a strong effect on perceived congruency in case of

flickering Gabor patches. For drifting Gabor patches conclusive results were not

found, due to incompatibility between the visual and auditory parameters: the tem-

poral frequency range of the patches did not coincide with the temporal frequency

range of the tones. This issue was addressed in this experiment, and the parameters
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of the Gabor patches and the tones were adjusted so as to match their ranges.

Furthermore, a fixation point was introduced below the stimuli. In the previous

experiment no fixation point was used. Therefore, it can be assumed that drifting

gratings of the patch caused involuntary tracking of the gratings. In that case the

reflection of gratings on the retina is static with only a small possible effect of

temporal frequency. When participants use the fixation point, the gaze is fixed and

the image on the retina is changing so that one particular point on it is flickering

with a frequency equal to the temporal frequency, i.e., speed × spatial frequency. It

was hypothesised that in that case the effect of temporal frequency of the drifting

Gabor patch and its (dis)similarity with the modulation frequency of the tone should

be stronger.

3.2 Method

The method was the same as in Experiment 1 with some minor differences, which

are described below.

3.2.1 Participants

Fourteen participants (8 males, 6 females) took part in the experiment. The mean

age was 28 years old, SD = 6 years. All reported normal or corrected-to-normal

vision and normal hearing. Thirteen out of 14 participants were university stu-

dents and 1 was recruited from outside of the university. Prior to the experiment

each participant received instructions and an explanation about the purpose of the

experiment and the procedure. All agreed to participate and provided written in-

formed consent. The experiment was conducted with prior approval of the Ethics

Committee of Kyushu University.
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3.2.2 Apparatus

Experiment 2 was conducted in the same sound-attenuated experiment booth as

Experiment 1 and employed the same apparatus (see section 2.2.2 for detailed de-

scription). The illuminance at the participant level was measured with a TOPCON

IM-1000 lux meter and was 2.7 lx for the white screen, 0.9 lx for the grey background,

and less than 0.1 lx for the black screen. The application used in Experiment 2 was

based on the original application developed for Experiment 1 with some necessary

changes, in order to meet the criteria for the new experiment and to eliminate some

of the limitations of the previous experiment. The main change was for the inclusion

of the fixation point during stimuli presentation (see the full description in Appendix

A).

3.2.3 Experiment application and procedure

Experiment 2 consisted of 108 trials divided in 4 sessions conducted on the same

day with 3-minute breaks in between.

Instruction was given to the participants prior to the experiment with the de-

tailed description of the experiment flow and explanations on how to navigate the

application (see Appendix E for the instruction example). One of the main points

in the instruction was the request to keep the eyes on the fixation point throughout

the trial. The main task was expressed as follows: “Every stimulus consists of a

visual pattern (Gabor patch) and an auditory signal of 2 seconds long. There are

pauses before and after the stimuli. 1 second before the stimulus the fixation point

will appear, please, fixate your gaze on it. The stimuli will appear above the fixation

point, however, do not move your gaze from the fixation point. The gaze should

be at the fixation point through the whole time of the trial - before and during ap-

pearance of the stimuli . . . After each stimulus, a rating scale will appear. Please,

choose the most appropriate rate for the seen stimulus from 1 to 7, where “1” is

completely incongruent and “7” is perfectly congruent”.
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The flow of Experiment 2 is presented in Figure 3.1. The trial started with a

3-second pause during which nothing appeared on the grey screen, giving partici-

pants time to prepare for the stimuli. One second before the stimuli the fixation

point appeared. The stimulus was located 2 visual degrees above the fixation point

and lasted for 2 seconds, after which both the stimulus and the fixation point dis-

appeared. The rating scale appeared 2 seconds after the stimulus. As soon as the

response was registered, the scale disappeared. Participants were offered to click the

mouse one more time to confirm they were ready for the next trial. As soon as the

click was received, the next trial started.

Time (s)0 s 3 s 4 s 6 s 8 s

duration 3 s

1 s 2 s

Response2 s

Figure 3.1: Trial flow of Experiment 2

Every experiment session started with a practice session, during which the ex-

perimenter was in the same room with the participant to ensure everything was

understood and to answer questions in case they appeared (the experiment was

performed before the COVID-19 situation, November 2019). Also, for each partic-

ipant the importance of keeping the eyes on the fixation point during the trial was

emphasised during the practice session. Some of the participants initially reported

that it was challenging not to move their gaze along with patch gratings, but after

5 practice trails everyone confirmed that they could do it with no excessive efforts.
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3.2.4 Stimuli

Similar to the previous experiment, every stimulus of Experiment 2 consisted of a

Gabor patch and an AM- or FM-tone (see table in Figure 6.1 on page 86 of General

Discussion section for the consolidated table on the parameters in all Experiments).

Gabor patch

The Gabor patches were 2×2 degrees in size with a Gaussian envelope. The lumi-

nance of the sinusoidal gratings ranged from 9.47 cd/m2 (white) to 2.87 cd/m2 (the

same as the grey background) and 0.02 cd/m2 (black).

Gabor patches varied across the following parameters:

• spatial frequency: 2 cpd, 3 cpd and 4 cpd;

• dynamic mode:

– flickering: 2, 3 and 4 flickers/s;

– drifting: 0.5, 1.0 and 1.5 degrees/s.

Gabor patches were generated by the application in a real time during the ex-

periment.

Tones

The AM- and FM-tones used in Experiment 2 were similar to the ones used in

Experiment 1 with the following parameters:

• 1000-Hz carrier frequency;

• 500-ms rise and fall time with a cosine-shaped ramp;

• modulation: AM and FM;

• modulation depth:

– for AM: 1 amplitude;
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– for FM: ±80 Hz, half a critical band width for a 1000-Hz tone (Zwicker,

1961);

• modulation frequency: 2 Hz, 3 Hz and 4 Hz. The modulation frequency

was the same for AM- and FM-tones, and they were similar to the flickering

frequency of flickering Gabor patches.

The tones were generated prior to the experiment using J-language script (see

appendix D for the script details).

3.3 Results

3.3.1 Flickering Gabor patches

Tone modulation

With regard to the first objective of this experiment, a sign test for all corresponding

pairs of stimuli containing AM- and FM-tones, confirmed the findings of Experiment

1: the perceived congruency of a flickering Gabor patch and a modulated tone was

higher for stimuli containing an AM-tone, than for stimuli containing an FM-tone

(Nplus = 163, Nminus = 113, Z = -2.950, p = 0.003). The detailed analysis of this

effect in different groups of stimuli, and the effects of other parameters on perceived

congruency is presented below.

Spatial frequency

With regard to the second objective, namely the clarification of the roles of static

parameters on perceived congruency, the analysis showed that in Experiment 2,

spatial frequency also did not affect the perceived congruency ratings of Gabor

patches and modulated tones (Fig. 3.2) [χ2 (df=2, N= 252) = 0.127, p = 0.94].

The analyses of the stimuli aggregated by the spatial frequency of a Gabor patch

and modulation frequency of a tone is presented in Figure 3.3. Based on previous

findings, it can be assumed that Gabor patches of a certain spatial frequency can
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congruent

incongruent

neutral

Figure 3.2: Results of Experiment 2. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

evoke differences in perceived congruency in combination with tones of different

modulation frequencies (Guzman-Martinez et al., 2012). However, no significant

effect of spatial frequency of the flickering Gabor patch was found [2-Hz tone mod-

ulation frequency: χ2 (df=2, N= 84) = 0.696, p = 0.71; 3-Hz tone modulation

frequency: χ2 (df=2, N= 84) = 0.095, p = 0.95; 4-Hz tone modulation frequency:

χ2 (df=2, N= 84) = 0.577, p = 0.75].

congruent

incongruent

neutral

Figure 3.3: Results of Experiment 2. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.
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Flickering frequency

With regard to the third objective of this experiment, i.e., the clarification of the role

of the dynamic parameters on perceived congruency, the analyses of stimuli aggre-

gated by their visual and auditory temporal frequencies, according to the flickering

frequency of a Gabor patch and the modulation frequency of a tone, demonstrated

the same rating pattern that was observed in Experiment 1. The 95%-confidence

intervals around the mean in Figure 3.4 demonstrate that groups of stimuli with

similar temporal frequencies received significantly higher congruency ratings than

stimuli with dissimilar visual and auditory temporal frequencies. The highest ratings

for all modulation frequencies were given to the stimuli where modulation frequency

equals the flickering frequency of the Gabor patch, for example in a stimulus with a

2-Hz tone and 2-flicker/s Gabor patch. The lowest ratings were given to the stimuli

in which the difference between the visual and the auditory temporal frequencies

were maximum: such as in stimuli with a 2-Hz tone and 4-flicker/s Gabor patch,

and 4-Hz tone and 2-flicker/s Gabor patch.

flickering frequency, flicker/s

congruent

incongruent

neutral

Figure 3.4: Results of Experiment 2. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

Furthermore, here too the stimuli with high congruency ratings demonstrated

the largest difference between stimuli with AM-tones and stimuli with FM-tones.
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A prominent effect of tone modulation (AM or FM) could be observed especially

for the stimuli containing 2-Hz tones (Figure 3.4). A sign test performed for these

stimuli confirmed the statistically significant advantage of amplitude over frequency

modulation: Nplus = 58, Nminus = 35, Z= -2.281, p = 0.02. A more detailed analysis

demonstrated an even stronger effect for the group of stimuli containing only stimuli

in which the flickering frequency of the patch and the modulation frequency of the

tone were the same: 2-flicker/s Gabor patch and 2-Hz tone: Nplus = 29, Nminus =

7, Z = -3.500, p < 0.001. Similar analyses conducted for stimuli containing tones

of 3-Hz and 4-Hz modulation frequency demonstrated a similar tendency, however

the effect was not statistically significant: for stimuli with a 3-Hz tone: Nplus = 54,

Nminus = 40, Z = -1.341, p = 0.18; for all stimuli with a patch of 3-flicker/s and

a 3-Hz tone: Nplus = 19, Nminus = 12, Z = -1.078, p = 0.28; for all stimuli with a

4-Hz tone: Nplus = 51, Nminus = 38, Z = -1.272, p = 0.20; for stimuli with a patch

of 4-flicker/s and a 4-Hz tone: Nplus = 19, N- = 9, Z = -1.701, p = 0.09.

Figure 3.5 demonstrates the ratings of stimuli grouped by their LFR (logarithm

of the frequency ratio, formula 2.1). The roughly symmetrical function with the

peak at the point LFR = 0 and lower values on the sides (LFR = -1 and LFR = 1)

is similar to the function observed in Experiment 1. It can be also noticed that the

points with the highest difference between ratings of AM and FM stimuli are located

in the center, while on the sides the average ratings are almost equal. The sign test

over the stimuli with LFR = 0 showed a highly significant difference between stimuli

with AM-tones and stimuli with FM-tones: Nplus = 67, Nminus = 28, Z = -3.899, p

< 0.001.

The results demonstrated in Figure 3.5 slightly differed from the results in Ex-

periment 1 (Figure 2.9). In Experiment 1 the stimuli with LFR = 1 or -1, i.e,

the stimuli whose patch-flickering frequency was exactly half or double of the tone-

modulation frequency, received higher ratings than the stimuli with LFR in between

-1 and 0, and 0 and 1. We see a different tendency here, where congruency ratings

of stimuli with LFR between -1 and 0, and between 0 and 1, are not lower than the
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ratings of the stimuli with LFR = 1 or -1.

congruent

incongruent

neutral

Figure 3.5: Results of Experiment 2. Average ratings of stimuli with a flickering
Gabor patch in combination with an AM- or an FM-tone aggregated per LFR (log-
arithm of the frequencies ratio).

To summarise, Experiment 2 confirmed the main findings of Experiment 1: most

of the stimuli containing an AM-tone received higher perceived congruency ratings

compared to stimuli containing an FM-tone and the effect was especially strong for

stimuli containing a 2-Hz modulated tone. Also, stimuli with an equal auditory

and visual temporal frequency received the highest ratings and demonstrated the

strongest effect of AM- over FM-modulation on perceived audiovisual congruency.

3.3.2 Drifting Gabor patches

Tone modulation

With regard to the first objective of the study, similarly to the analysis in Experi-

ment 1, for stimuli containing a drifting Gabor patch, the difference between stimuli

with AM- and FM-tones was assessed. The average ratings for stimuli with a drift-

ing Gabor patch and an AM-tone were higher than for stimuli with an FM-tone,

however, here the effect of modulation type on the perceived congruency ratings did

not reach statistical significance: Nplus = 152, Nminus = 143, Z = -0.466, P = 0.64.
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Spatial frequency

With regard to the second objective, i.e., the clarification of the roles of static

parameters on perceived congruency, the average ratings over spatial frequency of

the drifting Gabor patch are presented in Figure 3.6. Contrary to the results of

Experiment 1, here there was no tendency that stimuli with a Gabor patch with a

low spatial frequency were rated higher.

congruent

incongruent

neutral

Figure 3.6: Results of Experiment 2. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

As it can be seen in Figures 3.6 and 3.7, there were no wide variations in the

average (in)congruency ratings between stimuli in which the spatial frequency of

a patch and the modulation frequency of a tone were different. However, stimuli

in which the Gabor patch had a relatively high spatial frequency received higher

congruency ratings in combinations with a tone with a higher modulation frequency,

both AM and FM. This effect reached significance in stimuli with modulated tones

of 4 Hz [χ2 (df=2, N=84) = 11.970, p = 0.003], but not in stimuli with modulated

tones of 2 Hz [χ2 (df=2, N=84) = 3.024, p = 0.22] or 3 Hz [χ2 (df=2, N=84) =

0.185, p = 0.91]. Separate analyses of the stimuli with AM- and FM-tones showed

that the effect of spatial frequency on congruency ratings was stronger in stimulus

pairs containing 4-Hz FM tones than 4-Hz AM tones, although the effect tended

towards significance for the latter as well [FM 4 Hz: χ2 (df=2, N=42) = 7.75, p =
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0.02; AM 4 Hz: χ2 (df=2, N=42) = 4.762, p = 0.09].

congruent

incongruent

neutral

Figure 3.7: Results of Experiment 2. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

Speed

Next, the effect of dynamic parameters of the Gabor patch, namely the effect of

speed and temporal frequency, was assessed. Figure 3.8 demonstrates the average

ratings over drifting speed of a Gabor patch, with 95%-confidence intervals around

the mean. A statistically significant effect of drifting speed can be clearly observed:

stimuli with a higher patch-speed received higher ratings (χ2 (df = 2, N = 252)=

29.728, p < 0.001).

More detailed analysis of the effect of the drifting speed and tone-modulation

frequency showed that the (dis)similarities in temporal characteristics of the audi-

tory and visual components, affected perceived congruency (Figure 3.9). The results

for stimuli with a modulation frequency of 3 Hz and of 4 Hz demonstrate a rating

pattern similar to the one in Figure 3.8: when combined with a Gabor patch with

a higher drifting speed, the perceived congruency was higher. For the stimuli con-

taining a 4-Hz modulated tone, based on the 95%-confidence intervals, the stimuli

containing 1.5-degree/s Gabor patch were rated significantly higher than the stimuli

with 0.5-degree/s Gabor patch.

48



congruent

incongruent

neutral

Figure 3.8: Results of Experiment 2. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

congruent

incongruent

neutral

Figure 3.9: Results of Experiment 2. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

The Friedman test results comparing stimuli containing different modulated

tones demonstrated a significant difference between (in)congruency ratings for stim-

uli with a 1.5-degree/s Gabor patch, where stimuli containing a 2-Hz tone were rated

lower than stimuli with other tones: (χ2 (df = 2, N = 84) = 15.643, p < 0.001),

and for stimuli with a 0.5-degree/s Gabor patch, where stimuli containing a 4-Hz

tone were rated higher than stimuli containing a 2-Hz tone: χ2 (df = 2, N = 84)

= 11.006, p = 0.004). No significant difference was found for the groups of stimuli

containing a 1.0 degree/s Gabor patch: χ2 (df = 2, N = 84) = 0.768, p = 0.68.

Therefore it might be concluded that compared to static parameters of the patch
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(spatial frequency), the dynamic parameters, i.e., speed, had a stronger effect on

perceived congruency for stimuli used in Experiment 2.

Temporal frequency

As it was described in section 2.3.2 (subsection “Temporal frequency”), the drifting

Gabor patch can be considered as a set of separated points that flicker with the

same flickering frequency, but have a gradual phase shift between them. The local

flickering frequency is calculated using Formula 2.2 (page 32) and referred to as

temporal frequency (Ashida and Osaka, 1995). The average ratings of the groups

of stimuli aggregated by temporal frequencies of the drifting Gabor patches and

modulation frequencies of the tones are presented in Figures 3.10 and 3.11. These

results demonstrate rating tendencies that are similar to those observed for the

stimuli with a flickering Gabor patch.

The stimuli with a patch with a low temporal frequency and a tone with a high

modulation frequency received the lowest average (in)congruency ratings. However,

when the temporal frequency of the patch and the modulation frequency of the tone

were approximately similar, (in)congruency scores were higher.

For temporal frequencies of 4.5 flicker/s and 6 flicker/s the differences between

ratings of stimuli in combinations with different modulation frequencies was statis-

tically significant as shown by Friedman test: for 4.5 flicker/s χ2 (df = 2, N = 28)

= 13.196, p = 0.001; for 6 flicker/s χ2 (df = 2, N = 28) = 8.696, p = 0.01. In both

cases (in)congruency ratings were significantly higher for stimuli containing a 4-Hz

modulated tone compare to stimuli with a 2-Hz and a 3-Hz tone. The differences

between ratings of the stimuli with Gabor patches of 1 flicker/s temporal frequency

bordered on significance: χ2 (df = 2, N = 28) = 5.839, p = 0.05 (the stimuli con-

taining a 4-Hz modulated tone received lower ratings compare to stimuli with other

tones). The results for other temporal frequencies demonstrated similar tendencies,

but did not reach statistical significance: for 1.5 flicker/s χ2 (df = 2, N = 28) =

3.554, p = 0.17; for 2 flicker/s χ2 (df = 2, N = 56) = 3.813, p = 0.15; for 3 flicker/s
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congruent

incongruent

neutral

Figure 3.10: Results of Experiment 2. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

Figure 3.11: Results of Experiment 2. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The colour
demonstrates the degree of (in)congruency: grey - high (in)congruency rating, white
- low (in)congruency rating.

χ2 (df = 2, N = 56) = 3.857, p = 0.15; for 4 flicker/s χ2 (df = 2, N = 28) = 0.375,

p = 0.83.
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To summarise, the results could not confirm the advantages of AM-tones over

FM-tones in evoking perceived congruency in stimuli with a drifting Gabor patch

and a modulated tone. However, the importance of (dis)similarity in the temporal

frequencies between the patch and the tone was demonstrated clearer in Experiment

2 compared to Experiment 1. Also, contrary to the results of Experiment 1, here the

spatial frequency demonstrated no effect on perceived (in)congruency ratings, while

drifting speed showed a significant effect on ratings as a stand-alone parameter as

well as in combination with modulation frequency.

3.4 Discussion

The method and the objectives of Experiment 2 were the same as the objectives of

Experiment 1.

The first objective of Experiment 2 was to compare the perceived congruency of

stimuli with an AM-tone and stimuli with an FM-tone. The results of Experiment

2 demonstrated that AM-tones evoked higher perceived congruency in stimuli with

a flickering Gabor patch compared to FM-tones in most of the cases. Furthermore,

here too the strongest effect of modulation type was observed for the congruent

groups of stimuli, i.e., stimuli with the average ratings significantly higher than 4

(midscale) based on 95%-confidence intervals. This can be clearly seen for stimuli

aggregated by flickering frequency of the patch and modulation frequency of the tone

(Figure 3.4), as well as in Figure 3.5 that demonstrates the LFR function for AM-

and FM-tones, and where the highest difference between average ratings of stimuli

with AM- and FM-tones can be seen at the point of LFR = 0, i.e., where modulation

frequency of the tone is equal to the flickering frequency of the patch. It is logical to

assume that while modulation creates temporal congruency with a flickering Gabor

patch, amplitude modulation enhances it. Regardless of the modulation type, stimuli

with (dis)similar auditory and visual temporal frequencies were often given a low

rating (below 4), and modulation type had no significant effect on the ratings in that

case. On the other hand, in the case of stimuli that were mostly rated as “congruent”
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(stimuli with similar patch-flickering and tone-modulation frequencies), the ratings

were even higher in cases where stimuli contained an AM-tone compared to stimuli

with an FM-tone.

In the case of drifting Gabor patches, the difference between ratings of stimuli

with AM-tones and FM-tones was not confirmed. The ratings for stimuli containing

AM-tones were on average higher than the ratings of the stimuli containing FM-

tones, however, the difference did not reach statistical significance in that case.

The second objective of Experiment 2 was to confirm whether spatial frequency

(a static parameter) had an effect on perceived congruency. In Experiment 1 the

stimuli with a Gabor patch of a lower spatial frequency were rated higher than

stimuli with a higher spatial-frequency patch. However, in Experiment 2 the anal-

ysis demonstrated no difference between groups of stimuli with a different spatial-

frequency patch. The tendency that was observed in Experiment 1 might have been

related to the temporal frequency effect, and the fact that stimuli in Experiment 1

were not well balanced in terms of temporal frequencies of drifting Gabor patches

and modulated tones. In Experiment 1 only stimuli with a low-frequency Gabor

patch could be combined with a tone of a similar frequency. Therefore, these stim-

uli had an advantage, and as a result they received on average higher ratings. In

Experiment 2 the parameters of the Gabor patches and modulated tones were ad-

justed in a way that made temporal frequencies of Gabor patches and modulated

frequency of the tones approximately in the same range (1 - 6 flicker/s for drifting

Gabor patches and 2 - 4 Hz for modulated tones), and the analysis of these stim-

uli showed no difference between average ratings of stimuli with a different spatial

frequency patch.

The third objective of Experiment 2 was to assess the effect of dynamic pa-

rameters on perceived audiovisual congruency. The comparative analysis of stim-

uli aggregated by parameters of the patch and/or parameters of the tone, showed

that the most important factor that affects the congruency between the modulated

tone and the Gabor patch was the similarity between the flickering or temporal
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frequency of the patch and modulation frequency of the tone. This confirms the

findings of Experiment 1. The effect is especially prominent in case of stimuli with

a flickering Gabor patch, where stimuli with similar patch-flickering frequency and

tone-modulation frequency received ratings significantly higher than the stimuli with

dissimilar frequencies between the patch and a tone. In case of a stimulus with a

drifting patch, the analysis of dynamic parameters, speed and modulation frequency,

demonstrated a significant effect of speed on perceived (in)congruency ratings. The

stimuli containing modulated tones of higher frequencies were rated significantly

higher when they contained a Gabor patch of high speed than when they contained

a Gabor patch of low speed (Figure 3.9). Furthermore, analysis of the temporal

frequency of a patch demonstrated a clearer effect of temporal (dis)similarities in

Experiment 2 than was observed in Experiment 1. The analysis of these stimuli

demonstrated a rating pattern where stimuli with a drifting Gabor patch and a tone

with modulation frequency similar to the temporal frequency of the patch received

higher ratings. Therefore, it might be concluded that the dynamic parameters of

Gabor patches (flickering, temporal frequency or speed) had a stronger effect on

perceived congruency than static parameters (spatial frequency).

Limitations of the study

First, though the importance of dynamic (temporal) parameters of stimuli over static

(spatial frequency) was demonstrated in Experiment 1 and 2, in both experiments

tones of only one carrier frequency were used. Previous studies demonstrated cross-

modal correspondence between spatial frequency of a Gabor patch and perceived

pitch of the tone (Evans and Treisman, 2010). Hence the lack of evidence of an

effect of crossmodal modulation between the Gabor patch and the tone might be

related to the insufficient range of stimuli, i.e., the lack of variation in the carrier

frequency of the tone. Therefore, for further research, various carrier frequencies of

modulated tones should be used.

Second, in drifting Gabor patches only one drifting direction was used. Though
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the auditory signal is presented through the headphones with no lateralization, other

drifting directions should be balanced.

3.5 Conclusions

• Stimuli with an AM-tone demonstrated on average higher perceived (in)congruency

ratings than stimuli with an FM-tone in case of flickering Gabor patches. Stim-

uli with a drifting Gabor patch demonstrated that tendency in Experiment 1,

however, in Experiment 2 the difference between the ratings of stimuli with

an AM-tone and an FM-tone did not reach significance.

• The results of Experiment 1 and Experiment 2 suggest that the perceived

congruency of stimuli consisting of a Gabor patch and a modulated tone is

defined mostly by the dynamic parameters of a patch (flickering and tempo-

ral frequencies, and drifting speed) and modulation frequency of a tone. A

static property such as spatial frequency has less or no impact on perceived

congruency.
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Chapter 4. Experiment 3. Effect of a carrier fre-

quency of a tone

4.1 Introduction

In the previous experiments it was observed that AM-tones in combinations with

Gabor patches evoked higher perceived congruency than FM-tones. This effect

reached significance for both flickering and drifting Gabor patches in Experiment 1,

and only for flickering Gabor patches in Experiment 2. Furthermore, the analysis

of static (spatial frequency) and dynamic (flickering frequency, speed and temporal

frequency) parameters of Gabor patches demonstrated that dynamic rather than

static parameters played a prominent role in defining perceived congruency in dy-

namic audiovisual stimuli. The analysis of flickering Gabor patches showed the

same results in both experiments: first, there was no effect of spatial frequency on

perceived congruency, and, second, there was a significant effect of (dis)similarity

between flickering frequency of the patch and modulating frequency of the tone on

perceived (in)congruency ratings. In case of drifting Gabor patches the results var-

ied, but Experiment 2 demonstrated that similar to flickering Gabor patches, here

too dynamic parameters as well as the temporal (dis)similarities had a stronger

influence on perceived congruency than static parameters.

Evans and Treisman (2010) demonstrated crossmodal correspondence between

the spatial frequency of a Gabor patch and a perceived pitch of a tone. Following

this research, various studies used the principal of combining high (low) spatial

frequency Gabor patches with high (low) tones to create (assumingly) congruent

audiovisual stimuli and high (low) spatial frequency Gabor patches with low (high)
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tones to create (assumingly) incongruent audiovisual stimuli (Heron et al., 2012;

Altieri et al., 2015; Green et al., 2019). However, the results of these studies are

ambiguous. Besides, there are no conclusive data on whether the above-mentioned

principle holds for dynamic stimuli longer than a second. In Experiment 1 and 2

the effect of spatial frequency was not convincingly observed, however, tones of only

one carrier frequency were used. To test the above-mentioned principle further and

to investigate the effect of carrier frequency on perceived congruency, new auditory

stimuli with various carrier frequencies were implemented in Experiment 3.

The first purpose of Experiment 3 therefore was to clarify whether AM-tones

evoke higher perceived congruency than FM-tones in case of stimuli with a drifting

Gabor patch, as the analysis of Experiment 1 and Experiment 2 did not yield the

same results. The second purpose was to investigate the effect of a carrier frequency

of the tone on perceived congruency. Similar to Experiment 1 and Experiment 2,

participants were asked to rate the stimuli on the scale from 1 (incongruent) to 7

(congruent). In accordance with the previous research (Evans and Treisman, 2010)

that demonstrated crossmodal correspondence between the carrier frequency of the

tone and spatial frequency of a patch, it was expected to see an effect of carrier

frequency on perceived audiovisual congruency.

4.2 Method

The same method and experimental settings were used in Experiment 3 as in the

two previous experiments. The minor adjustments that were made in order to reach

the objectives of Experiment 3, are described below.

4.2.1 Participants

Thirteen participants took part in Experiment 3. The average age of the participants

was 30 years old (SD = 6), 9 were females, 4 were males. Nine of them were students

at Kyushu University, 4 were recruited from outside of the university. All reported
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normal or corrected to normal vision and normal hearing, and provided written

informed consent. The experiment was conducted with prior approval of the Ethics

Committee of Kyushu University.

4.2.2 Apparatus

The same settings, including the use of the experimental room and the equipment,

were used in Experiment 3 as in Experiments 1 and 2 (see section 2.2.2 for the

detailed description). The illuminance at the participant level was measured using

a TOPCON IM-1000 lux meter and was as follows: 2.7 lx for the white screen, 0.9

lx for the grey background and less than 0.1 lx for the black screen.

4.2.3 Experiment Application and Procedure

The same application was used for Experiment 3 as in Experiment 2 with minor

changes regarding the stimuli. There were 144 trials in this experiment divided

in 4 sessions with three-minute breaks in between. Instructions were given to the

participants prior to the experiment (see Appendix E for the instruction example).

Similar to Experiment 2 the importance of keeping the eyes on the fixation point was

expressed together with the main task: “Every stimulus consists of a visual pattern

(Gabor patch) and an auditory signal of 2 seconds long. There are pauses before

and after the stimuli. 1 second before the stimulus the fixation point will appear,

please, fixate your gaze on it. The stimuli will appear above the fixation point,

however do not move your gaze from the fixation point. The gaze should be at the

fixation point through the whole time of the trial - before and during appearance

of the stimuli . . . After each stimulus, a rating scale will appear. Please, choose

the most appropriate rate for the seen stimulus from 1 to 7, where “1” is completely

incongruent and “7” is perfectly congruent”. The flow of the experiment was exactly

the same as in Experiment 2 (Figure 3.1). Here too, each experiment started with

a practice session consisting of 5 randomly chosen trials.
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4.2.4 Stimuli

Stimuli consisted of a Gabor patch and a modulated tone with the following param-

eters.

Gabor patches

All Gabor patches were 2×2 degrees in size with a Gaussian envelope and black-

and-white vertical sinusoidal gratings ranging from 9.8 cd/m2 (white) to 0.02 cd/m2

(black) presented on a grey background of 2.9 cd/m2 (see table in Figure 6.1 on

page 86 of General Discussion section for the consolidated table on the parameters

in all Experiments).

Gabor patches used in Experiment 3 had the following parameters:

• length: 2 seconds;

• spatial frequency: 2 cpd, 4 cpd, 6 cpd;

• dynamic mode:

– Flickering with flickering frequencies of 2 flicker/s and 4 flicker/s;

– Drifting with the speed of 1 degree/s (left to right drift) and -1 degree/s

(right to left drift).

The Gabor patches were generated by the experimental application in real time

during the experiment.

Tones

AM- and FM-tones with the following parameters were used for Experiment 3:

• length: 2 seconds (same as the Gabor patches);

• rise and fall time: 500 ms, with a cosine-shaped ramp;

• carrier frequency: 500 Hz, 1000 Hz and 2000 Hz;

59



• modulation:

– AM;

– FM;

• modulation depth:

– for AM: 1 amplitude;

– for FM: varied for tones of different carrier frequency. The exact values

were calculated using the formula for equivalent rectangular bandwidth

(ERB) (Glasberg and Moore, 1990) and were as follows: 39 Hz for 500

Hz tones, 66 Hz for 1000 Hz tones, 120 Hz for 2000 Hz tones.

All modulated tones were generated prior to the experiment (see Appendix D

for the J-language script information). All together there were 12 Gabor patches

(3 spatial frequencies × 2 flickering frequencies for flickering Gabor patches and 3

spatial frequencies × 2 drifting speeds for drifting Gabor patches) and 12 tones (3

carrier frequencies × 2 modulation frequencies × 2 modulation type - AM and FM)

resulting in 144 stimuli.

4.3 Results

4.3.1 Flickering Gabor patches

Tone modulation

Firstly, the effect of modulation frequency that was observed in the previous two

experiments was checked here. Stimuli with AM-tones received significantly higher

ratings, than stimuli with FM-tones (Nplus = 208, Nminus = 118, Z = -4.929, p <

0.001), confirming the results of Experiment 1 and 2.

60



Carrier frequency

With regard to the first objective of the experiment, the results demonstrated that

participants did not rate stimuli with modulated tones of different carrier frequencies

differently. Figure 4.1 shows that groups of stimuli with tones of 500 Hz, 1000 Hz,

and 2000 Hz received similar ratings. It also can be noticed that for all carrier

frequencies, stimuli with AM-tones showed higher ratings than stimuli with FM-

tones.

congruent

incongruent

neutral

Figure 4.1: Results of Experiment 3. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

With regard to the second objective of this experiment, according to the previous

studies (Evans and Treisman, 2010), there is a crossmodal correspondence between

the spatial frequency of the Gabor patch and the frequency (perceived pitch) of

the tone. Here, the perceived (in)congruency of the groups of stimuli aggregated

by these two parameters was analysed. Figure 4.2 shows that no effect of carrier

frequency on perceived congruency was obtained.

Similarly, Figure 4.3 also demonstrates no effect of carrier frequency on the

perceived congruency of Gabor patch stimuli with different flickering frequency.
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congruent

incongruent

neutral

Figure 4.2: Results of Experiment 3. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

congruent

incongruent

neutral

Figure 4.3: Results of Experiment 3. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

Flickering frequency and modulation frequency

Similar to previous experiments, the groups of stimuli aggregated by dynamic pa-

rameters of the auditory and visual component were analysed. Figure 4.4 shows

that temporal (dis)similarities had a prominent effect on perceived congruency, as

was also observed in Experiment 1 and Experiment 2. In Experiment 2, the stimuli

containing tones with a modulation frequency of 2 Hz contributed the most to the

modulation-frequency effect as they showed the biggest difference between stimuli
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with AM- and FM-tones. Here, however, stimuli with a modulation frequency of 4

Hz showed greater difference according to Figure 4.4. This was confirmed by the

sign test: for stimuli with 2-Hz tones Nplus = 91, Nminus = 74, Z = -1.246, p =

0.21; for stimuli with 4 Hz tones Nplus = 117, Nminus = 44, Z =-5.674, p < 0.001.

Besides, in case of stimuli containing a Gabor patch of 2 flicker/s and a modulated

tone of 4 Hz the difference was significant as can be seen by the 95%-confidence

intervals. Futhermore, the stimuli with AM-tones were rated significantly above the

midpoint, i.e, as congruent, while stimuli with FM-tones were rated significantly

below 4, i.e, as incongruent, demonstrating that in some cases stimuli with the same

visual component and modulated tones of the same frequency can be perceived as

congruent or incongruent depending on the modulation type.

flickering frequency, flicker/s

congruent

incongruent

neutral

Figure 4.4: Results of Experiment 3. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

4.3.2 Drifting Gabor patches

Tone modulation

First, the effect of modulation type was assessed. The effect that was observed

in Experiment 1 for drifting Gabor patches and in both experiments (1 and 2)

for flickering Gabor patches, where stimuli with AM-tones were rated higher than

stimuli with FM-tones, was not confirmed here. The results of a sign test were as
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follows: Nplus = 155, Nminus = 180, Z = -1.311, p = 0.19.

The detailed analyses in this experiment, as it was already mentioned earlier, was

focused on parameters of the tones in Experiment 3. Also, as only one drifting speed

was used for all Gabor patches (1 degree/s), the analyses of the spatial frequency

and temporal frequency would yield the same result. Therefore, no separate analysis

of the spatial frequency and temporal frequency in this experiment was conducted.

Carrier frequency

The average perceived (in)congruency ratings for stimuli with tones of a different

carrier frequency are presented in Figure 4.5. No difference in perceived congruency

between groups of stimuli containing a tone with a different carrier frequency was

observed.

congruent

incongruent

neutral

Figure 4.5: Results of Experiment 3. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

The groups of stimuli aggregated by carrier frequency of the tone and spatial

frequency of the patch are presented in Figure 4.6. As can be seen from these fig-

ures, there is a weak rating pattern where combinations of Gabor patches with a

high (low) spatial frequency and tones with a high (low) carrier frequency received

higher perceived (in)congruency ratings than other stimuli. This tendency, however,

did not reach statistical significance in most cases. The Friedman tests were run

row-wise (Figure 4.7), with comparison of groups of stimuli with different carrier
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frequency tones, but the same spatial frequency Gabor patches; and column-wise

with comparison of groups of stimuli with different spatial frequency Gabor patches,

but the same carrier frequency tones. It can be assumed, that if crossmodal cor-

respondence affects perceived congruency, the difference between the tested groups

can be observed in both or either directions.

congruent

incongruent

neutral

Figure 4.6: Results of Experiment 3. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

Figure 4.7: Results of Experiment 3. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The colour
demonstrates the degree of (in)congruency: grey - high (in)congruency rating; white
- low (in)congruency rating.

The tests, however, demonstrated only one significant case. For the groups of

stimuli containing a Gabor patch of 2 cpd spatial frequency the highest perceived

congruency was obtained in stimuli with a lower carrier frequency tone: χ2 (df = 2,

N = 104) = 10.058, p = 0.007. For other spatial frequencies no significant difference

between the groups of different carrier frequency was observed: spatial frequency

4 cpd χ2 (df = 2, N = 104) = 0.188, p = 0.91; spatial frequency 6 cpd χ2 (df

= 2, N = 104) = 1.139, p = 0.57. No significant difference was observed either
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when comparing groups of Gabor patches with a different spatial frequency with

one carrier frequency: 500-Hz tones χ2 (df = 2, N = 104) = 2.457, p = 0.29; 1000-

Hz tones χ2 (df = 2, N = 104) = 3.692, p = 0.16; 2000-Hz tones χ2 (df = 2, N =

104) = 1.688, p = 0.43.

Modulation frequency

Similar to the previous experiments, the effect of dynamic parameters was assessed.

As it was mentioned in the beginning of this section, as only one speed was used the

analysis of the effect of temporal frequency and spatial frequency yields the same

results:

Speed = 1 degree/s

Temporalfrequency = spatialfrequency × speed

Figure 4.8 demonstrates the average perceived (in)congruency ratings of drifting

Gabor patches aggregated by their spatial frequency (temporal frequency) and a

modulation frequency.

congruent

incongruent

neutral

Figure 4.8: Results of Experiment 3. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

It can be noticed that for stimuli with a modulation frequency of 2 Hz the lowest
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ratings falls on the highest spatial frequency patches of 6 cpd (temporal frequency

of 6 flicker/s), while for the stimuli with a modulation frequency of 4 Hz the lowest

rating falls on the lowest modulation frequency patch of 2 cpd (2 flicker/s). Friedman

test showed that the difference is significant for stimuli containing 2-Hz modulated

tones (χ2 (df = 2, N = 156) = 7.022, p = 0.03), but not for the stimuli with 4-Hz

modulated tones (χ2 (df = 2, N = 156) = 4.106, p = 0.13).

Drifting direction

Lastly, as one of the objectives of the current research was to investigate the role

of dynamic parameters on perceived congruency, the influence of the drifting speed

direction was clarified. In Experiment 3 two drifting directions were used - left to

right and right to left. Figure 4.9 demonstrates the average ratings for the stimuli

with Gabor patches of different drifting directions. It can be seen, drifting direction

had no effect on perceived congruency.

congruent

incongruent

neutral

Figure 4.9: Results of Experiment 3. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.
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4.4 Discussion

The main purpose of the current experiment was to investigate whether carrier

frequency of the tones had an effect on perceived congruency of the stimuli consisting

of a Gabor patch and AM- and FM- tones. Similar to the previous experiments

participants rated the stimuli on the scale from 1 (“incongruent”) to 7 (“congruent”).

The analysis of stimuli containing a flickering Gabor patch showed no effect of

carrier frequency on perceived (in)congruency ratings. The tests conducted over

groups of stimuli with certain spatial frequencies also did not yield any significant

results and demonstrated no effect of crossmodal correspondence between spatial

frequencies of Gabor patches and carrier frequencies of tones (Evans and Treisman,

2010). Similar analyses of stimuli containing a drifting Gabor patch demonstrated

that stimuli with Gabor patches of 2-cpd spatial frequency had significantly different

ratings when combined with tones of different carrier frequencies. However, this

effect did not reach significance in any other cases, suggesting that there is no

strong effect of carrier frequency, or that the effect of carrier frequency is masked

by a stronger effect of dynamic properties.

Similar to the previous experiments, here too (dis)similarity in temporal fre-

quencies of auditory and visual components of the stimuli, namely the flickering or

temporal frequency of the patch and modulation frequency of the tone, played a

prominent role in establishing perceived congruency. In might be suggested, that in

the presence of dynamic changes, such as the flickering or drifting effect of Gabor

patches or tone modulation, the effects of static parameters such as spatial or carrier

frequencies are outmuscled by the stronger effect of temporal (dis)similarities.

Additionally, the comparison of the ratings of the stimuli containing AM- and

FM-tones confirmed once again the advantage of AM-tones over FM-tones in evoking

perceived congruency in stimuli with a flickering Gabor patch. In stimuli with a

drifting Gabor patch no significant difference between ratings of stimuli with AM-

tones and FM-tones was observed.
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4.5 Conclusion

• Althouth the tone-carrier frequency has been considered as a factor that could

influence perceived congruency of audiovisual stimuli in previous research, it

had no effect on perceived congruency in the current experiment.

• The advantage of amplitude modulation over frequency modulation in evok-

ing perceived congruency was confirmed one more time for stimuli containing

a flickering Gabor patch and a modulated tone. In case of drifting Gabor

patches, similar to the results of Experiment 2, no such advantage was ob-

served.

• The groups of stimuli containing Gabor patches of different drifting directions

showed the same average perceived (in)congruency ratings. In other words,

drifting direction had no effect on perceived congruency.

4.6 Limitations of the study

Though the results of Experiment 3 did not demonstrate any effect of carrier fre-

quency on perceived audiovisual congruency, as it was said earlier, that might in-

dicate not the absence of the effect, but rather the presence of a stronger effect of

dynamic changes such as patch flicker or patch-gratings drifting. In that case, a

similar experiment with pure (not modulated) tones might clarify if there is any

effect of carrier frequency in such stimuli.

Although the parameters for the current experiment were chosen in a way that

they overlap with parameters of stimuli used in previous studies, the parameters’

range was still limited. One of the serious limitations is the duration of the stimuli,

that was constant throughout Experiments 1-3, i.e., 2 seconds. As the main find-

ings of the experiments suggest that temporal similarities play a prominent role in

evoking perceived congruency, the amount of temporal information or the length of

the stimuli might affect the congruency.
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Chapter 5. Experiment 4. Effect of stimulus dura-

tion

5.1 Introduction

In the previous Experiments, the effects of different auditory and visual parame-

ters of stimuli consisting of a Gabor patch and a modulated tone on their perceived

congruency were assessed. It was demonstrated that dynamic parameters and specif-

ically (dis)similarities between flickering or temporal frequencies of the patch and

modulation frequency of the tone play a prominent role in perceived (in)congruency

of such stimuli. Static parameters, such as spatial frequency of a Gabor patch and

carrier frequency of a tone demonstrated no observable effect. Besides, it was shown

that, in case of stimuli with a flickering Gabor patch, AM-tones evoked higher per-

ceived congruency compared to FM-tones.

All mentioned results were demonstrated for stimuli of one length of 2 seconds.

Previous studies in this area, however, used stimuli of different duration. Evans

and Treisman (2010), for example, studied short stimuli (120 ms) and demonstrated

crossmodal correspondence between the spatial frequency of the patch and perceived

pitch of the tone. Green et al. (2019) also used short (50 ms) stimuli and showed

multisensory integration based on correspondence between spatial frequency of Ga-

bor patches and sound frequency (pure tones). As the current study did not observe

any evidence suggesting that perceived congruency of audiovisual stimuli might be

significantly affected by such correspondence, it might be assumed, that the role of

static parameters (i.e., spatial frequency of the patch and carrier frequency of the

tone) is different in stimuli of different durations. The results of Experiments 1-3
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demonstrated the importance of temporal information on congruency judgements.

However, the amount of temporal information is less in shorter stimuli. It might

be suggested that the longer the stimulus, the more clues to (in)congruency can be

perceived.

To check this hypothesis, stimuli of 3 different lengths - 1 second, 2 seconds

and 4 seconds, were used in Experiment 4. If the amount of temporal information

influences perceived congruency, stimuli of different duration would demonstrate

different ratings.

5.2 Method

The settings of Experiment 4 were identical to the settings used in Experiments

1-3. However, several adjustments to the settings had to be implemented in order

to meet the objectives of Experiment 4 and enable prevention measures related to

the COVID-19 pandemic. The full information on these and other adjustments is

presented in the following sections.

5.2.1 Participants

Sixteen participants (11 females, 5 males) took part in Experiment 4. The average

age of the participants was 30 years old (SD = 5). Nine participants were students

of Kyushu University at the time of the experiment, 7 were recruited from outside

of the university. Every participant received a written instruction and explanation

about the purpose of the experiment and the procedure, and gave a written informed

consent to participate. The COVID-19 prevention measures were also explained to

every participant. These measures included wearing a mask for both participant

and experimenter, hand sanitising before and after the experiment, and extra venti-

lation of the experimental booth. Additionally, a questionnaire was taken in which

participants stated their health condition at the time of the experiment and signed

that they had not been in contact with a person diagnosed with COVID-19 in the
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past two weeks.

The experiment was conducted with prior approval of the Ethics Committee of

Kyushu University.

5.2.2 Apparatus

The settings for this experiment were the same as previously used for Experiments

1-3 (see section 2.2.2 for detailed description) with the following adjustments.

First, the infection prevention measures were implemented. These measures,

however, did not affect the flow of the experiment and were mainly concerned with

extra disinfection of the equipment that was used, and additional ventilation of the

room. A fan was set in the experimental booth, that provided extra air circulation

before the experiment and during the breaks. The participants were asked to leave

the experimental booth during the breaks as an extra precaution. During the trials

the fan was off to keep the room quiet and secure, similar to previous experimental

conditions.

Second, the computer that controlled the experiment had to be replaced with a

similar model (MacBook Pro Early 2015) due to calibration issues that arose with the

computer that was used for Experiments 1-3. After the replacement the calibration

procedure was successfully conducted. The final calibration measurements can be

seen in Appendix B.

5.2.3 Experiment application and procedure

Experiment 4 consisted of 96 trials that were conducted over 3 sessions with 3-minute

breaks. Similar instruction to the ones used in the previous experiments were pro-

vided to all participants (see Appendix E). An additional health check questionnaire

was also performed. After the completion of all the forms, the experiment started

with a practice session. Unlike previous experiments, the practice session in Ex-

periment 4 was conducted with the door of the experimental booth opened and the

experimenter guiding the participant from outside the booth to ensure recommended
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social distance between the participants and the experimenter. These measures did

not cause any issues and participants reported no difficulties with experimental ap-

plication navigation or any other confusions with the experiment after the practice

session was over. The practice session consisted of 5 randomly chosen trails. The

results of these trials were not included in the final analysis.

The flow of the experiment was identical to the one used in Experiments 2-3 and

can be seen in Figure 3.1.

5.2.4 Stimuli

Stimuli consisting of a Gabor patch and a tone of various lengths were used in this

experiment (see table in Figure 6.1 on page 86 of General Discussion section for the

consolidated table on all parameters).

Gabor patches

All Gabor patches were of 2×2 degrees in visual angle with a Gaussian envelop and

vertical sinusoidal gratings. The gratings had the peak luminance at 9.49 cd/m2

(white) and the minimum at 0.02 cd/m2 (black) on a grey background (2.83 cd/m2).

Gabor patches varied across the following parameters:

• spatial frequency: 2 cpd and 4 cpd;

• length: 1 second, 2 seconds and 4 seconds;

• dynamic mode:

– Flickering with flickering frequencies of 2 Hz and 4 Hz;

– Drifting with drifting speeds of 0.5 degree/s and 2.0 degrees/s.

Gabor patches were generated by the application in real time during the exper-

iment.
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Tones

AM- and FM-tones varied across the following parameters:

• length: 1 second, 2 seconds and 4 seconds (always combined with a Gabor

patch of a similar length);

• rise and fall time: 20 ms, with a cosine-shaped ramp. This parameter was

changed in this experiment (500 ms in Experiments 1-3) to secure adequate

level of the tone for the shortest stimuli;

• carrier frequency: 1000 Hz;

• modulation type:

– AM,

– FM;

• modulation depth:

– for AM: 1 amplitude;

– for FM: ±80 Hz;

• modulation frequency: 2 Hz and 4 Hz.

Tones were generated prior to the experiment (see Appendix D for the generating

scripts).

All together there were 96 stimuli: 4 flickering Gabor patches (2 spatial frequen-

cies × 2 flickering frequencies) + 4 drifting Gabor patches (2 spatial frequencies ×

2 drifting speeds) combined with 4 modulated tones (2 AM- and 2 FM- tones of

different modulation frequencies) × 3 lengths of the stimuli. Each participant rated

each stimulus once, excluding the 5 random practice trials.
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5.3 Results

As the purpose of this experiment was to investigate the perceived congruency of

Gabor patches and modulated tones in stimuli of different lengths, the analysis was

performed for all stimuli to confirm the tendencies that were observed previously,

as well as on groups of stimuli with different lengths separately, to investigate if the

same tendencies were observed in stimuli with shorter or longer stimuli.

5.3.1 Flickering Gabor patches

Tone modulation

First, the effect of modulation type was confirmed. As in previous experiments, here

too stimuli with AM-tones received significantly higher (in)congruency ratings than

stimuli with FM-tones (Nplus = 145, Nminus, Z = -2.129, p = 0.03).

Stimulus duration

Second, as the main purpose of the experiment, the effect of stimulus length was

analysed. Figure 5.1 demonstrates the average ratings of the stimuli aggregated by

duration. As can be seen in the figure, no difference between ratings of stimuli with

different durations can be observed (χ2 (df = 2, N = 309) = 1.345). However, it

can be noticed, that shorter stimuli (1 seconds and 2 seconds) demonstrated the

highest difference between stimuli with AM- and FM-tones (AM-tones higher), and

that was confirmed by the sign tests: stimuli of 1 second length Nplus = 57, Nminus

= 34, Z = -2.306, p = 0.02; 2 seconds length Nplus = 47, Nminus = 31, Z = -1.698,

p = 0.09; 4 seconds length Nplus = 41, Nminus = 45, Z = -0.323, p = 0.75.

In the previous experiments, the importance of physical (dis)similarity between

flickering frequency of a Gabor patch and a modulation frequency of a tone was

demonstrated. Here too, Figure 5.2 shows the same rating pattern where stimuli

with a similar flickering frequency of a Gabor patch and a modulation frequency of

a tone were rated higher than stimuli with dissimilar frequencies.
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congruent

incongruent

neutral

Figure 5.1: Results of Experiment 4. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

flickering frequency, flicker/s

congruent

incongruent

neutral

Figure 5.2: Results of Experiment 4. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

Figure 5.3 demonstrated the rating pattern for stimuli of different lengths. It

can be seen that regardless of the length, perceived (in)congruency is rated similarly

overall. Besides, it can be noticed that the effect of modulation type is also similar

for all the lengths. For stimuli 1, 2 or 4 seconds length, all groups of congruent

stimuli with AM-tones were rated higher than congruent stimuli with FM-tones

(Figure 5.3).
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1 second 2 second

4 second

flickering frequency, flicker/s

flickering frequency, flicker/s flickering frequency, flicker/s

congruent

incongruent

neutral

Figure 5.3: Results of Experiment 4. Average perceived (in)congruency ratings of
stimuli consisting of a flickering Gabor patch and an AM- or FM-tone. The error
bars indicate 95%-confidence intervals.

5.3.2 Drifting Gabor patches

Tone modulation

First, similar to the stimuli with a flickering Gabor patch, the effect of modulation

type (AM or FM) was checked. Here too, as in Experiments 2 and 3, drifting Gabor

patches demonstrated no effect of modulation type on (in)congruency ratings (Nplus

= 132, Nminus = 138, Z = -0.304, p = 0.76).
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Stimulus duration

Second, as the main purpose of the experiment, the effect of the length was checked

for all stimuli with a drifting Gabor patch. Figure 5.4 demonstrates the average

(in)congruency ratings of stimuli with a different length. It can be noticed than the

average ratings for the shorter stimuli were lower than the average ratings for the

longer stimuli. This difference, however, was not significant (χ2 (d = 2, N = 256)

= 3.377, p = 0.18).

congruent

incongruent

neutral

Figure 5.4: Results of Experiment 4. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

The analysis of temporal parameters demonstrated a significant difference be-

tween ratings of stimuli containing Gabor patches of different speeds and a 4-Hz

modulated tone (statistical significance is in accordance with 95%-confidence inter-

vals around the mean, Figure 5.5). Stimuli with these tones and with Gabor patches

with a drifting speed of 2 degrees/s were rated as congruent (significantly higher than

4), while stimuli with a Gabor patch of 0.5-degree/s drifting speed were rated as

incongruent (significantly below 4). Also, it can be seen in the figure, that the stim-

uli with a patch-speed of 2 degrees/s received higher ratings when combined with

4-Hz tones, than when combined with 2-Hz modulation frequency tones (according

to 95%-confidence intervals), and for FM-tones this difference is significant.
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congruent

incongruent

neutral

Figure 5.5: Results of Experiment 4. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

The analysis of the temporal frequency (Formula 2.2) showed a similar pattern

(Figure 5.6). The stimuli with 4-Hz modulated tones demonstrated a clear rating

pattern where temporal frequency (dis)similarity had a prominent effect on ratings.

For stimuli containing 4-Hz modulated tones the highest rating was given to the

stimuli containing a drifting Gabor patch of 4 flicker/s, while the lowest ratings

were given to the stimuli with a drifting Gabor patch of 1 flicker/s (the difference is

significant according to 95%-confidence intervals around the mean, Figure 5.6).

A more detailed analyses of temporal frequencies conducted for stimuli of dif-

ferent length separately is presented in Figure 5.7. It can be seen that a similar

rating pattern can be observed for stimuli of all durations. For stimuli containing

a 4-Hz modulated tone, the highest rating was given to stimuli with a patch of 4

flicker/s and the lowest to stimuli with 1 flicker/s, for stimuli of all durations. The

(in)congruency ratings for the stimuli containing 2-Hz modulated tones, however,

were on average higher for the longer stimuli. The Friedman test comparing stimuli

of different lengths containing only 2-Hz modulated tones showed that the differ-

ence between them was statistically significant: χ2 (df = 2, N = 128) = 6.691, p

= 0.04. No difference was observed for such groups of stimuli containing only 4-Hz

modulated tones: χ2 (df = 2, N = 128) = 0.520, p = 0.77.
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congruent

incongruent

neutral

Figure 5.6: Results of Experiment 4. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.

1 second 2 second

4 second

congruent

incongruent

neutral

Figure 5.7: Results of Experiment 4. Average perceived (in)congruency ratings of
stimuli consisting of a drifting Gabor patch and an AM- or FM-tone. The error bars
indicate 95%-confidence intervals.
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5.4 Discussion

The main purpose of Experiment 4 was to clarify the role of stimulus duration on

perceived congruency of stimuli consisting of a Gabor patch and a modulated tone.

The stimuli were rated on the scale from 1 (congruent) to 7 (incongruent), and the

average ratings were analysed. The results demonstrated the following. First, that

stimuli with a flickering Gabor patch and an AM-tone received significantly higher

ratings than stimuli with an FM-tone. All stimuli with a flickering Gabor patch

regardless of their duration demonstrated the advantage of AM-tones over FM-

tones in congruent stimuli. Furthermore, stimuli with a similar flickering frequency

of the patch and modulation frequency of the tone were rated relatively high, while

stimuli with dissimilar patch-flicker and tone-modulation frequencies were perceived

as relatively incongruent. This effect was observed in stimuli of all lengths.

Based on this finding, it might be suggested that a certain minimum of temporal

information is required for a given parameter to influence audiovisual congruency.

In stimuli of higher temporal frequencies, this parameter would reach this threshold

faster than in stimuli with lower temporal frequencies, and therefore their effect be-

comes prominent in shorter stimuli. The results for stimuli consisting of a drifting

Gabor patch and a modulated tone of 2 Hz demonstrated higher (in)congruency

ratings for longer stimuli. Furthermore, stimuli with 2-Hz modulated tones showed

no significant congruency difference when paired with a Gabor patch with a different

temporal frequency. However, in stimuli with a 4-Hz modulated tone, a clear con-

gruency difference was found between stimuli with a temporally (dis)similar patch

and a tone. Stimuli with a 4-Hz modulated tone have twice the amount of tempo-

ral information than stimuli with a 2-Hz modulated tone, and that might be the

reason of such difference in results. That theory should be investigated in future

experiments.
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5.5 Conclusion

The perceived congruency of stimuli of different duration was rated and the results

were as follows:

• No effect of the stimulus length on perceived congruency of audiovisual stimuli

was observed for stimuli consisting of a Gabor patch and a modulated tone of

1, 2, or 4 seconds duration.

• In case of flickering Gabor patches, stimuli with AM-tones were rated higher

than stimuli with FM-tones, and the (dis)similarity between flickering fre-

quency of a patch and a modulation frequency of a tone played a prominent

role in establishing perceived (in)congruency in all such stimuli regardless of

duration.

• Stimuli with a drifting Gabor patch also demonstrated that (dis)similarities

between the temporal frequency of the patch and the modulation frequency of

the tone played an important role in perceived (in)congruency, regardless of

stimulus duration. However, the effect of temporal (dis)similarity was stronger

in stimuli with a higher tone-modulation frequency.
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Chapter 6. General Discussion

6.1 Summary

Multiple studies utilise stimuli consisting of a Gabor patch and a modulated tone.

Often these stimuli are classified as “congruent” or “incongruent” based on principles

that correlate certain parameters of the visual component to the corresponding

parameters of the auditory component. Often these parameters are the spatial

frequency of the patch and the frequency or modulation frequency of the tone (e.g.,

Evans and Treisman, 2010), as well as the spatial frequency of the patch and AM-

frequency of a noise (e.g., Guzman-Martinez et al., 2012; Orchard-Mills et al., 2013a,

2013b). Numerous studies employed longer stimuli of over a second duration and

applied dynamic variations to Gabor patches that were matched to the frequency

or amplitude modulation of the tones. However, no empirical data are available on

perceived congruency in dynamic stimuli, i.e, stimuli consisting of a non-static Gabor

patch (flickering, drifting or with any other dynamic changes applied to a patch)

and a modulated tone, though such stimuli are also widely used in multisensory

research. This dissertation investigated the perceived congruency of such stimuli.

The main objective of this study was to clarify the effect of different visual and

auditory parameters, and specifically the modulation type of the tone and static

and dynamic parameters of a Gabor patch, on perceived audiovisual congruency.

Chapter 2 describes a pilot study (Experiment 1), that employed a wide range

of parameters, and its results helped to finalise the framework of this research, as

well as the direction of subsequent experiments. The main objective of this exper-

iment was to investigate which parameters have the strongest impact on perceived
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(in)congruency of stimuli consisted of a flickering or drifting Gabor patch and a

modulated tone. The parameters that were checked are the following: the spa-

tial and flickering frequency or speed of the patch and the modulation frequency

and modulation type (AM and FM) of the tone. Results demonstrated that stimuli

with an AM-tone received significantly higher perceived (in)congruency ratings than

stimuli with an FM-tone. Also, it was observed that temporal (dis)similarity was a

prominent factor of establishing perceived (in)congruency, while spatial frequency of

a patch had no or little effect on congruency. The effect of temporal (dis)similarities

was clearly shown in flickering Gabor patches, where stimuli with a similar flickering

frequency of the patch and modulation frequency of the tone were rated significantly

higher than stimuli with dissimilar patch-flicker and tone-modulation frequencies. A

similar analysis for stimuli with a drifting Gabor patch, however, did not yield any

conclusive results, as parameters of drifting Gabor patches and the tones that were

used in Experiment 1 did not fully match. This was corrected in the subsequent

experiments.

Chapter 3 describes the results of Experiment 2. The objective for Experiment 2

was to confirm and clarify the findings of Experiment 1, and specifically to confirm

the advantage of AM-tones over FM-tones in evoking perceived congruency with

stimuli consisting of a Gabor patch and a modulated tone, and to further investi-

gate the effect of static (spatial frequency) and dynamic (flickering and temporal

frequency) parameters of a patch on perceived congruency. Also in Experiment 2,

stimuli with an AM-tone received significantly higher (in)congruency ratings com-

pared to stimuli with an FM-tone in combinations with a flickering Gabor patch,

however, the advantage of AM-tones did not reach significance for stimuli with a

drifting Gabor patch. Similar to the results of Experiment 1, the spatial frequency

of the Gabor patch had no effect on perceived audiovisual congruency. However, dy-

namic parameters of the patch, such as flickering frequency or temporal frequency,

had a strong effect on perceived congruency. Stimuli with a similar flickering (tem-

poral) frequency of the Gabor patch and modulation frequency of the tone received
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significantly higher ratings than stimuli with dissimilar frequencies.

Chapter 4 focused on the effect of carrier frequency of modulated tones on per-

ceived audiovisual congruency. Modulated tones of three different carrier frequen-

cies were employed in Experiment 3. Previous studies reported crossmodal cor-

respondence between the spatial frequency of Gabor patches and perceived pitch

(frequency) of the tones (Evans and Treisman, 2010, Green et al., 2019), however,

no clear effect of carrier frequency or crossmodal correspondence between carrier

frequency and spatial frequency was observed. Dynamic parameters demonstrated

similar effects on perceived congruency as observed in Experiment 1 and 2. These

results suggested that static parameters such as carrier frequency of the tone or spa-

tial frequency of the Gabor patch had no effect on perceived congruency of dynamic

stimuli.

Chapter 5 confirms the results observed in previous experiments in stimuli of

different lengths of 1, 2 and 4 seconds. As in previous experiments, each stim-

uli contained a flickering or drifting Gabor patch and an AM- or FM-tone. The

comparison showed no difference in perceived congruency between these stimuli of

shorter or longer duration. The analysis demonstrated a strong influence of dynamic

parameters on perceived congruency and demonstrated no significant effect of static

stimuli on perceived congruency regardless of the stimulus duration.

The stimuli parameters used in the current thesis are presented in Figure 6.1.
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Figure 6.1: Stimuli parameters used in Experiments 1-4.

86



6.2 Implications

The main findings can be summarised and classified into these key points, which

will be individually discussed in detail in sections 6.2.1, 6.2.2, and 6.2.3 below:

• effect of tone-modulation type on perceived audiovisual congruency;

• effect of static parameters (spatial frequency of the patch and carrier frequency

of the tone) on perceived audiovisual congruency;

• effect of dynamic parameters (flickering and temporal frequency of a patch

and modulation frequency of a tone) on perceived audiovisual congruency.

6.2.1 Effect of tone-modulation type on perceived congru-

ency

One of the main objectives of the current study was to compare the perceived con-

gruency in stimuli with an AM- and FM-tone. The presented results demonstrated

that average perceived congruency of stimuli consisting of a flickering Gabor patch

and a modulated tone was in general significantly higher when an AM-tone was

used compared to an FM-tone. This difference was the most prominent in stimuli

with a similar flickering frequency of the patch and modulation frequency of the

tone. Although most of such stimuli were rated as “congruent” (i.e., received a

significantly higher rating than the rating midpoint) in both cases, stimuli with an

AM-tone received even higher ratings than stimuli with an FM-tone. One of the

explanations for such preference could be that in case of stimuli with a flickering

patch and an AM-tone, the fluctuations that happen within the visual and auditory

component of a stimulus are similar. As the AM-tones in this study had a full ampli-

tude modulation depth, and the flickering Gabor patch had the same dynamics with

full disappearance/appearance of the patch, both auditory and visual components

of the stimuli demonstrated the same dynamics, and in case of “congruent” stimuli

it happened simultaneously. An FM-tone on the other hand, had the same temporal
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structure as the changes in the Gabor patch, however, it always fluctuated above

threshold, demonstrating a different dynamic compared to the Gabor patch flickers.

Similarly, in stimuli with a drifting Gabor patch, where the patch was always above

the detection/visibility threshold, the advantage of AM-tones disappeared.

Whether the sub-threshold fluctuations or the simultaneous change of energy in

both modalities plays a crucial role here should be investigated further. A similar

experiment with AM-tones of various modulation depths, including fully supra-

threshold fluctuating tones, can clarify this effect further.

6.2.2 Effect of dynamic parameters of Gabor patches and

modulated tones

The second objective of the study was to investigate what parameters affect the

perceived congruency of stimuli consisting of a Gabor patch and a modulated tone.

In the current study, dynamic Gabor patches were used: flickering and drifting. For

both types of Gabor patches the most convincing effect on perceived congruency

was demonstrated by similarity between the flickering or the temporal frequency of

the Gabor patch and the modulation frequency of the tone.

In case of stimuli with a flickering Gabor patch, the results were very clear.

Similar to previous findings (e.g., Schall et al., 2009; Frings and Spence, 2010;

Covic et al., 2017), the stimuli with a similar flickering frequency of the patch

and modulation frequency of the tone were rated as “congruent”, while most of

the stimuli with dissimilar patch-flicker and tone-modulation frequencies were rated

as “incongruent”. In Experiment 1 it was observed that if the ratio of the tone-

modulation frequency and the flickering frequency could be expressed as a whole

number (for example when the tone-modulation frequency was half or double of

the patch-flickering frequency), then stimuli with such parameters were also rated

higher than stimuli which parameters that did not satisfy this condition. It can be

assumed that if the peaks and troughs of the auditory and visual signal coincide

even partially, perceived congruency might increase. This, however, was clearly
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demonstrated only in Experiment 1, and needs to be investigated further.

Stimuli with a drifting Gabor patch demonstrated a more complex relationship

between visual and auditory components. As the dynamic parameters of a Gabor

patch are not independent, i.e., its temporal frequency is related to spatial frequency

through drifting speed, various interrelated tendencies were observed in Experiments

1-4. The most convincing audiovisual congruency, however, was still demonstrated

when the temporal frequency of the patch and the modulation frequency of the tone

were similar.

6.2.3 Effect of static parameters of Gabor patches and mod-

ulated tones

Various previous studies employed a principle where a Gabor patch with high (low)

spatial frequency in combination with high (low) frequency tone or modulated noise

constituted a congruent audiovisual stimulus, while a Gabor patch with low (high)

spatial frequency in combination with high (low) frequency tone or modulated noise

constituted an incongruent audiovisual stimulus. This principle was based on studies

that demonstrated a crossmodal correspondence between the spatial frequency of the

Gabor patch and the frequency (perceived pitch) of the tone (Evans and Treisman,

2010), as well as the spatial frequency of the patch and AM-frequency of the noise

(Guzman-Martinez et al., 2012; Orchard-Mills et al., 2013a, 2013b).

As a third objective, in the current study this principle was tested using dynamic

Gabor patches and modulated tones, however, no relation between (dis)similarity

in such frequencies and stimulus (in)congruency was convincingly observed. Spatial

frequency of the patch and carrier frequency of the tone were tested as stand-alone

parameters, as well as in crossmodal combinations with each other and other pa-

rameters, but in stimuli with both a flickering or a drifting Gabor patch, not the

static but the dynamic parameters affected the congruency the most.

In can be argued that as in this study relatively long stimuli were used (1-4

seconds) the effect of static parameters was outmuscled by the dynamic parameters
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of such stimuli. Indeed, most of the mentioned previous studies used stimuli shorter

than a second. In such a short stimulus, the amount of temporal information might

not be sufficient for a congruency judgment based on dynamic (temporal) param-

eters, and then correspondence between static parameters might become crucial.

In Experiment 4, stimuli of different duration were used, however, no changes in

perceived congruency that would indicate the stronger effect of static parameters in

shorter stimuli were observed. Further study with a wider range of lengths (from

less than a second) and a wider (lower) range of temporal frequencies can clarify

if the amount of temporal information needs to surpass a certain minimum that is

necessary to become crucial in defining congruency.

To summarise and to put the current study in a more general context, the pre-

sented findings demonstrate that the similarities in dynamic changes of sound and

the visual information we perceive play the primary role in audiovisual perception.

Indeed, most of the real-life events are represented in prolonged and often continu-

ous sound or visual signals. In that case the temporal similarity in dynamic changes

of the signals (changes of intensity or frequency contents), rather than the actual

instantaneous signal values, should be the key for audiovisual integration. From the

evolutionary perspective, the efficient identification and analysis of physical changes

in the environment around us is crucial for survival, as usually the changes rather

than the permanent state of the environment represent immediate danger. The cor-

rect and quick identification of the moving object from the array of similar static

ones in that case could be a good example of prominence of the dynamic character-

istics of the sound and light signals in contrast to the features of the steady signals

from the static objects.
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6.2.4 Limitations and future studies

First, the current study demonstrated the advantage of AM-tones over FM-tones

in stimuli containing a flickering Gabor patch and a modulated tone. However,

as only one AM-modulation depth was used, the question remains whether the

observed advantage was caused by a synchronous change in energy, or synchronous

fluctuations above and below auditory and visual detection thresholds. Similar tests

with various modulation depths can clarify this. Furthermore, in the present study

in stimuli with similar flickering frequency of a patch and modulation frequency of a

tone the peaks and troughs always coincided. A study of stimuli with a phase shift

between the auditory and visual fluctuations might help to clarify the importance of

synchronous (peaks and trough coincide) versus parallel (with a phase shift) changes

in the Gabor patch and the tone.

Second, the importance of (dis)similarity between the temporal frequency of the

patch and the modulation frequency of the tone was demonstrated in stimuli of dif-

ferent durations. A wider range of flickering frequencies and stimulus lengths should

be investigated in order to clarify the importance of the amount of information and

to show whether the role of such (dis)similarity remains in a shorter stimulus or in

stimuli with lower patch-flicker frequency and/or lower tone-modulation frequency.

That can also help to clarify whether static parameters, such as carrier frequency

of a tone and spatial frequency of a patch, become more important when temporal

information lacks.

Third, although in the present study the most common physical parameters

of Gabor patches and tones were used, other physical parameters that were not

investigated should also be considered in future studies, such as the loudness of the

tone and the contrast, size or gratings orientation of the Gabor patch.

Fourth, the concept of incongruency should be investigated. While the principle

of matching a patch and a tone to ensure high perceived congruency was discussed

and assessed, a similar investigation of incongruency is lacking. Unlike high (con-

gruent) ratings, low ratings indicating incongruency were not consistently observed
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throughout the study - certain stimuli were rated significantly incongruent in one

experiment, but got higher ratings in another experiment making it impossible to

define the most incongruent pair of a Gabor patch and a tone. Besides, the rating

distributions in general were skewed towards “congruent” values, and “incongruent”

average ratings were rare. This can be the result of the stimuli parameter choice -

for example, for stimuli with flickering Gabor patches, the parameters were always

chosen in a way to secure the presence of congruent audio-visual pairs (a patch

and a tone with similar flickering and modulation frequencies), while the level of

incongruency was not considered. Another reason for skewed distribution and lack

of significantly incongruent ratings might be the presence of some minimal level of

perceived congruency provided by the simultaneous onset and offset of a patch and

a tone. This should be examined in future experiments by a careful selection of pa-

rameters accounting for both congruency and incongruency levels with special focus

on incongruent stimuli.

Fifth, some improvements in the rating scale design should be implemented, as

labelling of the rating scale can affect the results (Weijters et al., 2010). In the case

of the current study only the extreme values were labelled. These extreme values

represented two opposite judgments - congruent and incongruent. Values between

them corresponded to various levels of (in)congruency, with incongruency levels on

the left (values 1, 2, 3), neutral in the middle (value 4), and congruency on the right

(values 5, 6, 7). However, the numerical values that were assigned to the scale ticks

(1-7) and were quoted in the written instruction could have given the participants

the idea that the scale represents levels of congruency from 1 to 7. Full verbal

labelling of the scale with clear identification of congruency and incongruency levels

and the neutral point, as well as the omission of the scale-values (1 to 7) from the

written instruction should resolve that issue.

Finally, the current study utilises only one experimental method - the rating

experiment. Other methods, for example, the method of adjustment or force-choice

tasks, could be also considered and used in order to confirm or clarify the current
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findings.

6.2.5 Conclusion

This dissertation focused on parameters of audiovisual stimuli consisting of a Gabor

patch and a modulated tone (AM or FM) that affected perceived (in)congruency of

such stimuli. It was demonstrated that AM-tones in combinations with flickering

Gabor patches evoked higher perceived congruency than FM-tones. Furthermore,

static parameters of audiovisual stimuli, such as spatial frequency of the Gabor patch

and the carrier frequency of the tone had no or little effect on perceived congruency

in the presence of dynamic changes. Dynamic parameters, i.e., the flickering and

temporal frequency of the Gabor patch and the modulation frequency of the tone,

however, played a prominent role in perceived (in)congruency. Stimuli with auditory

and visual components of similar temporal frequencies (flickering frequency of the

patch and modulated frequency of the tone) received significantly higher ratings

than stimuli with dissimilar components. Additionally, it was confirmed, that above

mentioned findings hold true for stimuli of shorter and longer durations.
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Appendices

A Experiment Application

The application was developed using PsychoPy3 Experiment Builder. The same

application was used for all 4 experiments with some minor changes. In cases when

a certain component of the application was changed to accommodate the differences

in experiments, this component is described for different experiments separately.

In order to run the experiment, the application has to be used with two files -

“trials practice.csv” which sets parameters for 5 practice trials, and “trials.csv”

which sets the parameters and the order of the experimental trails. These files are

generated using R Studio prior to the experiment for each participant.

Figure 2: An example of the trails’ information table “table.csv”.

The files contain tables where each row corresponds to one trial with the following

parameters stored in the columns (see Figure 2 for the example of this table for

Experiment 1):

• “spatial fr” - spatial frequency for Gabor patches;
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• “flicker fr” - flickering frequency for flickering Gabor patches (set to 0 for

drifting);

• “speed” for drifting Gabor patches (set to 0 for flickering);

• “phase rate” = spatial fr * speed;

• “sound” - sound filename and it’s location;

• “trialN” - trial order number;

• “text” - text for the breaks notifications;

• “time” - time in seconds for the breaks between trials (180 for the trials fol-

lowed by a break, 0 for all other trials);

• “f” - 0 for trials with drifting Gabor patches, and 1 for trials with flickering

Gabor patches;

• “m” - 0 for trials with flickering Gabor patches, and 1 for trials with drifting

Gabor patches.

Additional parameter that was used in Experiment 3:

• “dir” - drifting direction for drifting Gabor patches (-1 or 1 for drifting patches,

0 for flickering).

Additional parameter that was used in Experiment 4:

• “length” - length of the stimuli in seconds.

The flow of the experiment as it was developed in the Builder View (PsychoPy3)

is presented in Figure 3. The developed application consisted of 10 original routines

(Fig.3).

Routine 1 : “Instruction”. On the grey background (constant thoughout the

experiment) the message appears: “Please, read the provided printed instruction

and then click the mouse to start the practice session”. This message stays on the

screen till the mouse is clicked. Routine 1 was created using two components:
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Figure 3: Flow of the experiment as in Builder View. The 10 original routines are
marked each with the number. In cases when the same routine was used twice, the
number only marks the first occasion.

• “text”. Displayed the message mentioned above. The duration is set to “con-

ditional” (condition was a mouse click);

• “mouse” set to “End Routine on any click”;

• “code”. “Begin Routine”: win.mouseVisible = False # makes cursor

invisible till another command is passed.

From here on, only the components’ parameters that were set differently from the

default are described.

After this Routine is over, the practice trial loop begins (Fig. 3). It repeats

5 times (5 practice trails) and the parameters of the stimuli are defined by the

“trials practice.csv” file. It is followed by the experiment loop “trial” that consists

of the same routines, but uses a different parameters’ file - “trials.csv”. All routines

described further apply to both loops.

Routine 2 : “pause before”. This routine provides a 4-second pause before the

beginning of the trial and the appearance of the stimuli. The routine was created

by using the following components:

Experiment 1:

• “grating” component with the parameters set as following: “opacity” = 0

(fully transparent), time duration = 4 seconds. This resulted in the grey
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empty screen for 4 seconds;

• two “polygon” components set to “line” option - one horizontal and one vertical

line forming the fixation cross. The parameters were set so the cross is located

in the middle of the screen with 0.4 visual degree width and height. Time:

start at 2 seconds from the beginning of the routine, duration - 1 second.

As a result, the fixation point appeared at the spot where the center of the

stimuli would be located 2 seconds before the stimulus, lasting 1 second and

disappearing 1 second before the stimuli appeared.

Experiments 2-4:

• “grating” (same as described above)

• two “polygon” components similar to the ones described above. The parame-

ters were set so the cross is located in the middle of the screen with 0.4 visual

degree width and height. Time: start at 3 seconds from the beginning of the

routine, duration - 1 second. The fixation point appeared 1 second before the

stimuli below the spot where the stimulus would appear.

Routine 3 : “trial”. Duting this routine the stimuli were demonstrated. The

visual part of the stimulus was generated, while for the sound part the external

sound file was called.

Experiment 1:

• “grating” component named “moving”. The parameters were set as following:

– Time: start 0, duration: 2 seconds;

– Opacity:

(sin((trialClock.getTime()-0.5)*pi)+1)/2*m,

set every frame;

– Size: (1,1). That would be equivalent to 2 visual degree diameter on the

experimental monitor due to the MacBook Retina Display conversion

(one pixel for two);
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– Texture: sin;

– Mas: gauss;

– Phase (in cycles): trialClock.getTime()*phase rate, set every

frame;

– Spatial frequency: spatial fr, set every repeat.

• “grating” component named “flickering”. The parameters were set as follow-

ing:

– Time: start 0, duration: 2 seconds;

– Opacity:

(sin((2*trialClock.getTime()*flicker fr-0.5)*pi)+1)/2*f,

set every frame;

– Size: (1,1). (2 visual degrees);

– Texture: sin;

– Mas: gauss;

– Phase (in cycles):

round((sin((trialClock.getTime()*flicker fr)*pi)+1)/2)/2,

set every repeat;

– Spatial frequency: spatial fr, set every repeat.

• “sound”

– Time: start 0, duration: 2 seconds;

– Sound: sound (sound filename), set every repeat.

Experiment 2 and 3:

• all the same components that were described for Experiment 1 with the minor

change: both “grating” components (“flicker” and “moving”) are moved two

visual degrees up from the center of the screen;
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• two “polygon” components identical to the ones used in the previous routine

(Routine 2, Experiments 2-4). From the participant perspective the fixation

cross (these two polygons) appears one second before the stimulus (during

previous routine) and stays on the screen through the stimulus presentation.

Time settings: start 0 s, duration 2 s.

Experiment 4 used different settings for all components, as the length of the

stimuli were varying from trial to trial:

• “grating” component named “moving”. The parameters were set as following:

– Time. Start: 0 s, duration: length;

– Opacity: m;

– Position: (0,1) (2 visual degrees from the center);

– Size: (1,1) (2 visual degrees);

– Texture: sin;

– Mas: gauss;

– Phase: trialClock.getTime()*phase rate, set every frame;

– Spatial frequency: spacial fr, set every repeat.

• “grating” component named “flickering”. The parameters were set as follow-

ing:

– Time. Start: 0 s, duration: length;

– Opacity:

(sin((2*(trialClock.getTime())*flicker fr-0.5)*pi)+1)/2*f;

– Position: (0,1) (2 visual degrees from the center);

– Size: (1,1) (2 visual degrees);

– Texture: sin;

– Mas: gauss;
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– Phase:

round((sin((trialClock.getTime()*flicker fr)*pi)+1)/2)/2,

set every frame;

– Spatial frequency: spacial fr, set every repeat.

• “polygon” set to “rectangle” mode. The purpose of this component is to

create an envelope for the Gabor patches and make them appear gradually.

The parameters were as following:

– Time. Start: 0 s, duration: 0.2 s;

– Opacity: 1-sin(trialClock.getTime()*2.5*pi), set every re-

peat;

– Size: (1.5, 1.5).

• “polygon” set to “rectangle” mode. The purpose of this component is similar

to that previously described with the difference that this component makes

Gabor patches disappear gradually. Most of the components are the same

with the previous polygon with these two differences:

– Time. Start: length - 0.2, duration: 0.2 s;

– Opacity: sin((trialClock.getTime()-length-0.2)*2.5*pi).

• two “polygons” forming fixation cross as described above (Experiment 2 and

3).

Routine 4 : “pause after”. It provides 2-seconds pause between a stimulus and

the rating. The routine consists of one component:

• “grating” with opacity set to 0 (empty screen), time duration: 2 seconds.

Routine 5 : “rating”. During this routine a rating scale appeared (Fig. 4) and

participants gave ratings to the stimuli. It consisted of the following components:

• “slider” with the following parameters:
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Figure 4: Rating scale

– Size: (7, 0.4);

– Position: (0. -3.0);

– Ticks: (1,2,3,4,5,6,7);

– Granularity: 1 (integer scale);

– Style: rating.

• two “text” components located on the left side of the slider (text “incongru-

ent”) and on the right side of the slider (text “congruent).

• “code”:

– Begin Routine: win.mouseVisible = True # makes cursor appear;

– End Routine: win.mouseVisible = False # makes cursor disap-

pear.

Routine 6 : “break time”. This routine provided occasional breaks for partici-

pants. Components:

• text:

– Time: duration “time” (0 for most of the trials, 180 seconds for trials

that are followed by a break);

– Tex: text, set every repeat.

Routine 7 : “next”. This routine prevented the next trial from starting straight

away after rating without participants confirming their readiness. Components:

• text: “Thanks! Click for next”;
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• mouse: end routine on any click;

• two polygons forming a progress bar (Fig. 5). One of them with the constant

parameters (external frame of the progress bar), while parameter of the other

(width) were varying to reflect the progress:

– Position: (0, -4) for the steady polygon, (-(36-trialN)/20, -4) for

the “growing” polygon;

– Size: (3.6, 0.7) for the steady, (trialN/10, 0.5) for the growing.

Figure 5: Progress bar

If more trials were scheduled for this loop, the Routine 2 follows (4-second pause

break before the stimuli). In case of the last scheduled trial in the practice session

Routine 8 followed, in case of the last scheduled trial in the experiment session,

Routine 10 followed.

Routine 8 : “end of practice”. During this routine the following message was

displayed: “The practice sessions is finished. Do you have any questions? If yes,

please, ask them now. If no, click the mouse to begin the experiment.”

• “text”: the text mentioned above;

• “mouse”: end routine on any click.

Routine 8 : “begin”. The message announcing the beginning of the experiment:

“The experiment is about to begin. Make sure your head is resting on the chinrest

and the door is properly closed. If you are ready, click the mouse to start the first

trial.”

• “text”: the text mentioned above;
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• “mouse”: end routine on any click.

Routine 10 : “thank you”. The message announcing the end of the experiment:

“This is the end of the experiment. Thank you!”

• “text”: the text mentioned above. Duration set to 30 seconds.

After Routine 10 is over, the application automatically closes. All the data is

saved in “.csv” file containing the name of the experiment, participant’s id number

and the time of completion.
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B Calibration Procedure

Calibration of the visual and audio components’ congruency was conducted using

Iwatsu Digital Oscilloscope DS-5314, a luminance meter and a sound level meter.

The luminance meter was connected to the first channel of the oscilloscope, and

the sound meter (RION NL-42) was connected to the second channel through the

AC output. The luminance meter was located in close proximity to the monitor

specifically where the stimuli appeared. The sound level meter was directed at one

of the headphones. The changes in the visual picture on the screen or the appearance

of the sound were reflected on the oscilloscope monitor. In case of the auditory signal,

a small 1.3-ms delay should have been accounted for as the microphone input signal

was converted into digital format for further processing and then returned back to

analog format for AC output (according to RION NL-42/NL-52 Instruction Manual).

The original experiment design had to be modified for the purpose of calibration.

First of all, the grey background should have been turned to a black one, so that

the appearance of the stimuli on the screen would show more contrast and therefore

would be more clearly seen on the waveform. The stimuli themselves were also

modified in a following way. As the stimuli had a long rise and fall time for both

the auditory and visual part, the depiction of their appearance on the oscilloscope’s

screen was a gradual rise, therefore the exact beginning of the stimuli was impossible

to determine. To overcome this issue the rise time for the auditory part and the

gradual opacity change for the visual part were temporarily removed. This ensured

the contrast change in both modalities and therefore a clear depiction of it on a

waveform.

Using the described method several measurements were done. In situations when

the resulting synchronisation level was not satisfactory, certain delays were intro-

duced. After that another set of measurements was conducted. The process was

repeated till the required level of synchronisity was reached. The results of the final

measurements are presented in the tables below.
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B.1 Experiment 1

Introduced delay: no delay was needed.

Table 1: Experiment 1. Calibration measurements.

N Sound delay ms Sound meter ms Resulting delay ms

1 4 -1.3 2.7

2 -7 -1.3 -8.3

3 4 -1.3 2.7

4 3 -1.3 1.7

5 -5 -1.3 -6.3

6 6 -1.3 4.7

7 3 -1.3 1.7

Average delay -0.16

B.2 Experiment 2

Introduced delay: 4-ms video delay

Table 2: Experiment 2. Calibration measurements.

N Sound delay ms Sound meter ms Resulting delay ms

1 -10 -1.3 -8.7

2 8 -1.3 9.3

3 -5 -1.3 -3.7

4 -3 -1.3 -1.7

5 5 -1.3 6.3

Average delay 0.3
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B.3 Experiment 3

Introduced delay: 4-ms video delay

Table 3: Experiment 3. Calibration measurements.

N Sound delay ms Sound meter ms Resulting delay ms

1 0 -1.3 -1.3

2 5 -1.3 3.7

3 2 -1.3 0.7

4 0 -1.3 -1.3

5 0 -1.3 -1.3

Average delay 0.3

B.4 Experiment 4

Introduced delay: 32-ms audio delay

Table 4: Experiment 4. Calibration measurements.

N Sound delay ms Sound meter ms Resulting delay ms

1 0 -1.3 -1.3

2 1 -1.3 -0.3

3 2 -1.3 0.7

4 0 -1.3 -1.3

5 2 -1.3 0.7

Average delay -0.3
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C Light and sound levels measurements

The average values for luminance and illuminance are presented in the table below.

Table 5: Light measurements.

White Grey Black

Experiment 1 Illuminance 2.97 1 less than 0.05

Luminance 9.53 2.78 0.01

Experiment 2 Illuminance 2.7 0.9 less than 0.1

Luminance 9.47 2.87 0.02

Experiment 3 Illuminance 2.7 0.9 less than 0.1

Luminance 9.8 2.9 0.02

Experiment 4 Illuminance 3 1 less than 0.1

Luminance 9.49 2.83 0.02

Sound measurements were done differently for the first (pilot) experiment and

for Experiments 2-4:

• Experiment 1 (Pilot).

The sound level was set to a comfortable level and was as follows: 1000 Hz

continuously played sound on average at the level of 50 dB measured at the

position of the participant (A-weighted, Fast). The maximum sound level of

the stimuli was at 57.8 dB.

• Experiment 2-4.

The level was set in a way, so the maximum sound level for all stimuli was

60 dB. It corresponded to a slightly higher, but still comfortable sound level

compared to Experiment 1.
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D Sound generation

The sounds for the experiment were generated using Melo Demo Home package

based on J language. Two scripts (for AM- and FM-sounds) were created for each

experiment. The texts of the scripts are presented below.

D.1 Experiment 1

Amplitude modulated tones

directory=:’my dir’

pw=:0 NB. fall and rise are cosine curve

frs=: 44100 NB. sampling frequency

lag=:0.000

offtime=:0.000

rtime =: 0.500

ftime =: 0.500

dur=: 2.000 NB. duration

a=: tone 1000

am1=:(0.5 1 1.57 0.000 0.000) amvib a

am2=:(1 1 1.57 0.000 0.000) amvib a

am3=:(2 1 1.57 0.000 0.000) amvib a

am4=:(3 1 1.57 0.000 0.000) amvib a

am5=:(4 1 1.57 0.000 0.000) amvib a

(am1) savemn44 ’am1.wav’

(am2) savemn44 ’am2.wav’

(am3) savemn44 ’am3.wav’

(am4) savemn44 ’am4.wav’

(am5) savemn44 ’am5.wav’
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Frequency modulated tones

directory =: ’my dir’

pw=:0

frs=:44100

lag=:0.000

offtime=:0.000

dur=:6.000

rtime=:0.500 ftime=:0.500

NB.iph=: 1.57

ifreq=:1000

ilevel=:0

f1 =: 1000 + 80*lft 0.5

fm1 =: fluct f1

f2 =: 1000 + 80*lft 1

fm2 =: fluct f2

f3 =: 1000 + 80*lft 1.5

fm3 =: fluct f3

f4 =: 1000 + 80*lft 2

fm4 =: fluct f4

f5 =: 1000 + 80*lft 2.5

fm5 =: fluct f5

(fm1,a) savemn44 ’fm1.wav’

(fm2,a) savemn44 ’fm2.wav’

(fm3,a) savemn44 ’fm3.wav’

(fm4,a) savemn44 ’fm4.wav’

(fm5,a) savemn44 ’fm5.wav’
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D.2 Experiment 2

Same as in Experiment 1, but only the following files were used: ”am3.wav”,

”am4.wav”, ”am5.wav” and ”fm3.wav”, ”fm4.wav”, ”fm5.wav”.

D.3 Experiment 3

Some changes to the script were introduced, as in Experiment 3 carrier frequency

varied. Also separate scripts for AM- and FM-tones were combined into one script:

directory =: ’my dir’

pw=:0

frs=:44100

lag=:0.000

offtime=:0.000

rtime=:0.500

ftime=:0.500

dur=:2.000

iph=:0

ilevel=:0

tone500=:tone 500

tone1000=:tone 1000

tone2000=:tone 2000

tone500am2=:(2 1 1.57 0.000 0.000) amvib tone500

tone500am4=:(4 1 1.57 0.000 0.000) amvib tone500

tone1000am2=:(2 1 1.57 0.000 0.000) amvib tone1000

tone1000am4=:(4 1 1.57 0.000 0.000) amvib tone1000

tone2000am2=:(2 1 1.57 0.000 0.000) amvib tone2000

tone2000am4=:(4 1 1.57 0.000 0.000) amvib tone2000

(tone500am2) savemn44 ’tone500am2.wav’

(tone500am4) savemn44 ’tone500am4.wav’
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(tone1000am2) savemn44 ’tone1000am2.wav’

(tone1000am4) savemn44 ’tone1000am4.wav’

(tone2000am2) savemn44 ’tone2000am2.wav’

(tone2000am4) savemn44 ’tone2000am4.wav’

iph=: 1.57

f1 =: 500 + 39*lft 2

tone500fm2 =: fluct f1

f2 =: 500 + 39*lft 4

tone500fm4 =: fluct f2

f3 =: 1000 + 66*lft 2

tone1000fm2 =: fluct f3

f4 =: 1000 + 66*lft 4

tone1000fm4 =: fluct f4

f5 =: 2000 + 120*lft 2

tone2000fm2 =: fluct f5

f6 =: 2000 + 120*lft 4

tone2000fm4 =: fluct f6

(tone500fm2) savemn44 ’tone500fm2.wav’

(tone500fm4) savemn44 ’tone500fm4.wav’

(tone1000fm2) savemn44 ’tone1000fm2.wav’

(tone1000fm4) savemn44 ’tone1000fm4.wav’

(tone2000fm2) savemn44 ’tone2000fm2.wav’

(tone2000fm4) savemn44 ’tone2000fm4.wav’

D.4 Experiment 4

Separate scripts for AM- and FM-tones were created. Rise and fall time were

changed.
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Amplitude modulated tones

directory=:’my dir’

pw=:0 NB. fall and rise are cosine curve

frs=: 44100 NB. sampling frequency

rtime =: 0.020

ftime =: 0.020

dur=: 1.000 NB. duration

a=: tone 1000

am21=:(2 1 1.57 0.000 0.000) amvib a

am41=:(4 1 1.57 0.000 0.000) amvib a

(am21) savemn44 ’am21.wav’

(am41) savemn44 ’am41.wav’

dur=: 2.000 NB. duration

a=: tone 1000

am22=:(2 1 1.57 0.000 0.000) amvib a

am42=:(4 1 1.57 0.000 0.000) amvib a

(am22) savemn44 ’am22.wav’

(am42) savemn44 ’am42.wav’

dur=: 4.000 NB. duration

a=: tone 1000

am24=:(2 1 1.57 0.000 0.000) amvib a

am44=:(4 1 1.57 0.000 0.000) amvib a

(am24) savemn44 ’am24.wav’

(am44) savemn44 ’am44.wav’

Frequency modulated tones

directory=:’my dir’

NB. 1 second files
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pw=:0 NB. fall and rise are cosine curve

frs=: 44100 NB. sampling frequency

rtime =: 0.020

ftime =: 0.020

dur=: 1.000 NB. duration

f21 =: 1000 + 80*lft 2

fm21 =: fluct f21

f41 =: 1000 + 80*lft 4

fm41 =: fluct f41

(fm21) savemn44 ’fm21.wav’

(fm41) savemn44 ’fm41.wav’

NB. 2 seconds files

dur=: 2.000 NB. duration

f22 =: 1000 + 80*lft 2

fm22 =: fluct f22

f42 =: 1000 + 80*lft 4

fm42 =: fluct f42

(fm22) savemn44 ’fm22.wav’

(fm42) savemn44 ’fm42.wav’

NB. 4 seconds files

dur=: 4.000 NB. duration

f24 =: 1000 + 80*lft 2

fm24 =: fluct f24

f44 =: 1000 + 80*lft 4

fm44 =: fluct f44

(fm24) savemn44 ’fm24.wav’

(fm44) savemn44 ’fm44.wav’
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E Instruction

On the next page the instruction for Experiment 1 is presented. The instructions

for other experiments were similar to this one with the following differences:

• Overall length (time) of the experiment and the number of breaks was changed

in accordance with the number of trials for each experiment

• In Experiments 2-4 the fixation point was used differently from the Experi-

ment 1, therefore the point 2 of “Experiment instructions” was changed to the

following text: The experiment will start with a short trial section for practic-

ing only. You will be shown audio-visual stimuli one by one. Every stimulus

consists of a visual pattern (Gabor patch) and an auditory signal 2 seconds

long. There are pauses before and after the stimuli. 1 second before the stim-

ulus the fixation point will appear, please, fixate your gaze on it. The stimuli

will appear above the fixation point, however do not move your gaze from the

fixation point. The gaze should be at the fixation point through the whole time

of the trial - before and during appearance of the stimuli. Please, report to

experimenter if you find it very difficult.
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Perceived (in)congruency experiment on 8th floor building 3, at Kyushu University  

Participant’s ID: _______ 

 

Dear participant, 

 

Thank you for joining our perceived (in)congruency experiment. In this experiment, we would like you to rate the congruency 

of audio-visual stimuli. 

  

We expect individual differences based on personal aptitudes and physical and mental state at the time of the experiment. 

There are no (health) risks involved in joining the experiment and bear in mind that you can opt out of the experiment any 

time - participation is on voluntary basis. The experiment consist of two parts and one part will take approximately 1 hour. 

The time between these parts is at least 12 hours. 

 

To process the data accurately, we would like to ask you some information. We will use the information to analyze our data 

and, possibly, for data publication of group means. However, we guarantee your privacy: your data will be numbered and we 

will not disclose data of single individuals. 

 

Here are our questions: 

1. Do you have normal or corrected-to-normal vision? [ yes / no ]  

2. Do you have normal hearing? [ yes / no ]  

3. What is your age?   ......   years old 

4. What is your gender? [ male / female ] 

5. What is your nationality? ________________________________________ 

6. How tired are you now? Please, rate from 0 to 10 (0 – not tired at all, 10 – extremely tired): before the experiment 

____________; after the experiment______________ 

7. How sleepy are you now? Please, rate from 0 to 10 (0 – not sleepy at all, 10 – extremely sleepy): before the experiment 

____________; after the experiment______________ 

 

Experiment instructions: 

1. We will first set you in front of the display so the distance from you to the screen is 57 cm. Please, follow the instructions 

of the experimenter. 

2. The experiment will start with a short trial section for practicing only. You will be shown audio-visual stimuli one by one. 

Every stimulus consists of a visual pattern (Gabor patch) and an auditory signal 2 seconds long. There are pauses before 

and after the stimuli. 1 second before the stimulus the fixation point will appear, please, look at it – it will guide you to 

where the stimulus will be on the screen. After each stimulus, a rating scale will appear. Please, choose the most 

appropriate rate for the seen stimulus from 1 to 7, where 1 is completely incongruent and 7 is perfectly congruent. After 

the rate is chosen, the progress bar will appear and you will be asked to click the mouse one more time to initiate the 

beginning of the next trial. Experimenter will be in the room during practice session, so feel free to ask any questions or 

give comments. 

3. After the practice section is over, please, confirm that the task is clear. If anything is unclear, please, ask the experimenter 

about it. Experimenter will leave the room after the practice session. 

4. We then will start the 1st session of the experiment. There will be 10 sessions overall, 5 in a first part and 5 in a second. 

There will be breaks between the sessions. Each session takes about 8 minutes, break – 3 minutes. 

 

Thank you for your participation! 

Natalia Postnova, Gerard B. Remijn
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