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Abstract 

 

Motion perception is a fundamental tool for interaction with a dynamic 

environment. When considering real-time interaction, temporal information of 

moving object is a significant factor for smooth interaction. In particular, 

simultaneity perception is an important key for flexible human behavior with the 

dynamic environment. In other words, real time interaction with the dynamic 

environment is generated by the relationship between motion perception and 

simultaneity perception. This dissertation addresses the influence of visual motion 

information on simultaneity perception. The main aims of this dissertation were (1) 

to examine how visual apparent motion affects audiovisual simultaneity perception, 

(2) to investigate what mechanisms contribute to the findings that visual apparent 

motion affects simultaneity perception, (3) to examine the influence of visual 

motion on simultaneity perception in human communication. These aspects are 

described in more detail in Chapter 1. 

In Chapter 2, the purpose was to investigate how visual apparent motion affects 

audiovisual simultaneity perception. Two types of temporal order judgment (TOJ) 

tasks were examined to confirm the effect of visual apparent motion. Participants 

conducted audiovisual TOJ tasks in the apparent motion condition with two flashes, 

and in the normal condition with a single flash, which is the conventional condition 

of a TOJ task. The results of the experiments showed that point of subjective 

simultaneity (PSS) in the apparent motion condition was shifted toward a sound-

lead stimulus, which is closer to physical simultaneity (i.e., zero) and just noticeable 

difference (JND) in the apparent motion condition was smaller than that in the 

normal condition. This means that audiovisual simultaneity perception is closer to 

physical simultaneity from the PSS’s result and showed greater temporal resolution 

from the JND’s result during apparent motion perception. This results suggest that 

visual apparent motion contributes to very precise perceptions of temporal 

simultaneity in audiovisual integration. 

In Chapter 3, the goal was to investigate what mechanisms contribute to the finding 

obtained in Chapter 2. Three possible mechanisms were considered and they were 

examined in three sections, respectively. In Section 1, the purpose was to examine 

the influence of amount of visual stimulation as the first possible mechanism, because 

it remained unclear whether the results obtained in Chapter 2 were influenced by 



differences in the amount of visual stimulation. As a result, the PSS and JND obtained 

in the apparent motion condition differed from those obtained in the successive 

condition as non-motion perception, which included the same amount of visual 

stimulation of the apparent motion condition. This means that the amount of visual 

stimulation made no difference in the apparent motion condition.  

In Section 2, the purpose was to investigate the influence of prediction (a higher-

order brain function) as the second possible mechanism, because apparent motion 

was produced by a constant interval between two flashes. Therefore, it was 

necessary to eliminate the influence of prediction by randomizing the intervals 

between the two visual stimuli. As a result, the results obtained in Section 2 did not 

differ from those obtained in the apparent motion condition in Chapter 2. This 

means that apparent motion was equivalently processed regardless of prediction. 

In Section 3, the purpose was to confirm whether motion binding property as the 

third possible mechanism influences audiovisual simultaneity perception. Visual 

apparent motion is achieved by binding property that stimuli are perceived as a 

moving object with spatiotemporal continuity, and a single bounded object. 

Therefore, there is a need to examine the influence of motion binding property. As 

a result, the PSS shifted toward a sound-lead stimulus and especially became closer 

to physical simultaneity in the motion binding condition, and the JND in the motion 

binding condition was smaller than those in the non-motion binding condition. This 

shows that motion binding property shifted simultaneity toward physical 

simultaneity, and reduces the temporal window in audiovisual integration. 

Therefore, it is revealed that motion binding property contributes to the accurate 

perceptions of temporal events in audiovisual processing.  

In Chapter 4, the purpose was to investigate the influence of visual motion on 

simultaneity perception in human communication. To confirm the influence of 

visual motion, body movement synchronization is detected in face-to-face (visual 

interaction) and remote communication (unidirectional visual perception) settings 

using a new definition through phase difference because body movement 

synchronization is achieved by simultaneity perception. As a result, although the 

mean phase differences in head nods did not differ significantly between the face-

to-face communication and remote communication conditions, there were 

significant differences in the densities, standard deviations and kurtoses in the phase 

difference distributions between the two conditions. This means that visual 

interaction resulted in higher synchronization activity and strength by accurate 

simultaneity perception. 



This dissertation addresses the influence of visual motion information on 

simultaneity perception. The findings showed that visual motion information 

contributes to higher accuracy on simultaneity perceptions of temporal events in the 

dynamic environment. Therefore, motion perception allows flexible interaction 

with the dynamic environment in real time. 
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Chapter 1 

Introduction 

  

  

1.1  Simultaneity Perception in a Dynamic Environment 

We interact with a dynamic environment by perceiving and interpreting motion, 

which has become the most important information in our daily life. Motion 

determines the perceptual frame in the dynamic environment. The physical 

phenomenon ‘motion’ is defined as the spatiotemporal change of an object. In 

human beings, motion can be broadly classified into two categories, namely 

‘motion perception’ and ‘body motion’. Motion perception means that we perceive 

and recognize the movement of the object from a dynamic environment. Body 

motion means that we interact with the dynamic environment through action. We 

interact with the dynamic environment in real time by using motion perception and 

body motion. In particular, motion perception is a fundamental tool for interaction 

with the dynamic environment in real time and temporal information of motion is 

very important for smooth interaction with the environment. 

Interestingly, it has been reported that there exists a temporal difference between 

the presentation of external sensory stimuli and the perception of stimuli (Spence 

et al., 2001; Spence et al., 2010). External sensory stimuli are perceived with 

perceptual latency due to transmission time through air and neural transmission 

time (Vroomen and Keetels, 2010). However, we interact with motion smoothly in 

real time in a dynamical environment. In order to interact with the environment 

smoothly, the relation between motion perception and temporal perception is 

important and especially ‘simultaneity perception’ in temporal perception plays 

significant role in interaction with the environment. Simultaneity perception 

enables to perceive multiple sensory information as a single event and interact with 

the environment at the same time. In other words, we can interact with the 
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environment in ‘real time’ by simultaneity perception. Real time interaction with 

the dynamic environment is generated by the relationship between motion 

perception and simultaneity perception. Therefore, there is a need to focus on the 

relationship between motion perception and simultaneity perception. 

 

 

 

1.2  Visual Motion Perception  

We perceive motion through the multiple senses in the dynamic environment to 

translate continuously motion information from the external world. It is possible to 

include visual, auditory, tactile senses as typical senses to perceive motion 

information. In particular, visual motion perception is most deeply involved in the 

processing of motion information since vision is dominantly characterized by the 

spatiotemporal processing of motion information (Burr and Thompson, 2011; 

Adelson and Bergen, 1985; Krekelberg, 2008). There are two motion perception 

systems, which are first-order and second-order motion perception systems 

(Nishida, 2011; Vaina and Soloviev, 2004). The first-order motion system is 

defined as pure motion perception by the movement of luminance and color 

attributes. On the other hand, the second-order motion system is defined as the 

movement of high-level features such as contrast, texture and flicker. 

In physiological aspect, visual signals received by retina are transmitted to 

primary visual cortex as lateral geniculate nucleus (LGN) and V1 (Van Essen, et 

al., 1992; Felleman and Van Essen, 1991; Hilgetag, et al., 1996; Casagrande and 

Norton, 1991; Merigan and Maunsell, 1993; Stone, et al., 1979). The visual signals 

are integrated and interpreted by hierarchical and parallel pathways, which are 

divided into two main pathways of dorsal and ventral stream (Goodale and 

Westwood, 2004; Fang and He, 2005; Martin, 1992; Nassi and Callaway, 2009; 

Callaway, 2005; Hendry and Reid, 2000; see Figure 1.1).  
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Figure 1.1. Schematic representation of the two streams of visual processing in 

human cerebral cortex (Goodale and Westwood, 2004). The retina sends 

projections to the dorsal part of the lateral geniculate nucleus (LGN) in the thalamus, 

which projects in turn to primary visual cortex (V1). Within the cerebral cortex, the 

ventral stream (red) arises from early visual areas (V1) and projects to regions in 

the occipito-temporal cortex. The dorsal stream (blue) also arises from early visual 

areas but projects instead to the posterior parietal cortex. The posterior parietal 

cortex also receives visual input from the superior colliculus through the pulvinar. 

  

Dorsal stream 

Ventral stream 
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The dorsal stream is related to spatial characteristics, detecting movement and 

guiding actions, whereas the ventral stream is involved in object recognition and 

identification such as shape, color and depth. In particular, the dorsal stream plays 

an important role in visual motion processing and area MT (middle temporal/ V5) 

in the dorsal stream is established as a key substrate of visual motion processing. 

Area MT has a function which comprehensively processes the whole motion 

information of objects by integrating the information of local motion (Pack and 

Born, 2001). Area MT is well studied spatial and temporal tuning properties and 

neurons tuned to speed are rare in area V1 but are reported in area MT (Perrone & 

Thiele, 2001; Priebe, Lisberger, & Movshon, 2006). Area MT has been found to be 

activated when subjects engage in visual timing tasks such as the timing of rhythmic 

visual stimuli (Jantzen, Steinberg, & Kelso, 2005) and estimating the time of visual 

interception (Bosco, Carrozzo, & Lacquaniti, 2008). Bueti et al. (2008) found that 

area MT impaired the ability of human subjects to discriminate short temporal 

intervals (i.e. of hundreds of milliseconds).  

Interestingly, we can experience the motion through not only continuous signal 

but also a discrete sequence of events (Figure 1.2). This property of motion 

perception on human perceptual system is used for various display systems such as 

film and television (Wu and Rao, 2005; Watson, et al., 1983; Watson, et al. 1986). 

For example, a film is presented by a sequence of static views, and we usually 

perceive the film with motion continuously and smoothly. In other words, although 

such display systems deliver a discrete sequence of static views, we cannot avoid 

perceiving it as continuous moving images under a specific condition (e.g., 24 fps 

in films, 30 fps in television), so-called “window of visibility” (Watson, et al., 1983; 

Watson, et al. 1986). In particular, it is reported that a unit of motion perception is 

characterized by discrete intervals, which is sampling time of 20 ms. Therefore, the 

motion perception on human perceptual system relies on this 20 ms sampling time, 

even real motion (Burt and Sperling, 1981). On the other hand, many researchers 

have reported that temporal resolution of motion perception is a range of 20-150ms 

on human perceptual system (Watson, 1985; Braddick, 1980; Larsen, 1983; Lamme, 

2000) This property of motion perception is called ‘apparent motion’ (Watson, et 

al., 1983; Watson, et al. 1986, Burt and Sperling, 1981). 
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(A)                                (B) 

 

 

Figure 1.2. Motion as space-time orientation (Krekelberg, 2008). Contrast 

distribution of a sampled version of the moving line. Points indicate the times and 

positions at which the sample presented. (A) The distribution of a bar shows smooth 

and continuous motion over space and time. When a bar moves to the right over 

time, the motion is perceived clearly. (B) The distribution of the bar indicates 

sampled and discrete elements. When the bar is presented as discrete elements as 

jump from one place to the next (apparent motion), the motion is still clearly visible 

as smooth and continuous movement. 
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1.3  Apparent Motion 

As mentioned above, visual motion perception are determined by temporal and 

spatial characteristics on human perceptual system. Especially, even despite two 

discrete stimuli, motion is perceived by the appropriate spatiotemporal interval 

(Ramachandran and Anstis, 1986; Anstis and Mackay, 1980; Larsen et al., 1983; 

Braddick, et al., 1980; see Figure 1.3). This shows that there exist some perceptual 

frames for perceiving continuous motion. Visual apparent motion is an optical 

phenomenon whereby motion appears to occur at a certain spatiotemporal interval, 

although two discrete stimuli are used (Ramachandran and Anstis, 1986; Anstis and 

Mackay, 1980; Larsen et al., 1983; Braddick, et al., 1980; Grossberg and Rudd, 

1992; Dawson, 1991). In particular, visual apparent motion is systematically 

affected by the temporal interval between two stimuli. When the temporal interval 

is too short, the stimuli are perceived as simultaneous, whereas when the temporal 

interval exceeds a certain interval, the two stimuli are perceived as successive. 

Therefore, if the temporal interval between two stimuli is too short or too long, 

motion is not perceived. For example, many researchers have reported that two 

visual stimuli are perceived as a continuous motion when the interstimulus onset 

interval (ISOI) of the visual stimuli is within a range of 50 to 150 ms. Conversely, 

the visual stimuli are perceived as simultaneous within an ISOI of 40 ms and the 

visual stimuli are perceived as successive beyond an ISOI of 300 ms (Dawson, 

1991; Getzmann, 2007; Harrar et al., 2008; Strybel, et al., 1990; Briggs and Perrott, 

1972). Of particular note is that apparent motion is a fundamental unit of visual 

motion in finite time. 

Visual apparent motion is divided into short- and long-range processes 

(Ramachandran and Anstis, 1986; Anstis and Mackay, 1980; Larsen et al., 1983; 

Braddick, et al., 1980; Dawson, 1991). Short-range process in visual apparent 

motion, called low-level process, is characterized by short spatial displacements (up 

to 30ʺ or less of visual angle) and brief temporal intervals (less than 100ms of inter-

stimulus intervals). Also, long-range apparent motion, called high-level process, is 

known to be detected in much larger spatial displacements (several degrees and up  



7 

 

(A) 

 

 

(B) 

 

 

Figure 1.3. Apparent motion and temporal factors. (A) shows the structure of 

visual apparent motion. (B) shows temporal factors in perception of visual apparent 

motion. Two visual stimuli are perceived as a continuous motion when the 

interstimulus onset interval (ISOI) between the two visual stimuli is within a range 

of 50 to 150 ms. Conversely, the visual stimuli are perceived as successive beyond 

an ISOI of 300 ms (Dawson, 1991; Getzmann, 2007; Harrar et al., 2008; Strybel, et 

al., 1990; Briggs and Perrott, 1972). 
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to 15° of visual angle) and longer temporal intervals (inter-stimulus intervals of 

more than 100ms and up to 300ms). The two processes have been studied in a wide 

range of fields from psychophysics to brain functions (Grossberg and Rudd, 1992; 

Dawson, 1991). In particular, psychophysical aspects have been studied to elucidate 

the perceptual or cognitive characteristics of apparent motion, and the temporal 

factors are considered to be important for apparent motion perception. 

In the physiological aspect, the response to apparent motion is typically 

equivalent to the response to real motion in the physiological mechanisms by 

passing through the dorsal stream associated with motion processing (Newsome, et 

al., 1986; Shimono, et al., 2012; Manning, et al., 1988; Shadlen, et al., 1993). 

Moreover, some researchers reported a possibility that higher cortical areas are 

implicated in the processing of apparent motion (Newsome, et al., 1986). 

 

 

 

1.4  Motion and Temporal Perception 

In unisensory processing, it has been reported that motion is perceived faster 

than non-motion information (Schlag and Schlag-Rey, 2002; Hikosaka, et al., 1993; 

Nijhawan, 1994). For example, there is a robust illusory phenomenon called flash-

lag effect, which means that motion is perceived faster than a single flash (Nijhawan, 

1994; Nijhawan, 2002; Vroomen and Gelder, 2004). When a moving target and a 

static flash are aligned and when they appeared at the same location, the moving 

target is perceived as shifted more slightly in the direction of motion relative to the 

flash. In other words, the flash is processed more slowly than the moving target. 

However, Brenner and Smeets (2000) pointed out the problem of flash-lag 

experiment. Brenner and Smeets (2000) claimed that a moment for spatial 

alignment of moving object and a flash, especially moving target’s location, can 

only be referred after the flash’s presentation. In other words, even if the moving 

object and the flash were presented with the same physical location, the moment 

for spatial alignment was determined after the flash was perceived. 
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Besides, Vroomen and Gelder (2004) examined whether a sound presented with 

a flash at the same time has an effect on the flash-lag effect. Participants judged the 

position of a flash presented at various timings relative to a moving bar that moved 

laterally from the left side to the right side with constant speed. They compared a 

synchronized sound condition and silent condition. Synchronized sound condition 

shows that a sound was synchronized with a flash and silent condition indicates that 

a sound was not presented with a flash. The results showed that when the sound 

was present with a flash, the flash-lag effect were reduced relative to the silent 

condition. Consequently, they reported that a sound can enhance temporal 

processing of a flash. However, there is a possibility that participants might judge 

the position of a flash by the single sound as pointed out by Brenner and Smeets 

(2000). In other words, the single sound might determine the timing of the single 

flash because the single sound is perceived faster than the single flash. Furthermore, 

it is difficult to understand whether the single sound had an effect on the motion or 

the flash. Therefore, it is necessary to examine the temporal characteristics by 

dividing motion information and non-motion information, including single flash. 

This study is focused on the temporal perception during the observation of motion 

and non-motion information in multisensory integration. 

  

 

 

1.5  Temporal Integration in Multisensory Processing 

1.5.1  Unity Assumption 

When a single auditory and visual stimuli occurred from external world, we can 

perceive them as a same unitary event. On the other hand, we can perceive them as 

the two separate events without integration as well. The binding or separation of 

these unimodal stimuli is important to process the external information from the 

environment. In particular, the binding of multisensory stimuli is known as “unity 

assumption,” which means that we perceive the multisensory information as a 

unitary information (Bedford, 2001; Radeau and Bertelson, 1977; Bertelson and 



10 

 

Aschersleben, 1998; Vatakis and Spence, 2007; Welch, 1999; Welch and Warren, 

1980). Researches on the unity assumption have been demonstrated in various 

dimensions such as time, space, semantics and pattern on the basis of the 

consistency of the information and perceptual binding (Welch and Warren, 1980; 

Laurienti, et al, 2004; Vatakis and Spence, 2006; Vatakis and Spence, 2007; 

Sanabria, et al, 2004; Spence, et al, 2007; Guski and Troje, 2003). In particular, 

spatiotemporal origin of different modalities is important factor to bind them into a 

single perceptual object or event (Jack and Thurlow, 1973; Radeau & Bertelson, 

1977; Slutsky and Recanzone, 2001; Bertelson and Aschersleben, 2003; Morein-

Zamir, et al., 2003). The crossmodal binding of multiple sensory information as a 

single object or event has been studied using a simple set of stimuli, such as a 

combination of a single sound and a single flash, and more complex stimuli such as 

audiovisual speech (Easton and Basala, 1982; Wassenhove, et al., 2007; Vatakis 

and Spence, 2006; Vatakis and Spence, 2007; Walker, et al, 1995; Green and 

Gerdeman, 1995; Green, et al, 1991). 

 

1.5.2  Space Dimension 

The multisensory binding as unity assumption has been demonstrated focusing 

on ‘capture’ phenomenon, which means that one or more sensory information is 

often captured by another sensory information. In other word, when two or more 

sensory information is transmitted with different speeds, multisensory perception is 

usually biased toward one modality, so called sensory or modality dominance. For 

example, many studies have reported ventriloquism effect with regard to capture 

phenomenon in space dimension. The spatial ventriloquism effect shows that when 

auditory and visual stimuli are presented at the same time, auditory stimuli are 

typically captured toward location of visual stimuli (Bermant and Welch 1976; 

Bertelson and Radeau 1981; Jack and Thurlow, 1973; Radeau, 1994; Radeau and 

Bertelson, 1977; Hairston, et al, 2003; Slutsky and Recanzone, 2001). That is, 

although the location between audiovisual stimuli is different, the perceived 

location of auditory stimuli shifts toward the position of visual stimuli and the 

audiovisual information is integrated as a same event. Therefore, although the 
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positions of the screen and speakers in a movie theater are different we can catch 

the audiovisual stimuli as a single unit of information. The spatial ventriloquism 

effect, vision dominates audition in space dimension, is a well-known phenomenon 

in multisensory integration (Radeau 1994; Bertelson and Aschersleben 1998).  

 

1.5.3  Time Dimension 

This sensory capture phenomenon has also been demonstrated in the time 

dimension. Previous studies have reported that the temporal integration of 

multisensory information depends on the combination of sensory information and 

it can be changed according to a variety of factors such as stimulus intensity, 

prediction and attention (Allik and Kreegipuu, 1998; Jakowśki and Verleger, 2000; 

Mattes and Ulrich, 1998; Schneider and Bavelier, 2003). In particular, many studies 

have shown that audition dominates vision on multisensory processing in the time 

dimension (Gebhard and Mowbray, 1959; Fendrich and Corballis, 2001; Bertelson 

and Aschersleben, 2003; Morein-Zamir, et al., 2003; Freeman and Driver, 2008; 

Recanzone, 2003; Vroomen and de Gelder, 2004). Auditory dominance or auditory 

driving, whereby audition captures vision, is a widely known phenomenon 

(Gebhard and Mowbray, 1959; Fendrich and Corballis, 2001). For example, 

Fendrich and Corballis (2001) reported that a flash was perceived significantly 

earlier when preceded by an auditory stimulus. On the other hand, a flash was seen 

significantly later when followed by an auditory stimulus. In addition, temporal 

ventriloquism effect has shown that temporal perception of visual stimuli is pulled 

into that of auditory stimuli (Fendrich and Corballis, 2001; Morein-Zamir, et al., 

2003; Scheier, et al, 1999; Vroomen and Keetels, 2006). For example, Morein-

Zamir S, et al., (2003) reported that the temporal ventriloquism effect condition 

shifted the temporal window of integration toward smaller values than those of the 

baseline. The temporal ventriloquism effect condition shows that one auditory 

stimulus was presented shortly before the first light, and the other after the second 

light and the baseline condition shows that each auditory stimulus was presented 

with a flash at the same time (i.e., each pair of an auditory stimulus and a visual 

stimulus was presented at the same time). This shows that sounds attracted the 
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temporal perception of lights by improving the visual temporal resolution. 

Therefore, the phenomenon, which audition dominates vision in time dimension, 

has been considered as a mainstream in multisensory temporal perception, 

especially with higher temporal resolution and acuity on temporal perception. 

 

1.5.4  Physical and Physiological Aspects 

When we interact with the environment, the multisensory signals reached the 

sensory receptors respectively and are perceived with relative time. It is reported 

that the perceived order of the sensory stimuli is different in the brain because the 

physical transmission time through air and neural transmission time are different in 

kind of sensory stimuli (Vroomen and Keetels, 2010; Spence et al., 2001; Spence 

et al., 2010; Spence and Squire, 2003; King, 2005). Physical transmission time of 

light is approximately 300,000,000 m/s and physical transmission time of sound is 

approximately 330 m/s (see Table 1-1). Therefore, physical transmission time of 

sound is slower than that of light. Light and sound reach ears and eyes, and then the 

auditory and visual signals are transmitted to the brain by neural process from the 

sensory receptors. The neural processing time differs between light and sound, and 

the neural processing time of light is typically slower than that of sound 

(approximately 50 vs. 10 ms, respectively). This shows the temporal disparity by 

relative speed from physical and neural transmission time between light and sound. 

Although the multisensory information is processed by the temporal disparity we 

perceive and integrate the multisensory information as simultaneous event. 

However, the mechanism about how the temporal simultaneity in multisensory 

integration is maintained is not clear. It is very interesting point that whether the 

brain cannot discriminate the small lag between multisensory signals or whether the 

brain flexibly controls the multisensory signals to perceive the synchrony or 

asynchrony (See Figure 1.4). 
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Table 1-1. Physical transmission time through air and neural transmission 

time between light and sound. 

 

Physical transmission times 

Light Sound 

300,000,000 m/s 330 m/s 

Neural transmission times 

Light Sound 

50ms 10ms 

Physical transmission time of light is approximately 300,000,000 m/s and physical 

transmission time of sound is approximately 330 m/s. Therefore, physical transmission 

time of sound is slower than that of light. The neural processing time differs between 

light and sound, and the neural processing time of light is typically slower than that of 

sound (approximately 50 vs. 10 ms, respectively). This shows the temporal disparity by 

relative speed from physical and neural transmission time between light and sound. 
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Figure 1.4. How intersensory synchrony might be maintained? (Vroomen 

and Keetels, 2010) 

 

 

 

With respect to processing of audiovisual integration, functional imaging studies 

have found the brain areas of audiovisual integration and, especially superior 

temporal sulcus (STS) have been suggested as an audiovisual association area 

(Stein and Stanford, 2008; Ghazanfar and Schroeder, 2006; Beauchamp, 2005; see 

Figure 1.5). However, in resent year, several functional imaging studies have also 

showed the evidences that the audiovisual integration is related to area MT engaged 

in visual motion processing (Olson, et al., 2002; Calvert, et al., 1999). Furthermore, 

some researchers suggested that audiovisual stimulation is integrated in Area MT 

under the dorsal stream implicated in motion processing (Scheef, et al., 2009; Saenz, 

et al., 2008; Alink, et al., 2008). These findings collide with the brain areas, 

especially superior temporal sulcus (STS), known as traditional audiovisual 

integration. However, some researchers have suggested that the mechanism of 

multisensory processing by motion information diffed from that of multisensory 

processing by non-motion information (Kafaligonul and Stoner, 2010, Scheef, et 

al., 2009; Alink, et al., 2008). Therefore, there is a need to quantitatively investigate 

the influence of motion and non-motion information on the temporal integration of 

multisensory perception. 
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Figure 1.5. The locations of the three multisensory regions (Beauchamp, 2005). 

The locations of the three multisensory regions described in the review shown on a 

lateral view of a folded (left) and inflated (right) right hemisphere: area LO is 

yellow, area MT is red and STS is green. Numbers indicate approximate centers of 

nearby Brodmann areas. The region labeled LO corresponds retinotopically to 

dorsal V4 and is a subset of a much larger band of cortex (extending superiorly and 

inferiorly) that responds preferentially to real visual images versus scrambled 

controls. 
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1.6  Simultaneity Perception  

1.6.1  Temporal Order Judgment Task 

With respect to multisensory integration, the important question is about how 

multiple senses are integrated in the time dimension. We can perceive multiple 

sensory information as a single event. It is made possible by simultaneity perception. 

Therefore, simultaneity perception is an important topic in the study of 

multisensory integration (Pöppel, 1988).  

To confirm the characteristics of simultaneity perception, it is important to 

examine the temporal characteristics between external stimuli and sensory 

perception. There has been remarkable progress in simultaneity judgment (SJ) and 

temporal order judgment (TOJ) tasks in psychophysical studies that investigate 

temporal factors in multisensory integration (Eagleman, 2008; Ivry and Schlerf, 

2008; Grondin, 2010; Mauk and Buonomano, 2004). In particular, TOJ tasks are a 

traditional way to measure temporal characteristics between two or more senses. 

Specifically, TOJ task is a study to examine the temporal relationship between order 

of external stimuli and the temporal order perception in multisensory processing 

(Vroomen and Keetels, 2010; Spence et al., 2001; Spence et al., 2010). In this 

method, the point of subjective simultaneity (PSS) and just noticeable difference 

(JND) are two important parameters as the methods of measurement (Vroomen and 

Keetels, 2010; see Figure 1.6). The PSS represents the interval between the 

applications of stimuli to two senses at which both are perceived by the senses as 

occurring at the same time, which makes it possible to detect which sensory 

information was perceived early or late. The JND can be used as an indicator of 

temporal resolution in cross-modality, which discriminates the temporal 

asynchrony in multisensory processing. 

In TOJ tasks using a set of audio and visual stimuli, many studies have 

demonstrated that hearing changes or attracts visual temporal perception, which is 

called ‘temporal ventriloquism effect’ (Bertelson and Aschersleben, 2003; Morein-

Zamir, et al., 2003). For example, Morein-Zamir et al. (2003) investigated whether 

auditory events can alter the temporal perception of visual events using a visual 
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TOJ task. As a result, TOJ performance was improved with a smaller JND when 

one auditory stimulus was presented shortly before the first light and the another 

after the second light. Although many studies have reported that PSSs and JNDs 

depend on various factors in TOJ tasks such as spatial separation, frequency and 

predictive information (Vroomen and Keetels, 2010; Spence et al., 2001; Spence et 

al., 2010; Allik and Kreegipuu, 1998; Jakowśki and Verleger, 2000; Mattes and 

Ulrich, 1998; Schneider and Bavelier, 2003), it remains unclear how motion 

information influences audiovisual temporal perception. Furthermore, there are any 

doubts that audition changes the visual perception in temporal domain. Most studies 

have used a single static stimulation so far. In addition, although some researchers 

have reported some outcomes by various factors, they do not take into account the 

presence or absence of movement in the factors. In case of single or static stimuli, 

auditory stimulation is likely to be stronger, but the changes by motion might have 

a greater influence on vision. In recent years, some researchers have raised the 

possibility that there exist different mechanisms by motion information in 

multisensory processing with the growing interest in the multisensory property of 

motion (Kafaligonul and Stoner, 2010). Therefore, we focused on the relationship 

between visual motion and simultaneity perception through apparent motion and 

TOJ task. 
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Figure 1.6. Logistic regression curve for data analysis of an audio–visual TOJ 

task. The point of subjective simultaneity (PSS) represents a specific interval 

between the applications of two sensory stimuli at which both are perceived at the 

same time. The just noticeable difference (JND) represents temporal resolution for 

identifying the simultaneity. 
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1.7  Remaining Issues 

This dissertation address the influence of visual motion information on 

simultaneity perception. Previous studies have reported that the temporal 

integration of multisensory information depends on the combination of sensory 

information and they can be changed according to a variety of factors such as 

stimulus intensity, prediction and attention (Allik and Kreegipuu, 1998; Jakowśki 

and Verleger, 2000; Mattes and Ulrich, 1998; Schneider and Bavelier, 2003). In 

particular, many studies have shown that audition dominates vision on multisensory 

processing in the time dimension (Gebhard and Mowbray, 1959; Fendrich and 

Corballis, 2001; Bertelson and Aschersleben, 2003; Morein-Zamir, et al., 2003; 

Freeman and Driver, 2008; Recanzone, 2003; Vroomen and de Gelder, 2004). With 

respect to simultaneity perception, many studies have also demonstrated that 

hearing changes or attracts visual temporal perception (Bertelson and Aschersleben, 

2003; Morein-Zamir, et al., 2003). In addition, many studies find that simultaneity 

perception depend on a variety of multisensory information in TOJ tasks such as 

spatial separation, frequency and predictive information (Vroomen and Keetels, 

2010; Spence et al., 2001; Spence et al., 2010; Allik and Kreegipuu, 1998; Jakowśki 

and Verleger, 2000; Mattes and Ulrich, 1998; Schneider and Bavelier, 2003). 

However, it remains unclear how motion information influences audiovisual 

temporal perception. Therefore, we focused on the relationship between visual 

apparent motion with respect to motion information and TOJ task with regard to 

simultaneity perception. The main aims of this dissertation were (1) to examine how 

visual apparent motion affects audiovisual simultaneity perception, (2) to 

investigate what mechanisms contribute to the finding that apparent motion affects 

simultaneity perception, (3) to examine the influence of visual motion on 

simultaneity perception in human communication. 
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1.8  Overview of This Dissertation 

The main purpose of this dissertation was to investigate the effect of visual 

motion information on simultaneity perception. This dissertation consisted of six 

chapters.  

 

In Chapter 2, the purpose was to examine how visual apparent motion affects 

audiovisual simultaneity perception. Two types of TOJ tasks was examined to 

confirm whether visual apparent motion has an effect on an audiovisual TOJ task. 

Participants conducted audiovisual TOJ tasks in the apparent motion condition with 

two flashes, and in the normal condition with a single flash, which is the 

conventional condition of a TOJ task. The PSS and JND in the apparent motion 

condition were compared with those in the normal condition. Through Chapter 2, 

the effect of visual apparent motion on audiovisual simultaneity perception was 

confirmed. 

 

In Chapter 3, the goal was to investigate what mechanisms contribute to the 

findings of Chapter 2 that visual apparent motion affects audiovisual simultaneity 

perception. Three possible mechanisms were considered in the Chapter 3, which 

consisted of three sections for examining the possible mechanisms. In Section 1, 

the purpose was to examine the influence of amount of visual stimulation by 

eliminating the influence of the amount of flash stimulation, because it remained 

unclear whether the results were influenced by differences in the amount of visual 

stimulation between the apparent motion condition with two flashes and the normal 

condition with a single flash. In Section 2, the purpose was to investigate the 

influence of prediction as a higher-order brain function, because apparent motion 

was produced by a constant interval between two flashes. In Section 3, the purpose 

was to confirm whether motion binding property in visual perception influences 

audiovisual simultaneity with a brief sound. Through Chapter 3, the mechanisms in 

which visual apparent motion affects audiovisual simultaneity perception were 

confirmed. 
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In Chapter 4, the purpose was to investigate the influence of visual motion on 

simultaneity perception in human communication. In addition, Chapter 4 provides 

a definition of phase difference for detecting body movement synchronization in 

human communication. To confirm the influence of visual motion, we detected the 

body movement synchronization in direct face-to-face (bilateral perception of 

visual motion) and remote communication (unilateral perception of visual motion) 

settings using a new definition of phase difference. Through Chapter 4, the 

influence of visual motion on simultaneity perception in human communication and 

the effectiveness of newly-devised method for detecting nonverbal synchronization 

were confirmed. 

 

Finally, the findings obtained throughout this dissertation are summarized in 

Chapter 5 and 6. 
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Chapter 2 

The Effect of Motion on Simultaneity Perception 

  

  

2.1  Introduction 

This study addresses the influence of visual motion on the temporal integration 

of multisensory information from an environment. Visual motion information from 

a dynamic environment is an influential factor in temporal perception and especially 

in multisensory temporal perception. However, it is unclear how visual motion 

information influences the temporal integration of multisensory perceptions. With 

respect to motion information, this study is focused on visual apparent motion. 

Visual apparent motion is a phenomenon in which two flashes presented in 

sequence in different positions are perceived as continuous motion. The purpose of 

the Chapter 2 is to investigate how visual apparent motion affects audiovisual 

temporal perception. We examined two types of TOJ tasks, and we examined 

whether visual apparent motion has an effect on an audiovisual TOJ task. 

Participants conducted audiovisual TOJ tasks in the apparent motion condition with 

two flashes, and in the normal condition with a single flash, which is the 

conventional condition of a TOJ task. 

 

2.2  Method 

2.2.1  Task Design 

We conducted audiovisual TOJ tasks in this experiment in which the spatial 

location and duration of stimuli were identical. In this chapter, we examined 

whether visual apparent motion had an effect on an audiovisual TOJ task. 

Participants performed the TOJ task in the apparent motion condition in which two 
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flashes were presented with a stimulus onset asynchrony (SOA) of 137 ms (Harrar, 

et al., 2008), and in the normal condition with a single flash. 

 

2.2.2  Participants 

Eighteen participants (16 males and two females, with a mean age of 24.3 years) 

participated in this experiment. Participants were paid to take part in the 

experiments, and written informed consent was obtained. These experiments were 

approved by the ethics committee of the Tokyo Institute of Technology. 

 

2.2.3  Apparatus and Stimuli  

All TOJ task experiments were conducted in a dark and soundproof room (0.00–

0.01 cd/m2 luminance). Figure 2.1 illustrates the setup for the experiments. Visual 

stimulation was provided by a 27-inch LCD display (Samsung S27A950D, Korea) 

with a screen resolution of 1920  1080 pixels and a refresh rate of 120 Hz. The 

display was operated from a PC workstation (Apple Mac Pro, 3.2 GHz Quad-Core 

Intel Xeon, ATI Radeon HD 5770 graphic card, 1 GB GDDR5 memory, Cupertino, 

CA, USA) placed in front of the participants. Their head position was fixed by a 

chin rest at a viewing distance of 100 cm. A white cross of 2 cm in length was 

displayed as a fixation point in the center of the screen. Visual stimuli consisted of 

one or two white disks of 3.2 cm in diameter on a black background. The luminance 

of the black background on the screen was 0.09 cd/m2, and that of the white disks 

was 74.8 cd/m2. The visual angle was 2.8° for the single stimulus and 5.6° for two 

visual stimuli. Sound stimuli were presented as monaural sounds (65 dB, 1,000 Hz) 

delivered via two speakers (MM-SPWD3BK, Sanwa Supply, Japan). The speakers 

were located on top of the screen. These visual and auditory stimuli were generated 

and operated with a computer program (Matlab and Psychtoolbox-3, MA, USA). 

 

 

 

 



24 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic illustration of experimental setup. Figure 2.1 shows the 

setup for the experiments. Participants sit in front of a monitor with loudspeakers 

placed on top and a fixation point of a white cross displayed in the center. The visual 

angle was 2.8° for the single stimulus and 5.6° for two stimuli. Sound stimuli were 

presented via the two speakers. 
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2.2.4  Procedure 

In the present experiment, the participants sat on a chair facing the stimulus, and 

a constant head position was maintained by means of the chin rest. The audiovisual 

TOJ tasks were performed over two sessions with visual stimuli in the apparent 

motion condition and in the normal condition. Figure 2.2 illustrate the procedure 

for this experiment. In the apparent motion condition (Figure 2.2), each trial began 

with display of the fixation cross for 1.5 s, followed by a dark blank screen for 800 

ms. Next, one white circle for the first visual stimulus was displayed for 30 ms, and 

the second stimulus was presented with an SOA of 137 ms for 30 ms. To assess the 

temporal discrimination of a pair of auditory and visual stimuli, one brief sound (30 

ms) was presented at various times relative to the second visual stimulus. The 

participants were instructed to complete a TOJ task between the second visual 

stimulus and the brief sound. The onset time of the auditory stimulus paired with a 

visual stimulus was randomly selected from the following SOA values: –120, –90, 

–60, –30, 0, +30, +60, +90, and +120 ms (where the negative values indicate that 

the auditory stimulus preceded the visual stimulus). Then, after 500 ms, the 

participants made a forced-choice judgment with respect to the order of the 

audiovisual stimuli by answering the question “which one was first?” The answers 

consisted of “light first,” which was chosen by pressing the Z key, and “sound first,” 

which corresponded to the X key. The “light first” response was selected when the 

flash was ahead of the sound, and the “sound first” response was selected when the 

sound preceded the flash. In the normal condition (Figure 2.2), the first visual 

stimulus was not presented. That is, only the second stimulus in the apparent motion 

condition was shown in this session, and the other process was the same as that in 

the TOJ task in the apparent motion condition. The same method of evaluating the 

temporal discrimination between sound and flash with the same SOA values was 

then used as in the apparent motion condition. The present experiment consisted of 

270 trials (2 visual conditions  9 audiovisual SOAs  15 repetitions) in 

counterbalanced order and the experiment was divided into 10 blocks of 27 trials 

(9 audiovisual SOAs  3 repetitions). Including practice for each task, each 

experiment took approximately one and a half hours. 
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Figure 2.2. Schematic illustration of this experiment. Figure 2.2 shows the 

procedure for the present experiment. After the presentation of a fixation cross (1.5 

s) and a blank screen (800 ms), two visual stimuli were presented with an SOA of 

137 ms in apparent motion condition, or a single visual stimulus was presented in 

normal condition. Sounds were presented either before or after the visual stimuli at 

SOAs ranging from –120 to 120 ms at 30 ms intervals in random order. 
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Before starting each experiment, we examined whether the participants 

perceived motion between two flashes. In the present experiment, we showed the 

participants two flashes with an SOA of 137 ms 10 times, and participants were 

asked to evaluate whether their impression of the stimuli was of “continuous motion” 

or “successive stimuli.” 

 

 

2.2.5  Data Analysis 

The ratio of answers indicating earlier presentation of an auditory stimulus was 

calculated for each SOA. We conducted logistic regressions using a generalized 

linear model with the ratio data from each experiment (Finney, 1952). The 

following equation was applied in the regression analysis: 
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where  represents estimated PSS, x denotes SOA, and   is related to JND. 

JND is calculated as shown in the following equation: 
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where pX  represents the SOA with p percent of “visual first” responses. 

As Figure 2.3 illustrates, psychometric curves were fitted to the distribution of 

the mean TOJ data for each condition. We determined the JND and PSS values for 

each participant using regression analysis (Equations (1) and (2)) and calculated 

mean and standard error values from the data. 
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2.3  Results 

The results of two participants were excluded because they did not perceive 

continuous motion. Figure 2.3 shows the results of the experiment. Figure 2.3 (A) 

illustrates psychometric curves fitted to the distribution of the mean TOJ data for 

all participants in the apparent motion and normal conditions. Horizontal axis 

shows the temporal order of external stimuli and vertical axis shows the temporal 

order on perception. The horizontal axis shows the onset time of the auditory 

stimulus paired with a visual stimulus and the negative values of the SOAs in the 

horizontal axis indicate that an auditory stimulus preceded a visual stimulus. The 

vertical axis indicates the percentage of “visual first” responses to various stimulus 

onset asynchronies (SOAs) between audiovisual stimuli.  

The Point of Subjective Simultaneity (PSS) is 50% crossover point of a 

distribution obtained by calculating the percentage of “visual first” responses to 

various stimulus onset asynchronies (SOAs) between stimuli. Zero up to 50 percent 

in the vertical axis shows the area of temporal order perception of “sound first”. On 

the other hand, 50 up to 100 percent in the vertical axis shows the area of temporal 

order perception of “light first”. Therefore, 50 percent crossover point in the vertical 

axis means the perceptual boundary that changes from sound first perception to 

light first perception. Consequently, the 50 percent crossover point is the SOA at 

which observers were maximally simultaneous (i.e., maximally unsure) about the 

temporal orders.  

The just noticeable difference (JND) is obtained by a half the difference in SOAs 

between the 25% and 75% point. The JND shows the steepness of the graph, and 

represents the temporal resolution in cross-modality, which discriminates the 

temporal asynchrony in multisensory processing. In other words, JND indicates 

sensitivity to temporal asynchronies between multisensory information. Smaller 

JND means higher temporal resolution in cross-modality and higher sensitivity to 

temporal asynchronies. 
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(A) 

 

 

(B)                                (C) 

         

 

Figure 2.3. Results of the experiment. (A) shows psychometric curves fitted to 

the distribution of mean TOJ data for all participants in the apparent motion 

condition and in the normal condition. Horizontal axis shows the onset time of the 
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auditory stimulus paired with a visual stimulus. The negative values of the SOAs 

indicate that an auditory stimulus preceded a visual stimulus. (B) shows the mean 

PSSs in the apparent motion and normal conditions. Error bars represent the 

standard error of the means. (C) shows the mean JNDs in the apparent motion and 

normal conditions. Error bars represent the standard error of the means, *: p < .05, 

**: p < .01, for a paired t-test. 

 

 

 

 

As shown in Figure 2.3 (B), the PSS in the normal condition had a positive value 

of 12.47 ms (SE = 6.45), but the PSS in the apparent motion condition shifted 

toward a sound-lead stimulus of –4.90 ms (SE = 5.84). This result indicates that a 

pair of audiovisual stimuli was perceived simultaneously when the auditory 

stimulus preceded the visual stimulus. A paired t-test of PSSs indicated a significant 

difference between the TOJ tasks in the apparent motion condition and those in the 

normal condition (t(15) = –2.33, p = 0.034, see Table A-1). In addition, the JND in 

the apparent motion condition was smaller than that in the normal condition (see 

Figure 2.3 (C)), and the JND values were 35.72 ms (SE = 3.96) and 48.23 ms (SE 

= 5.17), respectively. A significant difference between the JNDs was observed in 

the paired t-test (t(15) = –3.57, p = 0.001, see Table A-2). 
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2.4  Discussion 

The results of the experiment show that the PSS in the apparent motion condition 

was shifted toward a sound-lead stimulus, which differs from the PSS in the normal 

condition. Moreover, the JND in the apparent motion condition was smaller than 

that in the normal condition. Both conditions of the experiment had the same timing 

and spatial position to conduct the TOJ judgments. If physical transmission times 

through air and neural transmission times were considered it would be natural for 

auditory stimuli to be reached quickly in the brain (Vroomen and Keetels, 2010). 

However, the PSS in the apparent motion condition was shifted toward a sound-

lead stimulus and the JND in the apparent motion condition was smaller than that 

in the normal condition. We use these results to clarify the influence of visual 

apparent motion on audiovisual simultaneity perception. 

 

Visual apparent motion changes temporal simultaneity perception and improves 

temporal discrimination in audiovisual processing. With respect to temporal 

simultaneity, the experiment shows that the PSSs in the normal condition are similar 

to those of previous studies, which were usually shifted toward a visual-lead 

stimulus (Vroomen and Keetels, 2010; Mauk and Buonomano, 2004), whereas the 

PSSs in the apparent motion condition were shifted toward a sound-lead stimulus. 

Previous studies have been conducted using a simple set of stimuli, such as a 

combination of a single sound and a single flash in audiovisual simultaneity. For 

example, the temporal ventriloquism effect did not affect the baseline PSS. In the 

temporal ventriloquism effect condition, one auditory stimulus was presented 

shortly before the first light, and the other after the second light. In the baseline 

condition, each auditory stimulus was presented at the same time as a flash, (i.e., 

each pair of an auditory stimulus and a visual stimulus was presented at the same 

time) (Morein-Zamir S, et al., 2003) (see Table 2-1). It has also been reported that 

the PSS of audiovisual simultaneity perception usually shifts toward a visual-lead 

stimulus, so maximal simultaneity is perceived if light comes slightly before sound 

(Jakowski, et al., 1990; Lewald and Guski, 2003; Zampini, et al., 2005; Kanabus, 

et al., 2002; Kayser, et al., 2008; Wassenhove. et al., 2007; Zampini, et al., 2003). 



32 

 

Furthermore, several studies reported that the PSS changed under audiovisual 

simultaneity, in which the PSS became closer to physical simultaneity (i.e., zero). 

For instance, in audiovisual speech, the PSS of congruent audiovisual speech 

stimuli (the mean PSS of 23 ms) shifted closer to physical simultaneity than that of 

incongruent audiovisual speech under the McGurk effect (a mean PSS of 37 ms; 

see Table 2-1) (Wassenhove, et al., 2007). Moreover, Zampini et al. (2003) reported 

that the PSS was closer to physical simultaneity when audiovisual stimuli were 

presented in the same spatial position than when they were presented in different 

spatial positions (see Table 2-1) (Zampini, et al., 2003). This means that the same 

spatial positions of simple audiovisual stimuli and congruent utterance information 

in audiovisual speech shifted the PSS toward physical simultaneity in audiovisual 

integration, but the tendency toward visual-lead stimulus in the PSS did not change. 

However, in this study, visual apparent motion changed the PSS relative to the 

sound-lead stimulus, which is closer to physical simultaneity than in the 

abovementioned studies. This may mean that visual apparent motion contributes to 

very precise perceptions of temporal simultaneity, which is closer to physical 

simultaneity, in audiovisual integration.  

 

With respect to temporal resolution, we found that visual apparent motion 

resulted in greater temporal discrimination. The JND is regarded as an indicator of 

the temporal window of sensory integration, because it represents the resolution of 

temporal discrimination between the senses. The JND is known to be in the range 

of 30–60 ms in audiovisual TOJ tasks using a set of simple stimuli, such as a pair 

consisting of a single sound and single flash (Morein-Zamir S, et al., 2003; Zampini, 

et al., 2003; Keetels and Vroomen, 2005). On the other hand, it has been reported 

that the JND in audiovisual speech is greater (a temporal window of approximately 

200 ms) than that in the above-described TOJ tasks in audiovisual integration 

(Wassenhove. et al., 2007). In particular, previous studies have reported that this 

temporal resolution changes according to a variety of factors such as spatial or 

temporal separation of stimuli and predictions regarding the presentation of stimuli 

(Allik and Kreegipuu, 1998; Jakowśki and Verleger, 2000; Mattes and Ulrich, 

1998; Spence, et al., 2001; Schneider and Bavelier, 2003; Spence and Parise, 2010). 
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For example, the temporal ventriloquism effect shifted the JND toward smaller 

values than those of the baseline (Morein-Zamir S, et al., 2003, see Table 2-1). On 

the other hand, in audiovisual speech, the JND of congruent audiovisual speech 

stimuli (a mean JND of 205 ms) is larger than that of incongruent audiovisual 

speech such as that under McGurk effect (with a mean JND of 161 ms; see Table 

2-1) (Wassenhove. et al., 2007). With respect to spatial separation, Zampini et al. 

(2003) reported that temporal resolution in audiovisual integration was improved 

when audiovisual stimuli were presented in different locations rather than in the 

same location (see Table 2-1) (Zampini, et al., 2003). However, there remained a 

need to examine whether motion information influences temporal resolution in 

audiovisual processing. In this study, apparent motion shows greater temporal 

resolution than that which occurs in the normal condition. Therefore, visual 

apparent motion is a new factor that increases temporal discrimination. 
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Table 2-1. Changes in PSS and JND in audiovisual integration in previous 

studies. 

 

   

 PSS JND 

Temporal ventriloquism 
baseline AVVA baseline AVVA 

Not changed 62 ms 45 ms 

Audiovisual speech 
congruent incongruent congruent incongruent 

23 ms 37 ms 205 ms 161 ms 

Audiovisual spatial 

position 

same different same different 

60 ms 75 ms 32 ms 22 ms 

Temporal ventriloquism: “baseline” means that each auditory stimulus was presented 

at the same time as a flash (i.e., each pair of audiovisual stimuli were presented 

simultaneously), and “AVVA” indicates that one sound was presented before the first 

flash and the other sound after the second flash. Audiovisual speech: “congruent” 

means that auditory speech stimuli were congruent with visual speech stimuli, and 

“incongruent” indicates that auditory speech stimuli were not congruent with visual 

speech stimuli, as in McGurk effect speech. Audiovisual spatial position: “same” means 

the same spatial location, and “different” indicates a different spatial location for 

audiovisual stimuli. 
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There is a robust illusory phenomenon called flash-lag effect, which means that 

motion is perceived faster than a single flash (Nijhawan, 1994; Nijhawan, 2002; 

Vroomen and Gelder, 2004). When a moving target and a static flash are aligned 

and when they appeared at the same location, the moving target is perceived as 

shifted more slightly in the direction of motion relative to the flash. In other words, 

the flash is processed more slowly than the moving target. However, Brenner and 

Smeets (2000) pointed out the problem of flash-lag experiment. Brenner and 

Smeets (2000) claimed that a moment for spatial alignment of moving object and a 

flash, especially moving target’s location, can only be referred after the flash’s 

presentation. Besides, Vroomen and Gelder (2004) examined whether a sound 

presented with a flash at the same time has an effect on the flash-lag effect. The 

results showed that when the sound was present with a flash, the flash-lag effect 

were reduced relative to the silent condition. However, there is a possibility that 

participants might judge the position of a flash by the single sound as pointed out 

by Brenner and Smeets (2000). Therefore, although Vroomen and Gelder (2004) 

confirmed the temporal ventriloquism effect (a single sound presented 

simultaneously with a flash compensated for the flash-lag effect), it was unclear 

that whether the single sound attracted the single flash or determined the moment 

of spatial location of moving object. As mentioned above, flash-lag experiment is 

that ascertain the relative location of moving object after a flash is perceived. 

Therefore, there was need to consider dividing motion and a single flash. In the 

present study, we examined the temporal characteristics of audiovisual integration 

by dividing the visual apparent motion and a single flash. As a result, the temporal 

characteristics between visual apparent motion and a single flash were different in 

audiovisual processing. Visual apparent motion showed that the point of subjective 

simultaneity (PSS) was shifted toward a sound-lead stimulus, especially became 

closer to physical simultaneity (i.e., zero) and the just noticeable difference (JND) 

was reduced compared with a normal TOJ task with a single flash. This indicates 

that visual apparent motion affects audiovisual simultaneity and improves temporal 

discrimination in audiovisual processing. Therefore, we quantified the influence of 

motion information on the temporal integration of multisensory perceptions. 
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With regard to visual apparent motion and a single sound, it has been reported 

that the impression of visual apparent motion was changed by a single sound 

(Getzmann, 2007; Bruns and Getzmann, 2008). Getzmann (2007) have approached 

the study by a perspective of Gestalt that sensory stimuli are perceived as an overall 

information. Including no sound condition as control condition, there were four 

sound conditions; two sounds were presented either before and after the lights as 

clicks apart or at the same time as simultaneous clicks and intervening between the 

lights as double clicks or a single click. As a result, the impression of visual 

apparent motion was improved by a single click that presented temporally in the 

middle of two lights. On the other hand, clicks apart and simultaneous clicks have 

resulted in the opposite effect. This finding implicates the possibility that the single 

sound facilitated the perception of visual apparent motion by attracting or 

connecting the two lights. Also, Bruns and Getzmann (2008) has demonstrated that 

visual events are likely to be integrated with the temporally close auditory stimuli 

during perception of visual apparent motion, especially perception of apparent 

motion enhanced when auditory stimulation was presented between visual stimuli 

as a intervening click. Although those cognitive changes may be due to auditory 

effects, the intrinsic characteristics of apparent motion in time perception are not 

fully clarified. According to these reports, perception of visual apparent motion 

could be altered by single and irrelevant sounds, and therefore auditory stimuli were 

considered to be influential in the temporal structure (Getzmann, 2007; Bruns and 

Getzmann, 2008). However, it is difficult to clarify the temporal perceptual 

characteristics of visual apparent motion because they studied only the impression 

of visual apparent motion by using temporal ventriloquism effect. The temporal 

perception by spatial shift which is a fundamental property of motion is not 

investigated. In this study, visual apparent motion had an effect on the audiovisual 

temporal perception compared with a single flash condition, not affected by a single 

sound. From the standpoint of motion perception, this finding provides new 

evidence that there exists a different multisensory process depending on the 

presence or absence of visual apparent motion. 
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Our findings revealed that visual apparent motion affects audiovisual 

simultaneity by shifting simultaneity toward a sound-lead stimulus and physical 

simultaneity, and reduces the temporal window in audiovisual integration by 

improving temporal discrimination in audiovisual processing. In physiological 

aspect, these results may be associated with that motion information has faster and 

accurate audiovisual processing and that there exists a different multisensory 

processing depending on the presence or absence of apparent motion. The response 

of visual apparent motion is typically equivalent to the response of real motion in 

the physiological mechanisms. Visual apparent motion passes through the dorsal 

stream associated with visual motion processing (Newsome, et al., 1986; Manning, 

et al., 1988). In particular, area MT (middle temporal/ V5) plays an important role 

in motion processing (Born and Bradley, 2005) and especially area MT in the dorsal 

stream has a function which comprehensively processes the whole motion 

information of objects by integrating the information of local motion (Pack and 

Born, 2001). In addition, area MT is greatly implicated in precise spatiotemporal 

encoding with respect to the timing and interval of visual stimuli (Bair and Koch, 

1996; Buracas, et al., 1998; Jantzen, et al., 2005; Bueti, et al., 2008).  

With respect to processing of audiovisual integration, functional imaging studies 

have found the brain areas of audiovisual integration and, in particular superior 

temporal sulcus (STS) has been suggested as an audiovisual association area (Stein 

and Stanford, 2008; Ghazanfar and Schroeder, 2006; Beauchamp, 2005; Olson, et 

al., 2002). Although area MT has been known as a level in hierarchy of visual 

processing, several functional imaging studies have found auditory influences on 

area MT (Ciaramitaro, et al., 2007; Calvert, et al., 1999; Scheef, et al., 2009; Saenz, 

et al., 2008; Alink, et al., 2008). They suggest that area MT is implicated in 

multisensory processing. Also, area MT has the fastest response latencies in visual 

response in macaque cerebral cortex ( 40ms ) and TPO corresponding to the human 

STS, which has slower response latencies relative to area MT ( 65ms ) (Lamme 

and Roelfsema, 2000; see Figure 2.4 and Table 2-2). Along with the results of PSS 

in the present study, we suggest that there exists the difference in the multisensory 

characteristics between motion information and non-motion information, and 

especially area MT may contribute to the audiovisual process of motion information. 
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Figure 2.4. Earliest visual response latencies of areas in the macaque cerebral 

cortex (Lamme and Roelfsema, 2000). Figure 2.4 shows activation of areas at 

specific latencies in MRI images of monkey cortex. Areas that have become active 

at the given latency after visual stimulation are shown in red in each plot. Regions 

shown in yellow represent the areas that were activated earlier. White regions are 

not yet activated. Dark gray regions represent areas for which no information was 

obtained. Latencies of the layers of the LGN, magnocellular (earliest 28 ms, mean 

33 ms) and parvocellular (earliest 31 ms, mean 50 ms) are not shown. 
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Table 2- 2. Visual response latencies in macaque cerebral cortex (Lamme and 

Roelfsema, 2000). 
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In summary, we investigated whether visual apparent motion affects audiovisual 

simultaneity perception. Participants performed temporal order judgment (TOJ) 

tasks between apparent motion condition and normal condition. As a result, our 

findings reveal that visual apparent motion affects audiovisual simultaneity by 

shifting simultaneity toward physical simultaneity, and reduces the temporal 

window in audiovisual integration. This suggests that visual motion information 

contributes to accurate perceptions of temporal events in the physical world. 
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Chapter 3 

The Mechanism of Effect of Motion 

  

 

Chapter 2 was focused on whether visual apparent motion affects audiovisual 

simultaneity perception. Participants performed temporal order judgment (TOJ) 

tasks between the apparent motion condition and normal condition. As a result, the 

findings reveal that visual apparent motion affects audiovisual simultaneity by 

shifting simultaneity toward physical simultaneity, and reduces the temporal 

window in audiovisual integration. However, it is not clear that what mechanisms 

contribute to the finding that visual apparent motion affects audiovisual 

simultaneity perception. Therefore, there is a need to confirm the possible 

mechanisms. In the results of Chapter 2, three possible mechanisms can be 

considered. First, it remained unclear whether the results were influenced by the 

different amount of visual stimulation between the apparent motion condition with 

two flashes and the normal condition with a single flash. Motion cannot be 

perceived with a single flash because two flashes are a fundamental unit for 

perceiving motion. Therefore, there exist the difference of the amount of visual 

stimulation between motion and a single flash. Therefore, there is a need to examine 

the influence of the amount of visual stimulation. Second, because apparent motion 

was produced by a constant interval between two flashes, the results may be 

accounted for by specific prediction. Therefore, it was necessary to conduct a 

supplementary experiment in which the interval was changed randomly. Third, 

binding property is essential for motion perception in human perceptual system. 

Apparent motion is a most suitable phenomenon to show motion binding property 

in human perceptual system. Therefore, there is a need to examine the influence of 

motion binding property. In Chapter 3, we consisted of three sections for examining 

the possible mechanisms. In Section 1 of Chapter 3, we examined the influence of 

the amount of visual stimulation by eliminating the influence of the amount of flash 

stimulation. In Section 2 of Chapter 3, we examined the influence of prediction by 
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a constant interval between two flashes using randomizing the intervals between 

the two flashes. In Section 3 of Chapter 3, we examined the influence of motion 

binding property. 

 

3.1   

The Influence of Amount of Stimulation 

3.1.1  Introduction 

 Chapter 2 revealed the influence of visual apparent motion on an audiovisual 

TOJ task. Participants conducted audiovisual TOJ tasks in the apparent motion 

condition with two flashes, and in the normal condition with a single flash, which 

is the conventional condition of a TOJ task. However, it was insufficient only to 

compare the apparent motion condition with the normal condition because the two 

conditions in Chapter 2 differ in the amount of visual stimulation (see Figure 3.1). 

In previous studies, larger amount of visual stimulation increase visual energy and 

prime the visual processing system (Spence, et al., 2001; Posner and Nissen, 1976). 

Therefore, there is a need to examine the effect of visual apparent motion compared 

with visual stimulation of identical amount. Section 1 consisted of two kinds of TOJ 

tasks in the apparent motion condition and in the successive condition. In previous 

studies, when the temporal interval between two flashes was long, visual apparent 

motion was not detected; the two flashes were perceived as successive events with 

no movement (Getzmann, 2007; Harrar, et al., 2008; Strybel, et al., 1990). For 

example, many researchers have reported that two visual stimuli are perceived as a 

continuous motion when the interstimulus onset interval (ISOI) of the visual stimuli 

is within a range of 50 to 150 ms and visual angle is one or more degree. Conversely, 

the visual stimuli are perceived as successive beyond an ISOI of 300 ms (Dawson, 

1991; Briggs and Perrott, 1972; Getzmann, 2007; Harrar, et al., 2008; Strybel, et 

al., 1990). Therefore, participants preformed TOJ tasks during apparent motion 

perception and successive perception without motion. 
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Figure 3.1. Comparison in stimulus structures between the apparent motion 

condition and normal condition in Chapter 2. The amount of visual stimulation 

differed between the apparent motion condition with two flashes and the normal 

condition with a single flash in Chapter 2. Motion cannot be perceived with a single 

flash because two flashes are a fundamental unit for perceiving motion.   
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3.1.2  Method 

3.1.2.1  Task Design 

We conducted audiovisual TOJ tasks in which the spatial location and duration 

of stimuli were identical. Participants performed the TOJ task in the apparent 

motion condition in which two flashes were presented with a stimulus onset 

asynchrony (SOA) of 137 ms (Harrar, et al., 2008), which is the same 

spatiotemporal interval as in the experiment of Chapter 2, and in the successive 

condition with SOAs of 300 and 500 ms between the two flashes, which are 

perceived as successive stimuli without motion (Dawson, 1991; Briggs and Perrott, 

1972; Getzmann, 2007; Harrar, et al., 2008; Strybel, et al., 1990). 

 

3.1.2.2  Participants 

Twelve participants (10 males and two females, with a mean age of 23.9 years) 

took part in Section 1. Participants were paid to take part in the experiments, and 

written informed consent was obtained. These experiments were approved by the 

ethics committee of the Tokyo Institute of Technology. 

 

3.1.2.3  Apparatus and Stimuli  

In Section 1, the apparatus and stimuli was the same as in Chapter 2. 

 

3.1.2.4  Procedure 

In Section 1, the procedure was the same as in Chapter 2 with the following 

exceptions. Section 1 consisted of two kinds of TOJ tasks in the apparent motion 

condition (Figure 3.2 (A)) and the successive condition (Figure 3.2 (B)). The 

apparent motion condition was equivalent to that of Chapter 2, with an SOA of 137 

ms between the two flashes. The successive condition consisted of SOAs of 300 or 

500 ms between the two flashes. The timing of the auditory stimulus relative to the 
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second flash was the same as in Chapter 2. The participants were instructed to judge 

the order of the second visual stimulus and the brief sound. Section 1 consisted of 

405 trials (3 visual conditions  9 audiovisual SOAs  15 repetitions) in 

counterbalanced order and the experiment was divided into nine blocks of 45 trials 

(9 audiovisual SOAs  5 repetitions). Including practice for each task, each 

experiment took approximately one and a half hours. 

Before starting each experiment, we examined whether the participants 

perceived motion between two flashes. In Section 1, we showed the participants 

two flashes with an SOA of 137 ms 10 times, and participants were asked to 

evaluate whether their impression of the stimuli was of “continuous motion” or 

“successive stimuli.” In Section 1, we showed them two flashes, with SOAs of 137 

ms, 300 ms and 500 ms, 10 times in counterbalanced order. Then, the participants 

were asked to evaluate whether their impression of the stimuli was of “continuous 

motion” or “successive stimuli.” Only the participants who perceived “continuous 

motion” with an SOA of 137 ms and “successive stimuli” with SOAs of 300 ms 

and 500 ms for all stimuli continued to participate in the experiment. We confirmed 

that motion was perceived during the TOJ task after each experimental session was 

completed. 
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(A) 

 

 

(B) 

 

 

Figure 3.2. Schematic illustration of Section 2. (A) and (B) show the procedure 

for Section 1. After the presentation of a fixation cross (1.5 s) and a blank screen 

(800 ms), two visual stimuli were presented in the apparent motion condition (A) 

and two visual stimuli with SOAs of 300 and 500 ms in the successive condition 

(B). Sounds were presented either before or after the visual stimuli at SOAs ranging 

from –120 to 120 ms at 30 ms intervals in random order. 

 



47 

 

3.1.2.5  Data Analysis 

In Section 1, the Data analysis was the same as in Chapter 2. 

 

3.1.3  Results 

In Section 1, the participants performed both kinds of TOJ tasks in the apparent 

motion and successive conditions. Individual PSSs and JNDs for the two conditions 

were computed as in Chapter 2. Figure 3.3 (A) illustrates the results of Section 1 

with psychometric curves fitted to the distribution of the mean TOJ data of all 

participants in the apparent motion and successive conditions. Figures 3.3 (B) and 

(C) show the results of PSS and JND in Section 1. The PSS shifted toward a sound-

lead stimulus and became closer to physical simultaneity (i.e., zero) in the apparent 

motion condition, and the JND in the apparent motion condition was smaller than 

that in the successive condition. In particular, the PSS and JND in the apparent 

motion condition were almost identical to those obtained in the apparent motion 

condition in Chapter 2, and similar results were obtained in the successive condition 

in Section 1 and in the normal condition in Chapter 2. A repeated-measures analysis 

of variance (ANOVA) of the PSSs showed a significant main effect for the temporal 

interval, F(2, 23) = 15.83, p < 0.001 (see Table A-3). Multiple comparisons with 

Holm correction showed significant differences between the apparent motion 

condition and the successive condition (apparent motion and an SOA of 300 ms: p 

= 0.042, apparent motion and an SOA of 500 ms: p = 0.012, see Table A-3). 

Moreover, a repeated-measures ANOVA of the JNDs revealed a significant main 

effect of the temporal interval, F(2, 23) = 25.03, p < 0.001 (see Table A-4). In 

addition, multiple comparisons with Holm correction confirmed that there was a 

significant difference between the apparent motion and successive conditions 

(apparent motion and an SOA of 300 ms: p = 0.002, apparent motion and an SOA 

of 500 ms: p < 0.001, see Table A-4). 
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(A) 

 

(B) 
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(C) 

 

 

Figure 3.3. Results of Section 1. (A) shows psychometric curves fitted to the 

distribution of mean TOJ data for all participants in the apparent motion and 

successive conditions. The negative values of the SOAs indicate that an auditory 

stimulus preceded a visual stimulus. (B) shows the mean PSSs in the apparent 

motion and successive conditions. Error bars represent the standard error of the 

means. (C) shows the mean JNDs in the apparent motion and successive conditions 

(SOA: 300 ms and 500 ms). Error bars represent the standard error of the means. 

The p values were adjusted for multiple comparisons using Holm’s correction, *: p 

< .05, **: p < .01, ***: p < .001. 
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3.1.4  Discussion 

In Section 1, the results obtained in the apparent motion condition differ from 

those obtained in the successive condition, which included the same amount of 

visual stimulation in the apparent motion condition. Similar results were obtained 

in the apparent motion conditions between Chapter 2 and Section 1 in Chapter 3. 

Also, the results obtained in the successive condition were similar to those obtained 

in the normal condition in Chapter 2. This means that the PSSs and JNDs in 

audiovisual temporal perception differed according to whether visual apparent 

motion was present or absent. In Chapter 2, it remained unclear whether the results 

were influenced by differences in the amount of visual stimulation between the 

apparent motion condition with two flashes and the normal condition with a single 

flash. There was a possibility that the amount of visual apparent motion influenced 

audiovisual simultaneity perception because visual energy increases by larger 

amount in the apparent motion condition (Posner and Nissen, 1976). In addition, 

because double visual stimuli in the apparent motion condition would prime the 

visual processing system, this may change the relative perception of audiovisual 

simultaneity compared with the use of a single visual stimulus (Spence, et al., 2001; 

Posner and Nissen, 1976). It is particularly notable that Spence et al. (2001) reported 

that the temporal processing of modalities was affected not only by the prediction 

of modality expectancies but also by the quantity of modality-induced stimuli. In 

Section 1, therefore, the amount of visual stimulation in the two conditions was 

equalized, and the participants then conducted TOJ tasks in the apparent motion 

condition and in the successive condition. However, the amount of visual 

stimulation made no difference in the apparent motion condition. 

Visual apparent motion is systematically affected by the temporal interval 

between two stimuli. When the temporal interval is too short, the stimuli are 

perceived as simultaneous, whereas when the temporal interval exceeds a certain 

interval, the two stimuli are perceived as successive. Therefore, if the temporal 

interval between two stimuli is too short or too long, motion is not perceived. In 

this section, we examined the simultaneity perception depending on the presence or 

absence of apparent motion. As a result, the PSS shifted toward a sound-lead 
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stimulus and toward physical simultaneity in the apparent motion condition, and 

the JND in the apparent motion condition was smaller than that in the successive 

condition. In particular, the PSS and JND in the apparent motion condition were 

almost identical to those obtained in the apparent motion condition in Chapter 2, 

and similar results were obtained in the successive condition in Section 1 and in the 

normal condition in Chapter 2. This findings may mean that the simultaneity 

perception of motion information differ from that of non-motion information.  

 

 

 

3.2 

The Influence of Prediction 

3.2.1  Introduction 

 In section 1, it became clear that the result obtained under the apparent motion 

condition was unaffected by the amount of flash stimulation. However, in Chapter 

2, the results may be accounted for by specific prediction, because apparent motion 

was produced by a constant interval between two flashes. Therefore, there may 

remain an influence not only of apparent motion, but also of specific prediction as 

a higher-order brain function. With respect to visual prediction and attention, it 

should be noted that when participants know the specific time at which targets 

appear, specific attention can be allocated (Coull and Nobre, 1998). Furthermore, 

predictable and anticipated information improves temporal resolution and temporal 

sensitivity (Petrini, et al., 2009). Therefore, it was necessary to eliminate the 

influence of prediction by randomizing the intervals between the two visual stimuli. 

In this section, we removed the influence of prediction by randomizing the intervals 

between the two visual stimuli. 
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Figure 3.4. The influence of prediction during apparent motion perception. 

Apparent motion was produced by a constant interval between two flashes in 

Chapter 2. 
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3.2.2  Method 

3.2.2.1  Task Design 

We conducted audiovisual TOJ tasks in which the spatial location and duration 

of stimuli were identical. In Section 2, we wished to eliminate the effect of 

prediction because of constant intervals. For that reason, we set up two kinds of 

TOJ tasks in the apparent motion condition with an SOA of 137 ms, which is the 

same spatiotemporal interval as in Chapter 2, and in the successive condition with 

SOAs of 300 and 500 ms between the two flashes, which are perceived as 

successive stimuli without motion. We presented the two visual stimuli with SOAs 

of 137, 300, or 500 ms in random order to eliminate the effect of prediction. 

 

3.2.2.2  Participants 

Twelve participants (11 males and one female, with a mean age of 23.5 years) 

took part in Section 2. Participants were paid to take part in the experiments, and 

written informed consent was obtained. These experiments were approved by the 

ethics committee of the Tokyo Institute of Technology. 

 

3.2.2.3  Apparatus and Stimuli  

In Section 2, the apparatus and stimuli was the same as in Chapter 2. 

 

3.2.2.4  Procedure 

In Section 2, the procedure was the same as in Chapter 2, with the following 

exceptions. In Section 2, the participants conducted the TOJ tasks with SOAs of 

137 ms, 300 ms, and 500 ms presented in random order between the visual stimuli 

to confirm the influence of prediction by a constant interval (see Figure 3.5). The 

timing of the auditory stimulus presented with the second flash was the same as that 

in Chapter 2. The participants were instructed to judge the order of the second visual 

stimulus and the brief sound. Section 2 consisted of 432 trials (3 visual conditions 
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 9 audiovisual SOAs  16 repetitions) in counterbalanced order and the experiment 

was divided into eight blocks of 54 trials (3 visual conditions  9 audiovisual SOAs 

 2 repetitions). Including practice for each task, each experiment took 

approximately one and a half hours. 

Before starting each experiment, we examined whether the participants 

perceived motion between two flashes. In Section 2, we showed the participants 

two flashes with an SOA of 137 ms 10 times, and participants were asked to 

evaluate whether their impression of the stimuli was of “continuous motion” or 

“successive stimuli.” In Section 2, we showed them two flashes, with SOAs of 137 

ms, 300 ms and 500 ms, 10 times in counterbalanced order. Then, the participants 

were asked to evaluate whether their impression of the stimuli was of “continuous 

motion” or “successive stimuli.” Only the participants who perceived “continuous 

motion” with an SOA of 137 ms and “successive stimuli” with SOAs of 300 ms 

and 500 ms for all stimuli continued to participate in the experiment. We confirmed 

that motion was perceived during the TOJ task after each experimental session was 

completed. 
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Figure 3.5. Schematic illustration of Section 2. Figure 3.5 shows the procedure 

for this experiment. After the presentation of a fixation cross (1.5 s) and a blank 

screen (800 ms), two visual stimuli were presented with SOAs of 137, 300 and 500 

ms in random order (random order condition). In all the experiments, sounds were 

presented either before or after the visual stimuli at SOAs ranging from –120 to 120 

ms at 30 ms intervals in random order. Sounds were presented either before or after 

the visual stimuli at SOAs ranging from –120 to 120 ms at 30 ms intervals in 

random order. 
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3.2.2.5  Data Analysis 

In Section 2, the Data analysis was the same as in Chapter 2. 

 

 

3.2.3  Results 

In Section 2, the participants performed the TOJ task with an interval between 

two visual stimuli that was varied in random order, and only the results obtained in 

the apparent motion condition (with an SOA of 137 ms) were extracted. All the 

participants perceived continuous motion, and the PSSs and JNDs were computed 

as in Chapter 2. Figure 3.6 (A) shows the results of Section 2, and Figures 3.6 (B) 

and (C) show the results for the PSSs and JNDs in Section 2. The nonrandom-order 

presentation reflects the results of the apparent motion condition in Chapter 2. The 

values of the PSS and JND in the apparent motion condition in Section 2 were 

almost the same as those obtained in the apparent motion condition in Chapter 2. 

An unpaired t-test of PSSs and JNDs for the TOJ tasks in the apparent motion 

condition indicated no significant difference between Chapter 2 and Section 2 in 

Chapter 2 (t(26) = –0.11, p = 0.92, t(26) = –0.12, p = 0.91, see Tables A-5 and A-

6). 

 

 

  



57 

 

(A) 

 

 

(B)                              (C) 

       

 

Figure 3.6. Results of Section 2. (A) shows psychometric curves fitted to the 

distribution of the mean TOJ value for all participants in the random order condition. 

The negative values of the SOAs indicate that an auditory stimulus preceded a 

visual stimulus. (B) shows the mean PSSs from presentation at nonrandom intervals 

(the apparent motion condition in Chapter 2) and random intervals (the apparent 

motion condition in Section 2 in Chapter 3). Error bars represent the standard error 



58 

 

of the means. (C) shows the mean JNDs of the apparent motion and the random 

order conditions. Error bars represent the standard error of the means, *: p < .05, 

**: p < .01, unpaired t-test. 

 

 

 

 

3.2.4  Discussion 

The results of Section 2, which eliminated the effect of prediction, were not 

different from those obtained in the apparent motion condition in Chapter 2. This 

means that apparent motion was equivalently processed regardless of prediction. 

With respect to visual prediction and attention, it should be noted that when 

participants know the time at which targets appear, specific attention can be 

allocated (Coull and Nobre, 1998). Furthermore, it is known that predictable and 

anticipated information improves temporal resolution and temporal sensitivity 

(Petrini, et al., 2009). The attention modulates neural activity (O’Craven, et al., 

1997; Treue and Martinez Trujillo, 1999), and a faster time course is allocated for 

visual attention (Busse, et al., 2008). However, the result of unpredictable apparent 

motion did not differ from that of predictable apparent motion. Therefore, 

prediction and intention as top-down factors have no effect on the results of Chapter 

2. 

Many researchers have reported that prediction influences the temporal 

processing of modalities because temporal processing of expected modalities is 

faster than that of unexpected modalities (Posner, et al., 1980; Duncan, 1980; 

Spence and Driver, 1997; Klein, 1977). However, Spence et al. reported that 

reaction times for a sensory stimulus followed by another sensory stimulus of the 

same type were faster than when a cross-modal stimulus was expected (Spence, et 

al., 2001). Therefore, Spence et al. suggested that stimulus-driven and expectancy-

driven effects must be distinguished in studies of the temporal processing of sensory 

modalities (Spence, et al., 2001). The results of Chapter 2 and Section 2 in Chapter 

3 show no influence on prediction in audiovisual temporal processing during 
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apparent motion perception. Therefore, temporal processing during apparent 

motion perception may result from stimulus-driven effects rather than expectancy-

driven effects. On the other hand, in Section 2, although a sensory stimulus was 

followed by another of the same type of sensory stimulus, audiovisual temporal 

processing during apparent motion perception differed from that during 

nonapparent motion perception. This suggests the possibility that despite the 

stimulus-driven effects with the same type of sensory stimuli, the difference 

between motion and nonmotion perceptions influenced temporal order perception 

and the window of temporal integration in audiovisual processing. 

Specifically, the pathway of motion and non-motion processing may differ in 

audiovisual temporal perception, and there may exist some activation for 

determining the pathway of motion and non-motion processing by bottom-up 

signals. Many researchers have claimed that audio-visual stimulation was 

integrated at an early processing stage (Fendrich and Corballis, 2001; Bruns and 

Getzmann, 2008). Fendrich and Corballis (2001) suggested that the sensory capture 

phenomenon may be connected with low-level inter-sensory linking processes and 

it seems that auditory driving or auditory dominance depends on such low level 

sensory linking processes. Also, Bruns and Getzmann (2008) also reported that their 

findings are consistent with a low-level audiovisual integration between visual 

apparent motion and a single sound. Moreover, in recent years, with the growing 

interest in multisensory properties of motion information, some researchers have 

raised a possibility that the area MT, which is earlier cortical area and plays an 

important role in visual motion processing, is engaged in the audiovisual processing 

(Olson, et al., 2002; Kafaligonul and Stoner, 2010; Calvert, et al., 1999; Born and 

Bradley, 2005). In this study, the same properties showed between predictable 

motion (Chapter 2) and unpredictable motion (Section 2 in Chapter 3) on 

audiovisual temporal processing. Therefore, we suggest that the pathway for motion 

or non-motion processing is determined by the bottom-up signals regardless of 

prediction as top-down factors. This fact may lead us to the mechanism that the 

pathway of motion or non-motion processing on audiovisual temporal perception 

depends on the bottom-up signals. 
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3.3 

The Influence of the Binding Property 

3.3.1  Introduction 

 In Section 1, it became clear that the result obtained under the apparent motion 

condition was unaffected by the amount of flash stimulation. Besides, in Section 2, 

apparent motion was equivalently processed regardless of prediction and therefore 

prediction as top-down factors have no effect on the results of Chapter 2. Therefore, 

the amount of flash stimulation and prediction have no effect on the results of the 

apparent motion condition. What mechanisms contribute to the finding that 

apparent motion affects temporal perception? One possibility is the peculiar motion 

perception mechanism in humans (Watson, et al., 1986; Watson, et al., 1985). When 

two discrete stimuli are presented at appropriate spatiotemporal intervals, we can 

perceive continuous motion. In other words, two discrete stimuli separated by 

intervals smaller than 50 ms are perceived as simultaneous stimuli or greater than 

300 ms are perceived as successive stimuli, whereas if the interval is within a range 

of 50 to 150 ms, the stimuli are perceived as one moving object (Getzmann, 2007; 

Harrar, et al., 2008; Strybel, et al., 1990; see Figure 3.7). This phenomenon shows 

motion binding property as the mechanism of visual motion perception. Motion 

binding property indicates that two visual stimuli are perceived as a single bounded 

and moving object with spatiotemporal continuity at only certain intervals (Dawson, 

1991; Treisman, 1996; Kahneman, et al., 1992). Apparent motion is a most suitable 

phenomenon to show motion binding property in human perceptual system. Our 

findings raise the possibility that binding property in visual motion perception 

influences audiovisual simultaneity perception. Therefore, there is a need to 

examine the influence of motion binding property.  
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Figure 3.7. Motion binding property. Two discrete stimuli separated by intervals 

are perceived as simultaneousness, successiveness or motion (Getzmann, 2007; 

Harrar, et al., 2008; Strybel, et al., 1990). In particular, when two discrete stimuli 

are presented at appropriate spatiotemporal intervals, we can perceive continuous 

motion. This phenomenon shows motion binding property that visual stimuli are 

perceived as a single bounded moving object with spatiotemporal continuity 

(Dawson, 1991; Treisman, 1996; Kahneman, et al., 1992). 
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3.3.2  Method 

3.3.2.1  Task Design 

We conducted audiovisual TOJ tasks in three experiments in which the spatial 

location and duration of stimuli were identical. In Experiment 1, we set up two 

kinds of TOJ tasks in the motion binding condition with an SOA of 137 ms, which 

is the same spatiotemporal interval as in Chapter 2, and in the simultaneous 

condition with SOA of 0 ms between the two flashes, which are perceived as 

simultaneous stimuli without motion. In Experiment 2, we set up two kinds of TOJ 

tasks in the motion binding condition with an SOA of 137 ms and in the successive 

condition with SOAs of 300 and 500 ms between the two flashes, which are 

perceived as successive stimuli without motion. In Experiment 3, we set up two 

kinds of TOJ tasks in the motion binding condition with an SOA of 137 ms, which 

is the same spatiotemporal interval as in Chapter 2, and in the non-motion binding 

condition with SOAs of 40 and 300 ms between the two flashes, which are 

perceived as discrete stimuli without motion binding. The SOA of 40 ms shows the 

temporal interval with no motion perception and one of the closest SOA to the 

greatest lower bound the temporal interval for the apparent motion perception. The 

SOA of 300 ms represents the temporal interval without motion and one of the 

closest SOA to the least upper bound of the temporal interval for the apparent 

perception between the two flashes. 

 

3.3.2.2  Participants 

Twelve participants (11 males and one female, with a mean age of 25.0 years) 

took part in Experiment 1. Twelve participants (10 males and two females, with a 

mean age of 23.9 years) took part in Experiment 2. Twelve participants (11 males 

and one female, with a mean age of 24.9 years) took part in Experiment 3. 

Participants were paid to take part in the experiments, and written informed consent 

was obtained. These experiments were approved by the ethics committee of the 

Tokyo Institute of Technology. 
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3.3.2.3  Apparatus and Stimuli  

In Chapter 3.3, the apparatus and stimuli was the same as in Chapter 2. 

 

3.3.2.4  Procedure 

In Experiment 1, the procedure was the same as in Chapter 2 with the following 

exceptions. Experiment 1 consisted of two kinds of TOJ tasks in the motion binding 

condition (Figure 3.8 (A)) and the successive condition (Figure 3.8 (B)). The 

motion binding condition was equivalent to that of Chapter 2, with an SOA of 137 

ms between the two flashes. The simultaneous condition consisted of SOA of 0 ms 

between the two flashes. The timing of the auditory stimulus relative to the second 

flash was the same as in Chapter 2. The participants were instructed to judge the 

order of the second visual stimulus and the brief sound in the motion binding 

condition. In the simultaneous condition, the participants judged the order of the 

right flash and the brief sound. Experiment 1 consisted of 270 trials (2 visual 

conditions  9 audiovisual SOAs  15 repetitions) in counterbalanced order and the 

experiment was divided into 10 blocks of 27 trials (9 audiovisual SOAs  3 

repetitions). Including practice for each task, each experiment took approximately 

one and a half hours. 
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(A) 

 

 

(B) 

 

 

Figure 3.8. Schematic illustration of Experiment 1. (A) and (B) show the 

procedure for Experiment 1. After the presentation of a fixation cross (1.5 s) and a 

blank screen (800 ms), two visual stimuli were presented in the motion binding 

condition (A) and two visual stimuli with SOA of 0 ms in the simultaneous 

condition (B). Sounds were presented either before or after the visual stimuli at 

SOAs ranging from –120 to 120 ms at 30 ms intervals in random order. 
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In Experiment 2, the procedure was the same as in Chapter 2 with the following 

exceptions. Experiment 2 consisted of two kinds of TOJ tasks in the motion binding 

condition (Figure 3.9 (A)) and the successive condition (Figure 3.9 (B)). The 

motion binding condition was equivalent to that of Chapter 2, with an SOA of 137 

ms between the two flashes. The successive condition consisted of SOAs of 300 or 

500 ms between the two flashes. The timing of the auditory stimulus relative to the 

second flash was the same as in Chapter 2. The participants were instructed to judge 

the order of the second visual stimulus and the brief sound. Experiment 2 consisted 

of 405 trials (3 visual conditions  9 audiovisual SOAs  15 repetitions) in 

counterbalanced order and the experiment was divided into nine blocks of 45 trials 

(9 audiovisual SOAs  5 repetitions). Including practice for each task, each 

experiment took approximately one and a half hours. 
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(A) 

 

 

(B)  

 

 

Figure 3.9. Schematic illustration of Experiment 2. (A) and (B) show the 

procedure for Section 1. After the presentation of a fixation cross (1.5 s) and a blank 

screen (800 ms), two visual stimuli were presented in the motion binding condition 

(A) and two visual stimuli with SOAs of 300 and 500 ms in the successive condition 

(B). Sounds were presented either before or after the visual stimuli at SOAs ranging 

from –120 to 120 ms at 30 ms intervals in random order. 
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In Experiment 3, the procedure was the same as in Chapter 2 with the following 

exceptions. Experiment 3 consisted of two kinds of TOJ tasks in the motion binding 

condition (Figure 3.10 (A)) and the non-motion binding condition (Figure 3.10 (B)). 

The motion binding condition was equivalent to that of Chapter 2, with an SOA of 

137 ms between the two flashes. The non-motion binding condition consisted of 

SOAs of 40 or 300 ms between the two flashes. The timing of the auditory stimulus 

relative to the second flash was the same as in Chapter 2. The participants were 

instructed to judge the order of the second visual stimulus and the brief sound. 

Experiment 3 consisted of 405 trials (3 visual conditions  9 audiovisual SOAs  

15 repetitions) in counterbalanced order and the experiment was divided into nine 

blocks of 45 trials (9 audiovisual SOAs  5 repetitions). Including practice for each 

task, each experiment took approximately one and a half hours. 

Before starting each experiment, we examined whether the participants 

perceived motion between two flashes. In Experiments 1, 2 and 3, we showed the 

participants two flashes with an SOA of 137 ms 10 times, and participants were 

asked to evaluate whether their impression of the stimuli was of “continuous motion” 

or “discrete or non-motion stimuli.” In Experiments 1, 2 and 3, we showed them 

two flashes, with SOAs of 137 ms, 40 ms and 300 ms, 10 times in counterbalanced 

order. Then, the participants were asked to evaluate whether their impression of the 

stimuli was of “continuous motion” or “discrete or non-motion stimuli.” Only the 

participants who perceived “continuous motion” with an SOA of 137 ms and 

“discrete or non-motion stimuli stimuli” with SOAs of 40 ms and 300 ms for all 

stimuli continued to participate in the experiment. We confirmed that motion was 

perceived during the TOJ task after each experimental session was completed. 
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(A) 

 

 

(B) 

 

 

Figure 3.10. Schematic illustration of Experiment 3. (A) and (B) show the 

procedure for Experiment 3. After the presentation of a fixation cross (1.5 s) and a 

blank screen (800 ms), two visual stimuli were presented in the motion binding 

condition (A) and two visual stimuli with SOAs of 40 and 300 ms in the non-motion 

binding condition (B). Sounds were presented either before or after the visual 

stimuli at SOAs ranging from –120 to 120 ms at 30 ms intervals in random order. 
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3.3.2.5  Data Analysis 

In Section 3, the Data analysis was the same as in Chapter 2. 

 

3.3.3  Results 

In Chapter 3.3, the participants performed three kinds of Experiments in the 

motion binding and non-motion binding conditions. Individual PSSs and JNDs for 

the two conditions were computed as in Chapter 2. In Experiment 1, Figure 3.11 

(A) illustrates psychometric curves fitted to the distribution of the mean TOJ data 

for all participants in the motion binding and simultaneous conditions. As shown in 

Figure 3.11 (B), the PSS in the simultaneous condition had a positive value of 14.39 

ms (SE = 6.06), but the PSS in the motion binding condition shifted toward a sound-

lead stimulus of –3.57 ms (SE = 5.35). A paired t-test of PSSs indicated a significant 

difference between the TOJ tasks in the motion binding condition and those in the 

simultaneous condition (t(11) = –2.43, p = 0.034, see Table A-7). In addition, the 

JND in the motion binding condition was smaller than that in the simultaneous 

condition (see Figure 3.11 (C)), and the JND values were 26.42 ms (SE = 4.59) and 

39.48 ms (SE = 6.47), respectively. A significant difference between the JNDs was 

observed in the paired t-test (t(11) = –4.49, p = 0.0009, see Table A-8). 
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(A) 

 

 

(B)                                (C) 

         

 

Figure 3.11. Results of Experiment 1. (A) shows psychometric curves fitted to the 

distribution of mean TOJ data for all participants in the motion binding condition 

and in the normal condition. Horizontal axis shows the onset time of the auditory 
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stimulus paired with a visual stimulus. The negative values of the SOAs indicate 

that an auditory stimulus preceded a visual stimulus. (B) shows the mean PSSs in 

the motion binding and normal conditions. Error bars represent the standard error 

of the means. (C) shows the mean JNDs in the motion binding and normal 

conditions. Error bars represent the standard error of the means, *: p < .05, **: p 

< .01, ***: p < .001, for a paired t-test. 

 

 

 

 

In Experiment 2, the participants performed both kinds of TOJ tasks in the 

motion binding and successive conditions. Individual PSSs and JNDs for the two 

conditions were computed as in Chapter 2. Figure 3.12 (A) illustrates the results of 

Experiment 2 with psychometric curves fitted to the distribution of the mean TOJ 

data of all participants in the motion binding and successive conditions. Figures 

3.12 (B) and (C) show the results of PSS and JND in Experiment 2. The PSS shifted 

toward a sound-lead stimulus in the motion binding condition, and the JND in the 

motion binding condition was smaller than that in the successive condition. A 

repeated-measures analysis of variance (ANOVA) of the PSSs showed a significant 

main effect for the temporal interval, F(2, 23) = 15.83, p < 0.001 (see Table A-9). 

Multiple comparisons with Holm correction showed significant differences 

between the motion binding condition and the successive condition (motion binding 

and an SOA of 300 ms: p = 0.042, motion binding and an SOA of 500 ms: p = 0.012, 

see Table A-9). Moreover, a repeated-measures ANOVA of the JNDs revealed a 

significant main effect of the temporal interval, F(2, 23) = 25.03, p < 0.001 (see 

Table A-10). In addition, multiple comparisons with Holm correction confirmed 

that there was a significant difference between the motion binding and successive 

conditions (motion binding and an SOA of 300 ms: p = 0.002, motion binding and 

an SOA of 500 ms: p < 0.001, see Table A-10). 
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(C) 

 

 

Figure 3.12. Results of Experiment 2. (A) shows psychometric curves fitted to the 

distribution of mean TOJ data for all participants in the motion binding and 

successive conditions. The negative values of the SOAs indicate that an auditory 

stimulus preceded a visual stimulus. (B) shows the mean PSSs in the motion 

binding and successive conditions. Error bars represent the standard error of the 

means. (C) shows the mean JNDs in the motion binding and successive conditions 

(SOA: 300 ms and 500 ms). Error bars represent the standard error of the means. 

The p values were adjusted for multiple comparisons using Holm’s correction, *: p 

< .05, **: p < .01, ***: p < .001. 
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Figure 3.13 (A) illustrates the results of Experiment 3 with psychometric curves 

fitted to the distribution of the mean TOJ data of all participants in the motion 

binding and non-motion binding conditions. Figures 3.13 (B) and (C) show the 

results of PSS and JND in Experiment 3. The PSS shifted toward a sound-lead 

stimulus in the motion binding condition, and the JND in the motion binding 

condition was smaller than that in the non-motion binding condition. A repeated-

measures analysis of variance (ANOVA) of the PSSs showed a significant main 

effect for the temporal interval, F(2, 22) = 8.473, p < 0.002 (see Table A-11). 

Multiple comparisons with Bonferroni correction showed significant differences 

between the motion binding condition and the non-motion binding condition 

(motion binding and an SOA of 40 ms: p = 0.009, motion binding and an SOA of 

300 ms: p = 0.031, see Table A-11). Moreover, a repeated-measures ANOVA of 

the JNDs revealed a significant main effect of the temporal interval, F(2, 22) = 

6.053, p < 0.008 (see Table A-12). In addition, multiple comparisons with 

Bonferroni correction confirmed that there was a significant difference between the 

motion binding and non-motion binding conditions (motion binding and an SOA of 

300 ms: p = 0.002, see Table A-12), but there was no significant difference between 

the motion binding and an SOA of 40 ms: p = 0.634 (see Table A-12). 
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(C) 

 

 

Figure 3.13. Results of Experiment 3. (A) shows psychometric curves fitted to the 

distribution of mean TOJ data for all participants in the motion binding and non-

motion binding conditions. The negative values of the SOAs indicate that an 

auditory stimulus preceded a visual stimulus. (B) shows the mean PSSs in the 

motion binding and non-motion binding conditions. Error bars represent the 

standard error of the means. (C) shows the mean JNDs in the motion binding and 

non-motion binding (SOA: 40 ms and 300 ms). Error bars represent the standard 

error of the means. The p values were adjusted for multiple comparisons using 

Bonferroni’s correction, *: p < .05, **: p < .01, ***: p < .001. 
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3.3.4  Discussion 

The PSS shifted toward a sound-lead stimulus and especially became closer to 

physical simultaneity (i.e., zero) in the motion binding condition, and the JND in 

the motion binding condition was smaller than that in the simultaneous, successive 

and non-motion binding condition. This shows that motion binding property shifted 

simultaneity toward physical simultaneity, and reduces the temporal window in 

audiovisual integration. In previous studies, the characteristics of perceptual 

binding in cross-modality have been reported. For example, unity assumption well 

represents the multi-modal binding, which means that different sensory information 

is bound and perceived as a same event (Bedford, 2001; Radeau and Bertelson, 

1977; Bertelson and Aschersleben, 1998; Vatakis and Spence, 2007; Welch, 1999; 

Welch and Warren, 1980). Also, it has been reported that one sensory information 

is captured by another sensory information (Gebhard and Mowbray, 1959; Fendrich 

and Corballis, 2001; Bertelson and Aschersleben, 2003; Morein-Zamir, et al., 2003; 

Freeman and Driver, 2008; Recanzone, 2003; Vroomen and de Gelder, 2004). For 

example, temporal ventriloquism effect, if there is temporal separation in 

audiovisual stimulation, temporal events of the visual stimuli are bound by that of 

auditory stimuli (Bertelson and Aschersleben, 2003; Morein-Zamir, et al., 2003). 

However, there were no studies that have investigated the effect of motion binding 

property on the multisensory binding. In this study, we investigated the effect of 

motion binding property on audiovisual simultaneity. As a results, motion binding 

property affected audiovisual simultaneity and contributes to accurate perceptions 

of temporal events. 

In the Experiment 3, although the PSS in the motion binding condition differed 

from that in the non-motion binding condition, there was no difference in JNDs 

between the motion binding condition and the SOA of 40 ms in the non-motion 

binding condition. With respect to visual attention, it has been reported that there 

are two types of visual attention such as exogenous attention and endogenous 

attention. Exogenous attention is an involuntary system, which rises and decays 

quickly and acts on maximally about 100-120 ms and is effective up to 300 ms 

(Muller and Rabbitt, 1989; Hein, et al., 2006; Ling and Carrasco, 2006; Liu, et al., 
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2007; Nakayama and Mackeben, 1989; Remington, et al., 1992). On the other hand, 

endogenous attention is a voluntary system that deployed at more than 300 ms 

(Muller and Rabbitt, 1989; Hein, et al., 2006; Ling and Carrasco, 2006; Liu, et al., 

2007; Nakayama and Mackeben, 1989; Remington, et al., 1992). In the results of 

Experiment 3, there is a possibility that exogenous attention by a short temporal 

interval is activated in motion binding perception and endogenous attention by long 

temporal intervals is allocated in the successive perception. Therefore, there was a 

need to compare between motion binding perception and non-motion binding 

perception by a short temporal interval to confirm the influence of exogenous 

attention. As a result, exogenous attention by a short temporal interval (the SOA of 

40 ms in the non-motion binding condition) resulted in small JND, but unaffected 

the PSS. This means that exogenous attention reduces the temporal window in 

audiovisual integration but does not affect the temporal orders for simultaneity. 

From this, motion binding property affects audiovisual temporal orders for 

simultaneity and audiovisual temporal orders are more accurately integrated during 

motion perception. Therefore, it revealed that motion binding property contributes 

to the accurate perceptions of temporal orders in audiovisual processing. 

Our findings reveal that visual apparent motion affects audiovisual simultaneity 

by shifting simultaneity toward physical simultaneity, and reduces the temporal 

window in audiovisual integration. This suggests that visual motion information 

contributes to accurate perceptions of temporal events in the physical world. In 

particular, we suggest that motion binding property affects accurate perceptions of 

temporal simultaneity in multisensory processing. This binding property will 

prompt developmental research on motion perception and multisensory integration. 
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Chapter 4  

Motion on Simultaneity in Human Communication 

  

  

4.1  Introduction 

 

The influence of visual motion information on audiovisual simultaneity have 

confirmed in Chapters 2 and 3. As a result, visual motion information shifted 

audiovisual simultaneity toward physical simultaneity, and reduces the temporal 

window in audiovisual integration. This suggests that visual motion information 

contributes to accurate perceptions of temporal events in the physical world. In 

particular, the findings reveal that motion binding property in visual perception is 

the mechanism affecting accurate perceptions of temporal simultaneity in 

multisensory processing. 

However, we are exposed to an interpersonal interaction situation (see Figure 

4.1). In human-human interaction, two or more people transmit and perceive 

multisensory information each other. In particular, we integrate the multisensory 

signals by simultaneity perception and the simultaneity perceptions interact 

between two individuals. Human communication (or interpersonal communication) 

is defined as this process for information exchange between two or more people. 

Human communication consists of verbal communication and nonverbal 

communication through mainly auditory and visual channels. Interestingly, it is 

reported that body movements between two or more people are synchronized during 

communication process. This phenomenon is called body movement 

synchronization, which is achieved by the interaction of simultaneity perceptions 

between two or more individuals. Chapter 4 is aimed to confirm the influence of 

motion information on simultaneity perceptions (using body movement 

synchronization) in human communication. 
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Figure 4.1 Human-environment and human-human interactions. We interact 

with environment by perceiving and interpreting outer world. In human-human 

interaction, two or more people transmit and perceive multisensory information 

each other and the multisensory signals interact between two persons. In particular, 

we integrate the multisensory signals by simultaneity perception and also the 

simultaneity perceptions interact between individuals. 
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4.1.1  Simultaneity in Various Perceptual Scales 

Simultaneity perception has been shown in a variety of perceptual scales. For 

example, the temporal window of integration in audiovisual speech was larger than 

that in an experiment using a simple pair of sound and flash (see Table 2-1) 

(Zampini, et al., 2003; Wassenhove, et al., 2007). This means that conversation 

attributes in audiovisual speech change the temporal window of audiovisual 

integration.  

The characteristics of simultaneity perception has been shown in the relations 

between sensory perception and body movement. For example, the body movement 

affects sensory perception by altering simultaneity perception (Frissen, et al., 2010; 

Nishi, et al., 2014). In particular, there is a phenomenon called ‘negative 

asynchrony’, which body motion occasionally precedes sensory perception 

(Miyake, et al., 2004; Miyake, et al., 2007; Repp, 2005; Repp, 2008; Woodrow, 

1932; MacDorman, 1962). Also, mirror neuron system has been reported that 

mirror neurons are particular neurons that fire when an animal does an action and 

when it observes a similar action either. (Rizzolatti and Craighero; 2004; Oztop, et 

al., 2012; Arbib, 2010; Buccino, et al., 2004; Rizzolatti, 2005; Iacoboni and 

Dapretto, 2006). These researches tell us the interaction between sensory perception 

and body motion, and they are an ‘inseparable’ relation. In particular, body motion 

is deeply involved in sensory perception and may contribute to the simultaneity 

perception close to real time by changing the sensory perception. 
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Figure 4.2. Relation between simultaneity perception and simultaneity of body 

motions. ‘Simultaneity’ has been shown in a variety of perceptual scales. The 

characteristics of simultaneity has been studied in the relations between sensory 

perception and body motion. Many researches have reported the interaction 

between sensory perception and body motion, and they are an ‘inseparable’ relation. 

Many studies have reported the interaction between sensory perception and body 

motion, and they are an ‘inseparable’ relation. In particular, body motion is deeply 

involved in simultaneity perception and they interact with each other. 
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Through the interaction between perception and body motion, we can 

communicate with each other smoothly. In human communication, verbal and 

nonverbal information is transmitted through the auditory and visual channels 

including the various meaning for communication (Richmond et al, 2008). 

Therefore, we communicate with each other by perceiving and integrating the 

audiovisual information simultaneously through verbal and nonverbal information, 

and human communication shows the most high-order and complex processing in 

sensory integration. Interestingly, body movement synchronization as simultaneity 

between two or multiple people has been shown in human communication. The 

most important point is that these body movement synchrony is based on 

simultaneity perception, which is a process perceiving body movements of each 

other as visual motion (see Figure 4.2). Therefore, body movement synchronization 

is achieved by the interaction of simultaneity perceptions between two or more 

individuals.  

 

 

4.1.2  Simultaneity in Human Communication 

As mentioned above, human communication consists of verbal and nonverbal 

communications (see Figure 4.3). In particular, we know that verbal communication 

occurs with awareness, whereas nonverbal communication occurs subconsciously 

or automatically (Richmond, et al., 2008; Schneider and Chein, 2003; Bargh and 

Chartrand, 1999; Bargh, 1989; Lakin, 2006). We are unable to control nonverbal 

communication consciously, and therefore nonverbal responses are known to be 

immediate and honest (Altmann, et al., 2007). Nonverbal communication 

contributes to human communication in a variety of ways and is an important factor 

in social interaction (Richmond, et al., 2008; Hodgins and Zuckerman, 1990; 

Tickle-Degnen and Rosenthal, 1990). Among nonverbal behaviors that contribute 

to human communication, nodding the head is known to be a universal behavior in 

many cultures, and it plays an important role as a form of feedback in human 

communication (Darwin, et al., 1998; Kita and Ide, 2007; Maynard, 1987). 
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Of specific relevance to this study, body movement synchronization is known to 

be a dominant characteristic in nonverbal communication. In face-to-face 

communication, body movement synchronization has been observed in social and 

interpersonal relationships. For example, the body movements of neonates 

synchronize with the speech of their mothers (Condon and Sander, 1974), and 

intimate partners frequently interact by synchronizing their postures and body 

movements (Bernieri, et al., 1996). In particular, Hove and Risen (2009) concluded 

that interpersonal synchrony is the critical factor contributing to likability with an 

increase of affiliation and Marsh et al. (2009) have reported that behavioral and 

embodied methods can be used for investigating the relationship between sociality 

and coordination with other individuals, which is fundamental and serves as the 

basis for our social connection to others. In addition, the strong synchronization of 

body movements between clients and their psychotherapy counselors has been 

found for positively evaluated counseling groups (Komori and Nagaoka, 2010). 

Specifically, head nods often occur at the same time, even during conversations 

among multiple participants (Kita and Ide, 2007). Some researchers report that the 

synchronization of head nods reflects positive emotions in interpersonal 

relationships (Kita and Ide, 2007; Maynard, 1987). 

With respect to head nod, Maynard (1987) proposed that head movements may 

be categorized with discourse context. With regard to listener, head movement has 

a function as back-channel continuers. This head movements occur with or without 

brief verbalizations such as ‘uh huh’ and ‘right’, etc. Second function is a turn-shift 

or turn-taking. Head movement occurs when turn shifts and when the listener takes 

a new turn. On the other hand, the speaker’s head movements occur with the last 

syllable of the speech. In addition, the speaker uses head movement during the turn-

transition period and with the sentence final word or syllable. Also, head movement 

is used by the speaker with affirmation and agreement such as ‘yes’, ‘yeah’ and 

‘that’s right’. Among others head movement occurs in the context where a yes/no 

answer is expected. Therefore, the functions of head movement in listener can be 

classified into two, which are back-channel continuers and turn-taking. 
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Figure 4.3. Structure of human communication. Human communication consists 

of verbal and nonverbal communications. In human communication, verbal and 

nonverbal information is transmitted through the auditory and visual channels 

including the various meaning for communication (Richmond et al, 2008). 

Therefore, we communicate with each other by perceiving and integrating the 

audiovisual information simultaneously through verbal and nonverbal information, 

and human communication shows the most high-order and complex processing in 

sensory integration. 
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4.1.3  Newly-devised Detection Method 

With respect to the detection of body movement synchrony, Bernieri (1988a) 

and Bernieri et al. (1988b) have analyzed body movement synchrony by observer 

ratings through movement synchrony perceived in video clips. Also, previous 

researchers have used video-based analysis to measure body movement 

synchronization (Kita and Ide, 2007; Maynard, 1987; Condon and Sander, 1974; 

Bernieri, et al., 1996; Komori and Nagaoka, 2010; Nagaoka and Komori, 2008; 

Ramseyer and Tschacher, 2011). In particular, some researchers have analyzed the 

synchronization of body movements by focusing on changes in the amplitude of 

unspecified body movements with a predetermined video frame rate (Komori and 

Nagaoka, 2010; Nagaoka and Komori, 2008; Ramseyer and Tschacher, 2011; 

Paxton and Dale, 2013). However, there are still three problems with the analysis 

of synchronized body movements. First, there is no research on phase difference as 

an indicator of body movement synchronization in human communication. In 

theoretical studies, phase difference is a very important factor in synchronization 

analysis in rhythmic and periodic motion because it shows the most accurate 

temporal relationship in synchronization (Kuramoto, 1984; Acebron, et al., 2005; 

Schmidt, et al., 1990). Therefore, it is necessary to measure phase differences in 

body movement synchronization and to define nonverbal synchronization 

quantitatively according to the distribution of phase differences in human 

communication. Second, many previous studies did not consider specific 

interactions between nonverbal behaviors in synchronization analysis because they 

have comprehensively analyzed the overall and unspecified body movements. 

However, specifying the body part concerned is essential for studying nonverbal 

synchronization (Paxton and Dale, 2013). Third, the video frame rate (10 or 30 f/s) 

used in previous studies was insufficient to analyze the details of body movements 

(Komori and Nagaoka, 2010; Nagaoka and Komori, 2008; Ramseyer and Tschacher, 

2011). Therefore, we need to acquire time-series data with high temporal resolution 

by attaching a measuring device directly to participants’ bodies.  
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The purpose of this study was to investigate the influence of visual motion on 

simultaneity perception in human communication. Also, this study provides a 

quantitative definition of phase difference and a new method using the phase 

difference distribution for detecting body movement synchronization in human 

communication. We characterized body movement synchronization using four 

statistical measurements of the phase difference distribution. These four 

measurements include: density as an indicator of the synchronization activity 

(frequency of synchronization), mean phase difference as an indicator of the 

synchronization direction (tendency of leader–follower relationship), and standard 

deviation (SD) and kurtosis as indicators of the synchronization strength (stability 

of the tendency). 

To confirm the influence of visual motion, we focused on differences in body 

movement synchronization under different types of communication situations: 

direct face-to-face communication and remote communication via television. Also, 

we applied our new method to human communication in which the roles of speaker 

and listener were defined to confirm the validity of our definition. Most importantly, 

body movements are coordinated between perceptually coupled individuals 

(Schmidt, et al., 1990). Furthermore, Bernieri (1988a) and Bernieri et al. (1988b) 

have emphasized the importance of interpersonal interaction in body movement 

synchrony by comparing genuine synchrony with true interaction and pseudo-

synchrony with no interaction. Therefore, in this study, we examined the difference 

in phase difference distribution between face-to-face communication with visual 

interaction and remote communication with unidirectional visual perception. The 

face-to-face communication condition is set up as a situation in which two 

participants are visually coupled, whereas the remote communication condition is 

set up as a situation in which two participants are not visually coordinated in which 

the listener has visual information about the speaker but the speaker has no visual 

access to the listener. In other words, a pair of participants can bilaterally perceive 

the visual information in direct face-to-face communication. However, in remote 

communication, the listener only perceives visual information unilaterally.  

Moreover, technologies developed in recent years enable us to communicate 

remotely as well as in person (van der Kleij, et al., 2005; van der Kleij, et al., 2009). 
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Although remote communication has been developed to approximate face-to-face 

communication, remote communication, especially via television, remains 

inadequate compared with face-to-face communication (Harboe, et al., 2008; Cesar, 

et al., 2008). Therefore, there is a need to investigate the differences between face-

to-face and remote communications. 

From two experiments, we examined the influence of visual motion on 

simultaneity perception through body movement synchronization. In the face-to-

face communication condition, participants performed a lecture task via face-to-

face communication. We examined phase differences in time-series data on the 

acceleration of head nods between two participants throughout the lecture task, and 

we detected the synchronization of head nods from the distribution of the phase 

differences. In the remote communication condition, participants performed the 

lecture task remotely via television, and again we detected the synchronization of 

head nods from the distribution of the phase differences in time-series data on the 

acceleration of head nods between pairs of participants. 

 

 

 

4.2  Materials and Methods 

4.2.1  Experimental Design 

We used a lecture task in this study to distinguish clearly between the speaker 

and listener during the communication process. By having the participants perform 

the lecture task twice in the face-to-face communication and remote communication 

conditions, we allowed the listener to adapt to the task and to predict the content of 

the task by the learning effect. Therefore, pairs of participants were divided into 

two groups, and they performed the lecture task separately. In the face-to-face 

communication condition, a teacher who takes over the role of speaker delivered 

certain content to a student who takes over the role of listener in face-to-face 

communication. In the remote communication condition, a pair of participants 

performed the lecture task remotely (in different rooms) via television. The size of 
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the teacher’s face, the volume of the teacher’s voice, and the gaze point between 

the teacher and student were identical in the face-to-face communication and 

remote communication conditions. The listener was only allowed back-channel 

signals during the lecture task in the face-to-face communication and remote 

communication conditions, and the constraints for the lecture task were the same in 

both experiments. 

 

4.2.2  Participants 

Twelve pairs of subjects (16 males and eight females, all in their 20s) 

participated in the face-to-face communication and remote communication 

conditions. We derived the following selection criteria for pairs of participants from 

a previous study (Maynard, 1987; Maynard, 1990): the partners should differ in age 

by less than five years, be of the same sex, and be native speakers of Japanese. In 

addition, we imposed the condition that only two people would interact with each 

other during the experiment. The ethics committee of the Tokyo Institute of 

Technology specifically approved this study, and written informed consent was 

obtained from each participant to participate in this study. 

 

4.2.3  Apparatus 

We used a small three-axis acceleration sensor (4.5 cm  4.0 cm) with a sampling 

frequency of 100 Hz (WAA-006, Wireless Technologies, Japan) to measure time-

series data on the acceleration of head nods. The data were recorded on a PC 

(Latitude E5400, Dell, TX, USA) via Bluetooth. The acceleration sensor was 

attached to the forehead of each participant (see Figure 4.4 (A)). In addition, we 

used three video cameras (Xacti, Sanyo, Japan) to record the overall situation of the 

teacher and student participants. In the remote communication condition, a video 

camera (HDR-CX270, Sony, Japan) in the teacher’s room recorded images of the 

teacher and transmitted them to a television (60-inch LED display, with 1920  

1080 pixel resolution, UN60ES8000F, Samsung, Korea) in the student’s room. The 
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video camera and television were connected by an HDMI cable, and another camera 

(Xacti, SANYO, Japan) recorded the student. 

 

4.2.4  Procedures  

In the face-to-face communication condition, each participant was randomly 

assigned to the role of either teacher or student, and before the experiment began, 

the teacher was given a Wikipedia article. The article was a “cold reading,” related 

to the techniques of persuasion (Cold reading). The criteria for selecting the article 

were that it should be on a less well-known topic and that it would take 

approximately 5–10 minutes to describe. The article was three A4 pages and 2,759 

Japanese characters in length. The teacher was separated from the student and 

instructed to read the article to understand the content. The teacher then summarized 

the article freely for 5 to 10 minutes. The teacher removed unnecessary content 

from the summary and then practiced describing the article to the experimenter and 

in his/her own words. At the start of the experiment, the teacher sat face-to-face 

with the student across a table at a distance of 1.2 meters, with a visual angle of 

10.6° for the teacher’s face (see Figure 4.4 (B)). The temperature of the room was 

24.2°C, the illuminance was 913.8 lux (CL-200A, Konica Minolta, Japan) and 

environmental noise was 34.3 dB (AR814, Smart Sensor, China). The article was 

placed on a book stand in front of the teacher, who described the article to the 

student in approximately 5 to 10 minutes in Japanese. The teacher was instructed 

to speak in a loud and clear voice, and to look the student in the eye while speaking. 

The student was asked to look the teacher in the eye, to listen carefully to the 

teacher’s description, and to learn the content. The students were not allowed to ask 

questions; they were only allowed to use back-channel signals, including head nods 

and short utterances such as “un,” “hai” and “ee,” which are equivalent to “mmhm,” 

“uh huh” and “yeah” in English (Kita and Ide, 2007; Maynard, 1987; , Yngve, 1970; 

White, 1989; Angles, et al., 2000). 

We instructed the participants to minimize the influence of body movements 

except head nods, and we imposed the following constraints to help them do so. 

- The teacher was not allowed to show the manuscript to the student. 
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- Neither teacher nor student could change posture significantly. 

- Neither teacher nor student could touch the sensor during the experiment. 

We used the same procedure in the remote communication condition as in the 

face-to-face communication condition, except for the following points. The teacher 

and student sat in separate rooms, and the lecture was given via television. The 

teacher sat in front of a video camera and described the same article as in the face-

to-face communication condition for approximately 5 to 10 minutes. There was no 

difference in the length of the description time between the face-to-face 

communication and remote communication conditions (t (22) = 0.057, P = 0.955, 

see Tables A–13 and A–14). During the practice, we measured the sound level of 

the teacher’s description every 10 seconds with a digital sound level meter (AR814, 

Smart Sensor, China), and the volume of the television was adjusted to the actual 

range of the volume of the teacher’s voice (Mean: 62.3 dB; SD: 5.4 dB). During the 

experiment, the teacher was asked to look at the camera while speaking, as if 

speaking face-to-face with the student. The audiovisual information of the teacher 

was transmitted to a television in the student’s room via a video camera. The student 

sat in front of the television at a distance of 1.8 meters, and the visual angle of the 

teacher’s face was 10.6° (see Figure 4.4 (C)). The student was asked to look the 

teacher in the eye, to listen carefully to the teacher’s description, and to learn the 

content. Only back-channel signals were permitted, and the constraints for the 

experiment were the same as in the face-to-face communication condition. 
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(A) 

 

 

 

 

(B) 

 

  



93 

 

(C) 

 

 

Figure 4.4. Schematic illustration of the Face-to-face Communication and 

Remote Communication Conditions. (A) shows the position of a small three-axis 

acceleration sensor. The sensor (4.5 cm  4.0 cm) had a sampling frequency of 100 

Hz, and it was attached to the forehead of each participant. Head movement was 

defined as a movement in the vertical and longitudinal direction. (B) shows the 

experimental situation in the face-to-face communication condition, and (C) shows 

the experimental situation in the remote communication condition. 
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4.2.5  Data Analysis 

Detection of Phase Difference 

Time-series data on the acceleration of head movements in three axes were 

recorded with a sampling frequency of 100 Hz. Here, we define a head movement 

as in a previous study, which is a movement in the vertical (superior and inferior) 

and longitudinal (anterior and posterior) directions (Saiga, et al., 2010). Thus, we 

only analyzed the two directions of acceleration shown in Figure 4.4 (A). The time-

series data of the norm of the accelerations in the vertical and longitudinal directions 

(x, z) were calculated as 

      2 2

i x i z ia t a t a t   for i = 0, 1, 2, …. (1) 

The interval between it  and 1it   is 10 ms, which is equal to the temporal 

resolution of the device. As there are differences between individuals in the strength 

of their nods,  ia t  was normalized by 
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where T represents the total measurement period in each pair. The time-series 

data  ia t  were smoothed with a moving average of 100 ms to reduce fluctuations 

due to signal distortion. In a previous study, the durations of posture shifts in head 

movements were around 400 ms (Hadar, et al., 1984). The moving average of 100 
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ms means a minimum unit of the same order in the durations of posture shifts in 

head movements. We calculated the time-series data  ia t  as follows 

    
101

11

i

i ll i
a t a t




    for i =0, 1, 2, …. (5) 

When head nods occurred, the local maximum values, hereafter called peaks, 

existed in time-series data  ia t . We therefore defined the peak acceleration as the 

 ia t  that satisfies the following inequality: 

    1 0i ia t a t 
   . (6) 

To extract only reliable signals of head nods, we used a threshold amplitude for 

 ia t  of 2.0 or more. Peaks of 2.0 or more constituted approximately 6% of the 

total acceleration peaks in all students’ head motions. We used the video data to 

confirm visually that peaks of 2.0 or more actually corresponded to head nods. Thus, 

we imposed the following conditions on  ia t : 

   2.0ia t  . (7) 

After we detected peaks in the acceleration of head nods by student and teacher, 

we defined the phase difference as the minimum temporal difference (tj－ti) from 

the time (ti) of a peak in acceleration of the teacher’s head nods to that (tj) of the 

student. The range of the phase difference was limited to 1.0 s because it has been 

reported that the maximal delay time for nonverbal synchronization is 1.0 s (Komori 

and Nagaoka, 2010). Therefore, we imposed the following restriction, in addition 

to conditions (6) to (7), on the definition of phase difference: 

 1.0 1.0 .j is t t s      (8) 

In the remote communication condition, although the time-series data on the 

acceleration of teachers’ and students’ head movements were measured in real time, 
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there was a delay in the transfer of the data from the video camera to the television. 

Although the students were unaware of this delay (they perceived the delayed 

information and reacted to it as if it were in real time), we needed to measure the 

delay time and to include it in our calculation of phase difference. To measure the 

delay time, we transmitted video camera images of a software stopwatch (Online 

Stopwatch, temporal resolution: 1ms) on a computer screen to the television. We 

took simultaneous pictures of the time depicted on the stopwatch on the computer 

screen and the one on the television screen and used the difference between them 

as the delay time. The mean delay time for 50 trials was approximately 160 ± 13 

ms (Mean ± SD). Therefore, the acceleration data for the teacher corresponded to 

the acceleration data for the student with a time delay of 160 ms in data processing. 

 

Analysis of Synchronization 

Body movement synchronization was defined as the phase difference 

distribution during the entire communication period. Therefore, the synchronization 

characteristics are described using statistical analyses of the phase difference 

distribution of head nodding over the whole measurement period. Relative 

frequency is used in the phase difference distribution because the total frequency in 

the phase difference distribution differed between participant pairs. Specifically, 

the four statistical measurements are: density, mean phase difference, standard 

deviation (SD) and kurtosis. First, we introduced the density of the frequency of 

phase difference, defined as the frequency per minute within each pair. Density is 

an indicator of synchronization activity (frequency of synchronization). Second, we 

introduced the mean phase difference, defined as the mean of the distribution. The 

mean phase difference is an indicator of the synchronization direction (tendency of 

leader–follower relationship), that is, whether the speaker or the listener leads the 

body movements in the synchronization built during communication. Third, we 

introduced the SD, defined as the spread of the phase difference distribution. Fourth, 

we introduced kurtosis, defined as the degree of convergence to the mean phase 

difference in the distribution. The SD and kurtosis are indicators of the 

synchronization strength (stability of the tendency). 
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4.3  Results 

Head nod synchronization is detected for each pair of participants using the 

phase difference distribution. Figure 4.5 illustrates typical time series data for head 

nods in the face-to-face communication condition. The relative distribution the 

phase difference of all student–teacher pairs was plotted because the total frequency 

in the phase difference distribution differed between participant pairs. Figure 4.6 

shows the results for each pair in the face-to-face communication condition (also 

see Table A–13) and Figure 4.7 shows the total results from the face-to-face 

communication condition (see also Table A–15). In Figures 4.6 and 4.7, the 

horizontal axis represents the phase difference when head nods occur, and the 

vertical axis indicates the relative frequency of head nods. Negative values on the 

horizontal axis indicate that the student’s head nod occurred before the teacher’s, 

whereas positive values indicate the reverse. 

Table A-13 shows the results for each pair in the face-to-face communication 

condition. In the face-to-face communication condition, as shown in Figure 4.7, the 

phase difference distribution in head nods was symmetric and converged on the 

vicinity of the center. Specifically, the region of relative frequency where the phase 

differences take negative values accounted for 31.8%. This means not only that the 

teacher’s movement leads the student’s movement, but also that the student’s 

movement leads that of the teacher. In the face-to-face communication condition, 

the mean density of synchronized head nods across pairs was 9.2 nods/min (SD = 

4.2 nods/min). The overall mean (across pairs) of the mean phase differences was 

110 ms, and the mean of the standard deviations (SDs) across pairs was 320 ms. 

The mean kurtosis across pairs was 1.3 (SD = 1.7). 
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Figure 4.5. Typical Time Series Data for Head Nods in the Face-to-face 

Communication Condition. The black line indicates the teacher’s acceleration 

data, and the red line shows the student’s acceleration data. 
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Figure 4.6. Distribution of the relative frequency of synchronized head nods 

for each pair in the face-to-face communication condition. The horizontal axis 

represents the phase difference when head nod synchronization occurred, and the 

vertical axis indicates the relative frequency of head nod synchronization. Negative 

values on the horizontal axis indicate that the student’s head nod occurred before 

that of the teacher, whereas positive values indicate the reverse. 
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Figure 4.7. Total results from the face-to-face communication condition. 

Distribution of the mean relative frequency of synchronized head nods across all 

pairs in the face-to-face communication condition. A smoothing spline curve (red 

line) is fitted to the mean relative frequency of synchronized head nods across all 

pairs and the vertical gray line shows the mean phase difference in face-to-face 

communication. The horizontal axis represents the phase difference when head nod 

synchronization occurred, and the vertical axis indicates the frequency of head nod 

synchronization. Negative values on the horizontal axis indicate that the student’s 

head nod occurred before that of the teacher, whereas positive values indicate the 

reverse. 
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Figure 4.8 illustrates typical time series data for head nods in the remote 

communication condition. Figure 4.9 shows the results for each pair in the remote 

communication condition (also see Table A–14) and Figure 4.10 shows the total 

results from the remote communication condition (see also Table A–15). In the 

remote communication condition, the phase difference distribution in head nod 

synchronization converged on the vicinity of the center. Specifically, the region of 

relative frequency where the phase differences take negative values accounted for 

40.2%. The mean density of synchronized head nods was 4.6 nods/min (SD = 1.7 

nods/min). The overall mean (across pairs) of the mean phase differences was 80 

ms, and the mean of the SDs across pairs was 430 ms. The mean kurtosis across 

pairs was 0.1 (SD = 0.9).  

Unpaired t-tests indicated that the density of synchronized head nods in the face-

to-face communication condition was significantly higher than that in the remote 

communication condition (t(22) = 3.420, P = 0.002; see Figure 4.11(A)), but the 

mean phase differences in synchronized head nods did not show a significant 

difference between the conditions (t(22) = 0.937, P = 0.359, see Figure 4.11(B)). 

Unpaired t-tests also revealed that SDs in the face-to-face communication condition 

were significantly smaller than those in the remote communication condition (t(22) 

= –3.405, P = 0.003; see Figure 4.11(C)) and kurtoses in the face-to-face 

communication condition were significantly higher than those in remote 

communication condition (t(22) = 2.098, P = 0.048; see Figure 4.11(D)). 
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Figure 4.8. Typical Time Series Data on Head Nods in the Remote 

Communication Condition. The black line indicates the teacher’s acceleration 

data, and the red line shows the student’s acceleration data. 
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Figure 4.9. Distribution of the relative frequency of synchronized head nods 

for each pair in the remote communication condition. The horizontal axis 

represents the phase difference when head nod synchronization occurred, and the 

vertical axis indicates the relative frequency of head nod synchronization. Negative 

values on the horizontal axis indicate that the student’s head nod occurred before 

that of the teacher, whereas positive values indicate the reverse. 

 

 

 

 

 



104 

 

 

 

 

Figure 4.10. Total results from the remote communication condition. 

Distribution of the mean relative frequency of synchronized head nods across all 

pairs in the remote communication condition. A smoothing spline curve (red line) 

is fitted to the mean relative frequency of synchronized head nods across all pairs 

and the vertical gray line shows the mean phase difference in remote 

communication. The horizontal axis represents the phase difference when head nod 

synchronization occurs, and the vertical axis indicates the frequency of head nod 

synchronization. Negative values on the horizontal axis indicate that the student’s 

head nod precedes that of the teacher, whereas positive values indicate the reverse. 
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Figure 4.11. Comparison of results between the Face-to-face Communication 

and Remote Communication Conditions. (A) shows the mean density of 

synchronized head nods in the face-to-face communication and remote 

communication conditions. The error bars represent the standard deviations of the 

means. (B) shows the mean phase difference in the face-to-face communication and 

remote communication conditions. The error bars represent the standard deviations 

of the means. (C) shows the mean SDs in the distribution of the phase differences 

in the face-to-face communication and remote communication conditions. The error 

bars represent the standard deviations of the means. (D) shows the mean kurtosis in 

the distribution of the phase differences in the face-to-face communication and 

remote communication conditions. The error bars represent the standard deviations 

of the means, *: p < .05, **: p < .01, unpaired t-test. 
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4.4  Discussion 

This study is focused on the influence of visual motion on simultaneity 

perception using body movement synchronization. To confirm the influence of 

visual motion, Body movement synchronization is detected in direct face-to-face 

and remote communication settings using a new definition of phase difference. In 

this study, the phase difference of head nods is defined during the entire 

communication period and the characteristics of head nod synchronization is 

defined as the phase difference distribution. Specifically, the phase difference 

distribution was characterized using four statistical measurements: the density, the 

mean phase difference, the SD, and the kurtosis. To verify the validity of the 

influence of visual interaction and our definition for detecting synchronization, we 

applied our method to two human communication situations: the face-to-face 

communication condition with visual interaction and the remote communication 

condition with unidirectional visual perception. As a result, the difference between 

the phase difference distributions in these communication situations was clearly 

shown. Although the mean phase differences in head nods did not differ 

significantly between the face-to-face communication and remote communication 

conditions, there were significant differences in the densities, the SDs and kurtoses 

in the phase difference distributions of head nod synchronization between the face-

to-face communication and remote communication conditions. These results can be 

used to clarify the influence of visual motion on simultaneity perception in human 

communication. In addition, these results can used to clarify the effectiveness of 

phase difference as a measure of body movement synchronization and the 

characteristics of body movement synchronization through the features of the phase 

difference distribution. 
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4.4.1  The Influence of Visual Motion on Simultaneity Perception 

in Human Communication 

Our findings clarified some of the differences in head nod synchronization 

between face-to-face communication with visual interaction and remote 

communication without visual interaction. Specifically, the density, the SD and the 

kurtosis of the phase difference distribution differed between the face-to-face 

communication condition with visual interaction and the remote communication 

condition with unidirectional visual perception. Thus, visual interaction in the face-

to-face communication condition led to a large density of synchronized head nods 

and a small spread (small SD and large kurtosis) compared with the remote 

communication condition. This means that visual interaction resulted in higher 

synchronization activity and strength. Most importantly, these differences clearly 

showed the mechanism of body movement synchronization in human 

communication. Schmidt et al. (1990) reported that visually coupled perceptions 

between individuals is important for the coordination of body movements. In both 

communication conditions in the present study, the teachers presented the same 

auditory information to the students. However, these conditions differed in their 

visual modality, because the teachers could see the students’ back-channel signals 

in the face-to-face communication condition, but this information was not available 

to the teachers in the remote communication condition (see Figure 4.12). This 

interaction through the visual channel may contribute to mutual entrainment in 

nonverbal synchronization, because synchronization phenomena are established by 

the mutual entrainment mechanism based on interaction between nonlinear 

oscillators from a theoretical viewpoint (Kuramoto, 1984; Acebron, et al., 2005). 

This finding will play an important role in the elucidation of the mechanism of 

nonverbal synchronization in face-to-face communication and the application of 

remote communication technologies. 
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Figure 4.12. The differences in body movement synchronization between 

direct face-to-face and remote communications. In both of the experiments in 

the present study, the teachers presented the same auditory information to the 

students. However, the two experiments differed in the visual modality, because the 

teachers could see the students’ back-channel signals in the direct face-to-face 

communication experiment, but this information was not available to the teachers 

in the remote communication experiment. 
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However, there was no difference in the mean phase difference between face-to-

face communication with visual interaction and remote communication with 

unidirectional visual perception. This means that visual interaction in the head nod 

synchronization did not affect the mean phase difference. The mean phase 

difference is an indicator of the synchronization direction, that is, whether the 

speaker or listener leads the body movements in the synchronization built during 

communication. The speaker’s head nods tended to slightly lead the listener’s head 

nods in both communication conditions. In recent years, the mechanism of nodding 

in face-to-face communication has been reported. Bavelas et al. (2002) reported that 

the nodding of the listener occurred in a gaze window, which is a temporal window 

of mutual gaze created by the speaker looking towards the listener. In addition, 

according to Stivers (2008), nods by a listener act as a sign of alignment with the 

activity of speaking and affiliation through a claim of access to the speaker’s stance, 

either indirectly or directly. These studies well represent the mechanism of the 

occurrence and function of nodding. However, in this study, the synchronization 

characteristic of head nods was detected even in the remote communication 

condition without mutual gaze related to visual interaction, in which there was no 

difference in the mean phase differences between the face-to-face and remote 

communication conditions. This therefore shows the synchronization direction of 

head nods may be attributed to the listener’s alignment, that is, the listener’s 

adaptive behavior to the speaker’s multimodal behavior, even in remote 

communication. 
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4.4.2  Automatic Processing in Body Movement Synchronization 

Further, in both communication conditions, the phase difference distribution in 

head nod synchronization was symmetric and converged on the vicinity of the 

center. Specifically, a region of 30–40% in relative frequency corresponded to the 

region in which the student’s head nods led those of the teacher. This means that 

the listener’s movement is not always aligned with the speaker’s movement. In 

particular, it is known that when a simple stimulus such as a letter or symbol is 

presented, the reaction time of body movements is within a range of 380 to 420 ms 

(Laming, 1968; Luce, 1986; Sternberg, 1969). However, in this study, the mean 

phase difference was 110 ms with an SD of 320 ms in the face-to-face 

communication condition. This shows a narrower temporal feature in nonverbal 

synchronization compared with the reaction time of body movements in the 

previous studies. This suggests that the temporal feature of head nod 

synchronization may be due to automatic processing of body movements in human 

communication. 

In recent years, mutual gaze in face-to-face communication has been reported as 

an important factor for the mechanism of nodding. Bavelas et al. (2002) reported 

that the nodding of the listener occurred in a gaze window, which is a temporal 

window of mutual gaze created by the speaker looking towards the listener. In 

addition, according to Stivers (2008), nods by a listener act as a sign of alignment 

with the activity of speaking and affiliation through a claim of access to the 

speaker’s stance, either indirectly or directly. These studies well represent the 

mechanism of the occurrence and function of nodding. However, in this study, the 

synchronization of head nods was detected even in the remote communication 

condition without mutual gaze. This shows that subconscious and automatic 

processing of nonverbal communication may be attributable to the synchronization 

of head nods, even in remote communication. 

In the present study, we focused on the subconscious and automatic aspect of 

head nods in human communication. However, the mechanism of head nods has a 

conscious, reactive and semantic aspects (Bavelas et al., 2002; Stivers, 2008). 

Therefore, in the future we need to examine the influence of the conscious, reactive 
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and semantic aspects. According to this study, the mean phase difference, SD and 

kurtosis can indicate differences in the phase difference distribution between the 

conscious and reactive head nods and the synchronization of subconscious and 

automatic head nods. Then the mean phase difference, SD and kurtosis in the 

subconscious and automatic head nods in synchronization may become smaller than 

that for conscious and reactive head nods. In addition, it is expected that the phase 

difference distribution for subconscious and automatic head nods in 

synchronization will lead to a smaller spread with a small SD and large kurtosis 

compared with the distribution of those of the conscious head nods. 

 

 

 

4.4.3  Newly-devised Detection Method 

With respect to a newly-devised method of detecting nonverbal synchronization, 

our findings showed a narrower temporal window for nonverbal synchronization 

compared with a previous study (Komori and Nagaoka, 2010). Simple reaction time, 

which participants press a button when light or sound is presented, was 

approximately 160 ms for an auditory stimulus and 190 ms for a visual stimulus 

(Kosinski, 2013). However, when a stimulus was complicated such as a letter or 

symbol, the reaction time increased within a range of 380 to 420 ms (Laming, 1968; 

Luce, 1986; Sternberg, 1969; Kosinski, 2013). With regard to head nods, Watanabe 

(1985) reported that the phase difference in head nod synchronization was 700 ms 

to 1400 ms, when the voice of the speaker affects the nodding of the listener. In 

addition, the phase difference in synchronization was approximately 800 ms to 2.0 

seconds when the nodding of the listener affects the voice of the speaker. With 

regard to nonverbal synchronization, Komori (2010) reported that the time lag 

between the amplitude of the body movements of a counselor and a client occurred 

within a range of ± 1000 ms. In particular, there was a tendency for the counselors’ 

body movements to be delayed by 500 ms compared with those of clients. However, 

in this study, the mean phase difference was 110 ms, and the SD was 320 ms. In 

addition, in face-to-face communication condition, a region with a high occurrence 
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frequency of head nod synchronization was that within a range of 100 ms to 200 

ms and the head nod synchronization of approximately 70% showed in a range of -

200 ms to 300 ms. Therefore, we confirmed that the high occurrence frequency of 

head nod synchronization showed in a range of - 200 ms to 300 ms. Moreover, the 

overall mean (across pairs) of the mean phase differences was 110 ms and the mean 

of the standard deviations (SDs) across pairs was 320 ms. Both values are within 

the range of high occurrence frequency of head nod synchronization. These results 

are obtained with a newly-devised method of detecting nonverbal synchronization 

based on a measure of phase difference with a high degree of temporal resolution, 

which was defined as the phase difference in the peak amplitudes between rhythmic 

body movements. Thus, this method can detect the accurate temporal properties of 

nonverbal synchronization. 

 

 

 

4.4.4  New Approach for Defining Synchronization 

As discussed above, phase difference is used to detect body movement 

synchronization, and the density, mean phase difference, SD and kurtosis in the 

phase difference distribution are used to evaluate the degree of body movement 

synchronization. Therefore, there is a need to further define indicators to 

characterize nonverbal synchronization properly. In the field of cognitive 

psychology, it has been found that there exists a point of subjective simultaneity 

(PSS), which is the maximal simultaneity in multisensory processing by a human 

perceptual system. The PSS is commonly used, which is an indicator of subjective 

simultaneity in multisensory processing by a human perceptual system. In particular, 

it has been reported that the PSS differs from physical simultaneity in multisensory 

integration (Vroomen and Keetels, 2010; Spence et al., 2001; Spence et al., 2010; 

Kwon, 2014). Therefore, they have claimed the importance of the relationship 

between physical simultaneity and subjective simultaneity according to type of 

stimulation. The PSS is obtained by the mean of a distribution obtained by 

calculating the percentage of “simultaneous” responses to various stimulus onset 
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asynchronies (SOAs) between stimuli. For example, in audiovisual simultaneity, 

the PSS was usually shifted toward a visual-lead stimulus (Vroomen and Keetels, 

2010; Spence et al., 2001; Spence and Parise, 2010; Kwon et al., 2014; Jakowski et 

al., 1990; Kanabus et al., 2002; Zampini et al., 2003; Zampini et al., 2005). This 

indicates that the visual stimulus should be presented faster than the auditory 

stimulus for perceptual audiovisual simultaneity. Interestingly, this study reveals 

that same tendency showed between the phase difference in nonverbal 

synchronization and the PSS in multisensory integration. That is, the mean phase 

difference in nonverbal synchronization of head nods was not zero (i.e., physically 

perfect synchronization), and is shifted toward the head nods of the listener lagging 

behind those of the speaker. This means that nonverbal synchronization of human 

communication differs from physically perfect synchronization. Therefore, the 

mean phase difference can be called “the point of subjective synchronization”, and 

it can be used as an indicator of subjective synchronization in human 

communication.  

Moreover, there is another indicator in addition to the PSS in multisensory 

integration. This is called the “temporal window of integration,” which is the range 

of SOAs within which we perceive two pieces of sensory information as the same 

event (Spence et al., 2001; Spence and Parise, 2010; Kwon et al., 2014; Zampini et 

al., 2005; Morein-Zamir et al., 2005; Keetels and Vroomen, 2005; Wassenhove et 

al., 2007). The temporal window of integration is calculated as the standard 

deviation (SD) of a distribution derived by calculating the percentage of 

“simultaneous” responses to various SOAs between stimuli. It is known that when 

using a simple pair of a sound stimulus and a flash stimulus, the temporal window 

of integration showed within a small range between approximately 30 ms and 110 

ms (Zampini, et al., 2003; Zampini, et al., 2005; Morein-Zamir, et al., 2003; Keetels 

and Vroomen, 2005). On the other hand, it has been reported that the temporal 

window of integration in audiovisual speech is approximately 200 ms (Wassenhove, 

et al., 2007). From this perspective, the SD of the spread of the phase difference 

distribution in this study can be regarded as an indicator of “the temporal window 

of synchronization” in human communication. In this study, the distribution of 

nonverbal synchronization in face-to-face communication differed from that in 



114 

 

remote communication. The spread in the phase difference distribution in face-to-

face communication is smaller than that in remote communication, and the 

convergence in the phase difference distribution in face-to-face communication was 

greater than that in remote communication. However, this definition is an open 

question. Figures 4.7 and 4.10 show that the phase difference distribution changes 

in shape for every 100 ms (also see Figures 4.13 and 4.14). Thus, it can be regarded 

as a temporal unit of the temporal window of synchronization. In future, we need 

to examine whether the SD of the phase difference distribution should be expressed 

in this unit in the temporal window of synchronization. 
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Figure 4.13. Distribution of the mean relative frequency of synchronized 

head nods within a range of 0 to 100 ms across all pairs in face-to-face 

communication. Red lines show smoothing spline curves. 
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Figure 4.14. Distribution of the relative frequency of synchronized head 

nods within a range of 0 to 100 ms for each pair in face-to-face communication. 

Red lines show smoothing spline curves. 
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The point of subjective synchronization in nonverbal communication was shifted 

to a greater extent than that in multisensory integration (see Table 4-1). In addition, 

as mentioned above, the temporal window of integration in audiovisual speech was 

larger than that in an experiment using a simple pair of sound and flash stimuli 

(Zampini, et al., 2005; Wassenhove, et al., 2007), (see Table 4-1). This means that 

conversation attributes a factor that contribute to the larger range of the audiovisual 

temporal integration. In this study, we investigated nonverbal synchronization in 

audiovisual speech with body movements. We found that the point of subjective 

synchronization was approximately 107 ms and the temporal window of 

synchronization was approximately 301 ms. Consequently, the point of subjective 

synchronization in nonverbal communication and the temporal window of 

synchronization are larger than those of multisensory integration in audiovisual 

speech. This may be attributable to the effect of body movements as an additional 

factor in multisensory integration in audiovisual speech. 
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Table 4-1. Changes in PSS and SD in multisensory integration in previous 

studies and Nonverbal synchronization. 

 

   

 PSS SD 

Simple stimuli 19 ms 114 ms 

Audiovisual speech 23 ms 205 ms 

 Mean phase difference SD 

Nonverbal synchronization 107 ms 310 ms 

 

 Simple stimuli: audiovisual simultaneity judgments in simple pair of a sound 

stimulus and a flash stimulus.  

 Point of subjective simultaneity (PSS) means a maximal simultaneity that a pair of 

audiovisual stimuli were perceived as simultaneous, and SD indicates temporal 

window of multisensory integration.  

 Audiovisual speech: audiovisual simultaneity judgments between auditory speech 

stimuli and visual speech stimuli.  

 Nonverbal synchronization: the synchronization of head nods in face-to-face 

communication. Mean phase difference refers to mean phase difference in peaks 

of acceleration of head nods in face-to-face communication, and SD is the standard 

deviation in the phase difference distribution in peaks of head nods in face-to-face 

communication. 
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4.4.5  Perspectives on Remote Communication Technologies 

From an experimental viewpoint, two factors lead to such differences between 

direct face-to-face and remote communications. Technologies developed in recent 

years enable us to communicate remotely as well as in person (Harboe, et al., 2008; 

Cesar, et al., 2008). Although remote communication has been developed to 

approximate face-to-face communication, remote communication, especially via 

television, remains inadequate compared with face-to-face communication (van der 

Kleij, et al., 2005; van der Kleij, et al., 2009). The first factor is the spatial 

separation in remote communication (Morris, 2004; Jones, 1993). Although face-

to-face communication between partners occurs in the same room, remote 

communication is carried out in different rooms. This shared space in the former 

condition may contribute to the differences in body movement synchronization 

between direct face-to-face and remote communications. The second factor is the 

lack of authenticity in remote communications (van der Kleij, et al., 2005; van der 

Kleij, et al., 2009). Remote communications have been developed to approximate 

face-to-face communication, but the reality created by such interactions still falls 

short of face-to-face communication. Therefore, the lack of authenticity in remote 

communications may have an effect on body movement synchronization. These 

factors should be studied to elucidate the mechanisms of face-to-face and remote 

communications. 

 

 

 

4.4.5  Future Research 

In this study, we applied our definition to human communication in which the 

roles of speaker and listener were defined. We analyzed the phase difference 

distribution between the face-to-face communication condition with visual 

interaction and the remote communication condition without visual interaction, to 

clarify the influence of visual interaction in the synchronization of head nods 

between the speaker and the listener. However, in the future it will be necessary to 
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examine other factors such as mutual talk to clarify the influence of other 

interactions as a cause of synchronization in human communication. In addition, 

there is a need to examine the verbal factor in which the listener can only hear the 

speaker but has no visual access to the speaker in order to determine the unique 

influence of verbal and nonverbal behavior. Also, data in this study were obtained 

only from Japanese conversations and head nods. Therefore, there is a further need 

to examine the influence of other languages, different cultures and nonverbal 

signals. Furthermore, our data were obtained only from Japanese conversations and 

head nods. Therefore, there is a further need to examine the influence of other 

languages, different cultures and nonverbal signals. In this study, the threshold for 

head nods was an amplitude of  ia t  of 2.0 or more. However, there may have 

been weak head nods in the acceleration peaks of 2.0 or less. Therefore, it should 

be analyzed this possibility in future work. Our findings will prompt research on 

future communication technology based on nonverbal synchronization in face-to-

face and remote communication. We believe that these findings are useful in 

detecting nonverbal synchronization in various human communication situations. 
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Chapter 5 

General Discussion 

 

5.1  Main Findings 

 

This dissertation addresses the influence of visual motion information on 

simultaneity perception. This dissertation is focused on visual apparent motion with 

respect to motion information and TOJ task with regard to simultaneity perception. 

In addition, body movement synchronization is investigated to confirm the 

characteristics of simultaneity perception in human communication. The main aims 

of this dissertation were (1) to examine how visual apparent motion affects 

audiovisual simultaneity perception, (2) to investigate what mechanisms contribute 

to the finding that apparent motion affects simultaneity perception, (3) to confirm 

the influence of visual motion on simultaneity perception in human communication. 

 

In Chapter 2, the purpose was to investigate how visual apparent motion affects 

audiovisual temporal perception. Two types of TOJ tasks was examined to confirm 

whether visual apparent motion has an effect on an audiovisual TOJ task. 

Participants conducted audiovisual TOJ tasks in the apparent motion condition with 

two flashes, and in the normal condition with a single flash, which is the 

conventional condition of a TOJ task. The results of Chapter 2 show that the PSS 

in the apparent motion condition was shifted toward a sound-lead stimulus, which 

is closer to physical simultaneity and the JND in the apparent motion condition was 

smaller than that in the normal condition. This means that visual apparent motion 

contributes to very precise perceptions of temporal simultaneity, which is closer to 

physical simultaneity, in audiovisual integration, and greater temporal resolution 

than that which occurs in the normal condition and the previous studies.  

 



122 

 

In Chapter 3, the goal was to investigate what mechanisms contribute to the 

finding of Chapter 2 that visual apparent motion affects audiovisual simultaneity 

perception. Three possible mechanisms were considered in the Chapter 3 and they 

were examined in three sections, respectively.  

In Section 1, the purpose was to examine the influence of amount of visual 

stimulation by eliminating the influence of the amount of flash stimulation, because 

it remained unclear whether the Chapter 2’s results were influenced by differences 

in the amount of visual stimulation between the apparent motion condition with two 

flashes and the normal condition with a single flash. As a result, the PSS and JND 

obtained in the apparent motion condition differed from those obtained in the 

successive condition as non-motion perception, which included the same amount 

of visual stimulation in the apparent motion condition. Similar results were obtained 

in the apparent motion conditions between Chapter 2 and Section 1 in Chapter 3. 

Also, the results obtained in the successive condition were similar to those obtained 

in the normal condition in Chapter 2. This means that the amount of visual 

stimulation made no difference in the apparent motion condition and the PSSs and 

JNDs in audiovisual temporal perception differed according to whether visual 

apparent motion was present or absent.  

 

In Section 2, the purpose was to investigate the influence of prediction as a 

higher-order brain function, because apparent motion was produced by a constant 

interval between two flashes. Therefore, it was necessary to eliminate the influence 

of prediction by randomizing the intervals between the two visual stimuli. The 

results of Section 2, which eliminated the effect of prediction, were no different 

from those obtained in the apparent motion condition in Chapter 2. This means that 

apparent motion was equivalently processed regardless of prediction. In particular, 

temporal processing during apparent motion perception may result from stimulus-

driven effects rather than expectancy-driven effects. It raise the possibility that 

despite the stimulus-driven effects with the same type of sensory stimuli, the 

difference between motion and non-motion perceptions influenced temporal order 

perception and the window of temporal integration in audiovisual processing. 
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In Section 3, the purpose was to investigate whether motion binding property in 

visual perception influences audiovisual simultaneity perception. Although two 

discrete stimuli are presented at appropriate spatiotemporal intervals, we can 

perceive continuous motion as one moving object. This phenomenon suggests that 

visual motion perception mechanisms have a binding property that stimuli are 

perceived as a moving object with spatiotemporal continuity, and a single bounded 

object is perceived only at certain intervals. Apparent motion is a most suitable 

phenomenon to show motion binding property in human perceptual system. As a 

result, the PSS shifted toward a sound-lead stimulus and especially became closer 

to physical simultaneity (i.e., zero) in the motion binding condition, and the JND in 

the motion binding condition was smaller than those in the non-motion binding 

condition. This shows that motion binding property shifted simultaneity toward 

physical simultaneity, and reduces the temporal window in audiovisual integration. 

Therefore, it revealed that motion binding property contributes to the accurate 

perceptions of temporal events in audiovisual simultaneity perception.  

 

In Chapter 4, the purpose was to investigate the influence of visual motion on 

simultaneity perception in human communication. In addition, Chapter 4 provides 

a definition of phase difference for the detection of body movement synchronization 

in human communication. To confirm the influence of visual motion, we detected 

body movement synchronization in direct face-to-face (bilateral perception of 

visual motion) and remote communication (unilateral perception of visual motion) 

settings using a new definition of phase difference. As a result, although the mean 

phase difference in synchronized head nods did not differ significantly between 

face-to-face and remote communications, there were significant differences in the 

density, the SDs and kurtoses in the phase difference distribution of head nod 

synchronization between face-to-face and remote communications. The findings 

clarified the differences in body movement synchronization between direct face-to-

face and remote communications. In particular, motion feedback loop in the visual 

channel play an important role in the synchronization mechanism in face-to-face 

communication. Also, these results are obtained with a newly-devised method of 

detecting nonverbal synchronization based on a measure of phase difference with a 
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high degree of temporal resolution. Therefore, this study shows the effectiveness of 

phase difference as a measure of body movement synchronization and it can be used 

to evaluate body movement synchronization.  

 

 

 

5.2  Motion Perception and Simultaneity Perception 

Motion perception is a fundamental tool for interaction with a dynamic 

environment in real time and temporal information of motion is very important for 

smooth interaction with the dynamic environment. Also, simultaneity perception 

enables to perceive multiple sensory information as a single event and interact with 

the environment at the same time. Therefore, the relationship between motion 

perception and simultaneity perception is important for interaction with the 

dynamic environment because real time interaction with the dynamic environment 

is generated by the relationship between motion perception and simultaneity 

perception.  

Chapter 2 is focused on the influence of visual motion on the multisensory 

temporal integration from an environment. In a dynamic environment, visual 

motion information is an influential factor in temporal perception and especially is 

important in multisensory temporal perception. However, it is unclear how visual 

motion information influences the temporal integration of multisensory perceptions. 

In Chapter 2, the PSS in the apparent motion condition was shifted toward a sound-

lead stimulus, which differs from the PSS in the normal condition. Moreover, the 

JND in the apparent motion condition was smaller than that in the normal condition. 

This finding shows visual apparent motion changes temporal simultaneity 

perception and improves temporal discrimination in audiovisual processing.  

Previous studies have reported that the temporal integration of multisensory 

information depends on the combination of sensory information and they can be 

changed according to a variety of factors such as stimulus intensity, prediction and 

attention (Allik and Kreegipuu, 1998; Jakowśki and Verleger, 2000; Mattes and 
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Ulrich, 1998; Schneider and Bavelier, 2003). In particular, many studies have 

shown that audition dominates vision on multisensory processing in the time 

dimension (Gebhard and Mowbray, 1959; Fendrich and Corballis, 2001; Bertelson 

and Aschersleben, 2003; Morein-Zamir, et al., 2003; Freeman and Driver, 2008; 

Recanzone, 2003; Vroomen and de Gelder, 2004). In addition, temporal 

ventriloquism effect has shown that temporal perception of visual stimuli is pulled 

into that of auditory stimuli (Fendrich and Corballis, 2001; Morein-Zamir, et al., 

2003; Scheier, et al, 1999; Vroomen and Keetels, 2006). However, visual apparent 

motion changes temporal simultaneity perception and improves temporal 

discrimination in audiovisual processing. Therefore, visual motion has a significant 

impact on the audiovisual simultaneity perception.  

In previous studies, audiovisual information by the same spatial position or 

congruent audiovisual speech stimuli resulted in that the PSSs were closer to 

physical simultaneity but the JNDs become larger in audiovisual processing 

(Wassenhove, et al., 2007; Zampini, et al., 2003). On the other hand, audiovisual 

information by the spatial separation or incongruent audiovisual speech stimuli 

resulted in that the PSSs become more distant from physical simultaneity but the 

JNDs become smaller with higher temporal resolution in audiovisual processing. In 

other words, audiovisual information by the same spatial position is related to larger 

temporal window in audiovisual integration and audiovisual information by the 

different spatial position is engaged in the reduction of the temporal window in 

audiovisual integration with higher temporal resolution and temporal sensitivity. 

However, visual apparent motion affects audiovisual simultaneity by shifting 

simultaneity toward physical simultaneity, and reduces the temporal window in 

audiovisual integration. This suggests that visual motion information contributes to 

accurate perceptions of temporal events in the physical world. 

 

 

 

 



126 

 

5.3  Motion and Amount of Stimulus on Simultaneity 

Perception  

The purpose of Chapter 2 was to investigate whether visual apparent motion 

affects audiovisual simultaneity perception. As a result, the findings reveal that 

visual apparent motion affects audiovisual simultaneity by shifting simultaneity 

toward physical simultaneity, and reduces the temporal window in audiovisual 

integration. However, it is not clear that what mechanisms contribute to the finding 

that apparent motion affects simultaneity perception. Therefore, there was a need 

to confirm the three possible mechanisms, which are 1) influence of amount of 

stimulus (Section 1 in Chapter 3), the influence of prediction (Section 2 in Chapter 

3) and the influence of motion binding property on audiovisual simultaneity 

(Section 3 in Chapter 3). 

 

In Section 1, the results obtained in the apparent motion condition differed from 

those obtained in the successive condition, which included the same amount of 

visual stimulation in the apparent motion condition. Similar results were obtained 

in the apparent motion conditions between Chapter 2 and Section 1 in Chapter 3. 

Also, the results obtained in the successive condition were similar to those obtained 

in the normal condition in Chapter 2. This means that the PSSs and JNDs in 

audiovisual temporal perception differed according to whether visual apparent 

motion was present or absent. In Chapter 2, it remained unclear whether the results 

were influenced by differences in the amount of visual stimulation between the 

apparent motion condition with two flashes and the normal condition with a single 

flash. There was a possibility that visual apparent motion influenced perceptions of 

audiovisual simultaneity, because visual energy increases in the apparent motion 

condition. In addition, this may change the relative perception of audiovisual 

simultaneity compared with the use of a single visual stimulus, because double 

visual stimuli in the apparent motion condition would prime the visual processing 

system (Spence, et al., 2001; Posner and Nissen, 1976). It is particularly notable 

that Spence et al. (2001) reported that the temporal processing of modalities was 
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affected not only by the prediction of modality expectancies but also by the quantity 

of modality-induced stimuli. In Section 1, therefore, the amount of visual 

stimulation in the two conditions was equalized, and the participants then conducted 

TOJ tasks in the apparent motion condition and in the successive condition. 

However, the amount of visual stimulation made no difference in the apparent 

motion condition. 
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5.4  Motion and Top-down Factors on Simultaneity 

Perception 

The results of Section 2 in Chapter 3, which eliminated the effect of prediction, 

were no different from those obtained in the apparent motion condition in Chapter 

2. This means that apparent motion was equivalently processed regardless of 

prediction. With respect to visual prediction and attention, it should be noted that 

when participants know the specific time at which targets appear, specific attention 

can be allocated (Coull and Nobre, 1998). Furthermore, it is known that predictable 

and anticipated information improves temporal resolution and temporal sensitivity 

(Petrini, et al., 2009). The attention modulates neural activity (O’Craven, et al., 

1997; Treue and Martinez Trujillo, 1999), and a faster time course is allocated for 

motion processing (Busse, et al., 2008). However, the result of unpredictable 

apparent motion did not differ from that for predictable apparent motion. Therefore, 

prediction and intention as top-down factors have no effect on the results of Chapter 

2. 

Many researchers have reported that prediction influences the temporal 

processing of modalities because temporal processing of expected modalities is 

faster than that of unexpected modalities (Posner, et al., 1980; Duncan, 1980; 

Spence and Driver, 1997; Klein, 1977). However, Spence et al. reported that 

reaction times for a sensory stimulus followed by another sensory stimulus of the 

same type were faster than when a cross-modal stimulus was expected (Spence, et 

al., 2001). Therefore, Spence et al. suggested that stimulus-driven and expectancy-

driven effects must be distinguished in studies of the temporal processing of sensory 

modalities (Spence, et al., 2001). The results of Chapter 2 and Section 2 in Chapter 

3 show no influence on prediction in audiovisual temporal processing during 

apparent motion perception. Therefore, temporal processing during apparent 

motion perception may result from stimulus-driven effects rather than expectancy-

driven effects. On the other hand, in Section 2, although a sensory stimulus was 

followed by another of the same type of sensory stimulus, audiovisual temporal 

processing during apparent motion perception differed from that during non-
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apparent motion perception. This suggests the possibility that despite the stimulus-

driven effects with the same type of sensory stimuli, the difference between motion 

and non-motion perceptions influenced temporal order perception and the window 

of temporal integration in audiovisual processing. 

Specifically, the pathway of motion and non-motion processing may differ in 

audiovisual temporal perception, and there may exist some activation for 

determining the pathway of motion and non-motion processing by bottom-up 

signals. Many researchers have claimed that audio-visual stimuli are integrated at 

an early processing stage (Fendrich and Corballis, 2001; Bruns and Getzmann, 

2008). Fendrich and Corballis (2001) suggested that the sensory capture 

phenomenon may be connected with low-level intersensory linking processes and 

it seems that auditory driving or auditory dominance depends on such low level 

sensory linking processes. Also, Bruns and Getzmann (2008) also reported that their 

findings are consistent with a low-level audiovisual integration between visual 

apparent motion and a single sound. Moreover, in recent years, with the growing 

interest in multisensory properties of motion, some researchers have raised a 

possibility that the area MT, which is earlier cortical area, playing an important role 

in visual motion processing is engaged in the audiovisual processing (Olson, et al., 

2002; Kafaligonul and Stoner, 2010; Calvert, et al., 1999; Born and Bradley, 2005). 

In this study, the same property on temporal perception appears between predictable 

motion (Chapter 2) and unpredictable motion (Section 2 in Chapter 3) on 

audiovisual processing. Therefore, we can conclude that the pathway for motion 

and non-motion processing is determined by the bottom-up signals regardless of 

prediction as top-down factors. This fact may lead us to the mechanism which 

decides the pathway of motion or non-motion processing on audiovisual temporal 

perception by bottom-up signals. 
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5.5  Motion and Binding Property on Simultaneity 

Perception 

In section 1, it became clear that the result obtained under the apparent motion 

condition was unaffected by the amount of flash stimulation. Besides, in section 2, 

apparent motion was equivalently processed regardless of prediction and the 

prediction as top-down factors have no effect on the results of Chapter 2. Therefore, 

the amount of flash stimulation and prediction have no effect on the results of the 

apparent motion condition. With respect to the mechanisms, Section 3 in Chapter 3 

was focused on the peculiar motion perception mechanisms in humans (Watson, et 

al., 1986; Watson, et al., 1985). When two discrete stimuli are presented at 

appropriate spatiotemporal intervals, we can perceive the stimuli as a continuous 

motion. In other words, two discrete stimuli separated by greater intervals than 300 

ms are perceived as successive stimuli, whereas if the intervals are within a range 

of 50 to 150 ms, the stimuli are perceived as one moving object (Getzmann, 2007; 

Harrar, et al., 2008; Strybel, et al., 1990). This phenomenon suggests that visual 

motion perception mechanisms have a binding property that stimuli are perceived 

as a single bounded object with spatiotemporal continuity, and the single moving 

object is perceived only at certain intervals (Dawson, 1991; Treisman, 1996; 

Kahneman, et al., 1992). Apparent motion is a most suitable phenomenon to show 

motion binding property in human perceptual system. Therefore, the influence of 

motion binding property is investigated in Section 3 in Chapter 3. 

As a result, the PSS shifted toward a sound-lead stimulus and especially became 

closer to zero in the motion binding condition, and the JND in the motion binding 

condition was smaller than that in the non-motion binding condition. This shows 

that motion binding shifted simultaneity toward physical simultaneity (i.e., zero), 

and reduces the temporal window in audiovisual integration. In previous studies, 

the characteristics of perceptual binding in cross-modality have been reported. For 

example, unity assumption well represents the multi-modal binding (Bedford, 2001; 

Radeau and Bertelson, 1977; Bertelson and Aschersleben, 1998; Vatakis and 

Spence, 2007; Welch, 1999; Welch and Warren, 1980). It shows that different 
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sensory information is bound and perceived as a same event. In particular, it has 

been reported that one sensory information is captured by another sensory 

information (Gebhard and Mowbray, 1959; Fendrich and Corballis, 2001; Bertelson 

and Aschersleben, 2003; Morein-Zamir, et al., 2003; Freeman and Driver, 2008; 

Recanzone, 2003; Vroomen and de Gelder, 2004). For example, temporal 

ventriloquism effect, when there is a temporal separation in audiovisual stimulation, 

temporal events of the visual stimuli are bound by the temporal events of the 

auditory stimuli (Bertelson and Aschersleben, 2003; Morein-Zamir, et al., 2003). 

However, there is no study that have investigated the effect of unisensory binding 

on the multisensory binding. In this study, we investigated the effect of motion 

binding property on audiovisual simultaneity. As a results, motion binding property 

affected audiovisual simultaneity and contributes to accurate perceptions of 

temporal events. 

Although the difference in the PSS was shown in motion binding and non-

motion binding condition, there was no difference in JNDs between motion binding 

condition and the SOA of 40 ms in non-motion binding condition. With respect to 

visual attention, it has been reported that there are two types of visual attention such 

as exogenous attention and endogenous attention. Exogenous attention is an 

involuntary system, which rises and decays quickly and acts on maximally about 

100-120 ms and is effective up to 300 ms (Muller and Rabbitt, 1989; Hein, et al., 

2006; Ling and Carrasco, 2006; Liu, et al., 2007; Nakayama and Mackeben, 1989; 

Remington, et al., 1992). On the other hand, endogenous attention is a voluntary 

system that deployed at more than 300 ms (Muller and Rabbitt, 1989; Hein, et al., 

2006; Ling and Carrasco, 2006; Liu, et al., 2007; Nakayama and Mackeben, 1989; 

Remington, et al., 1992). In the results of Section 3, there is a possibility that 

exogenous attention by a short temporal interval is activated in motion binding 

perception and endogenous attention by long temporal intervals is allocated in the 

successive perception. Therefore, there was a need to compare between motion 

binding perception and non-motion binding perception by a short temporal interval. 

As a result, exogenous attention by a short temporal interval resulted in small JND, 

but unaffected the PSS. Therefore, it revealed that motion binding perception 

contribute to the accurate perceptions of temporal orders in audiovisual processing. 
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5.6  Motion and Simultaneity Perception in Human 

Communication 

Simultaneity perception has been shown in a variety of perceptual scales as well 

as simple stimuli. The characteristics of simultaneity perception is differed by the 

perceptual scales (Zampini, et al., 2003; Wassenhove, et al., 2007). In particular, 

human communication shows the most high-order and complex perceptual scale. 

In human communication, verbal and nonverbal information is transmitted through 

the auditory and visual channels including the various meaning for communication 

(Richmond et al, 2008). Interestingly, body movement synchronization as 

simultaneity between two or multiple person has been shown in human 

communication. In this regard, the most important point is that body movement 

synchronization is based on simultaneity perception, which is a process perceiving 

body movements of each other as visual motion. In other words, we perceive the 

visual motion information each other, and behave on the basis of the visual motion 

perception.  

In Chapter 4, we examined the influence of visual motion on simultaneity 

perception through body movement synchronization. To confirm the influence of 

visual motion, we detected body movement synchronization in direct face-to-face 

and remote communication settings using a newly-devised method of detecting 

nonverbal synchronization. As a result, although the mean phase difference in 

synchronized head nods did not differ significantly between direct face-to-face and 

remote communications, there were significant differences in the density, the SD 

and the kurtosis in the phase difference distribution of head nod synchronization 

between direct face-to-face and remote communications.  

Our findings clarified some differences in body movement synchronization 

between direct face-to-face and remote communications. From a theoretical 

viewpoint, synchronization phenomena are based on the interaction of oscillators 

(Kuramoto, 1984; Acebron, et al., 2005). In the present study, the teachers 

presented the same auditory information to the students between the face-to-face 

and remote communication conditions. However, the conditions differed in the 
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visual modality, because the teachers could see the students’ back-channel signals 

in the direct face-to-face communication experiment but this information was not 

available to the teachers in the remote communication condition. Thus, the absence 

of visual feedback in the remote communication condition led to a lower density of 

synchronized head nods and a large spread with a small kurtosis in the phase 

difference distribution compared with those of the face-to-face communication 

condition. Therefore, these differences clearly showed the influence of visual 

motion as the mechanism of body movement synchronization in human 

communication. This motion feedback loop in the visual channel will play an 

important role in the elucidation of the synchronization mechanism in face-to-face 

communication and the application of remote communication. 

With respect to a newly-devised method of detecting nonverbal synchronization, 

the findings in Chapter 4 showed a narrower temporal window for nonverbal 

synchronization compared with a previous study (Komori and Nagaoka, 2010). 

Simple reaction time, which participants press a button when light or sound is 

presented, was approximately 160 ms for an auditory stimulus and 190 ms for a 

visual stimulus (Kosinski, 2013). However, when the stimulation was complicated 

such as a letter or symbol, the reaction time increased within a range of 380 to 420 

ms (Laming, 1968; Luce, 1986; Sternberg, 1969; Kosinski, 2013). With regard to 

head nods, Watanabe (1985) reported that the phase difference in head nod 

synchronization was 700 ms to 1400 ms, when the voice of the speaker affects the 

nodding of the listener. In addition, the phase difference in synchronization was 

approximately 800 ms to 2.0 seconds when the nodding of the listener affects the 

voice of the speaker. With regard to nonverbal synchronization, Komori (2010) 

reported that the time lag between the amplitude of the body movements of a 

counselor and a client occurred within a range of ± 1000 ms. In particular, there 

was a tendency for the counselors’ body movements to be delayed by 500 ms 

compared with those of clients. However, in this study, the mean phase difference 

was 110 ms, and the SD was 320 ms. We obtained this result with a newly-devised 

method of detecting nonverbal synchronization based on a measure of phase 

difference with a high degree of temporal resolution, which was defined as the 

phase difference in the peak amplitudes between rhythmic body movements. Thus, 
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this method can detect the accurate temporal properties of nonverbal 

synchronization. 

Although we used phase difference to detect body movement synchronization, 

we need further indicators to characterize nonverbal synchronization properly. In 

the field of cognitive psychology, the point of subjective simultaneity (PSS) is 

commonly used, which is an indicator of subjective simultaneity in multisensory 

processing by a human perceptual system. The PSS is obtained by the mean of a 

distribution of simultaneous responses, and it has been reported that the PSS differs 

from physical simultaneity in multisensory integration [33–40]. Interestingly, the 

present study indicates that the mean phase difference in nonverbal synchronization 

has the same tendency as the PSS, as the mean phase difference (corresponding to 

the stimulus onset asynchrony at the PSS) was not zero (i.e., physically perfect 

synchronization). Thus, the mean phase difference can be called “the point of 

subjective synchronization”, and it can be used as an indicator of subjective 

synchronization in human communication. Another indicator in multisensory 

integration (in addition to the PSS) is the temporal window of integration [33–35, 

40–43]. The temporal window of integration is calculated as the standard deviation 

(SD) of a distribution of simultaneous responses. Therefore, the SD of the phase 

difference distribution in nonverbal synchronization can be regarded as “the 

temporal window of synchronization” for evaluating subjective synchronization in 

human communication. 

The point of subjective synchronization in nonverbal communication was shifted 

to a greater extent than that in multisensory integration (see Table 4-1). In addition, 

as mentioned above, the temporal window of integration in audiovisual speech was 

larger than that in an experiment using a simple pair of sound and flash stimuli 

(Zampini, et al., 2005; Wassenhove, et al., 2007), (see Table 4-1). This means that 

conversation attributes include the integration of audiovisual information. In this 

study, we investigated nonverbal synchronization in audiovisual speech with body 

movements. We found that the point of subjective synchronization was 

approximately 107 ms and the temporal window of synchronization was 

approximately 301 ms. Consequently, the point of subjective synchronization in 

nonverbal communication and the temporal window of synchronization are larger 
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than those of multisensory integration in audiovisual speech. This may be 

attributable to the effect of body movements as an additional factor in multisensory 

integration in audiovisual speech. 

However, from an experimental viewpoint, two factors lead to such differences 

between direct face-to-face and remote communications. The first factor is the 

spatial separation in remote communication (Morris, 2004; Jones, 1993). Although 

face-to-face communication between partners occurs in the same room, remote 

communication is carried out in different rooms. This shared space in the former 

condition may contribute to the differences in body movement synchronization 

between direct face-to-face and remote communications. The second factor is the 

lack of authenticity in remote communications (van der Kleij, et al., 2005; van der 

Kleij, et al., 2009). Remote communications have been developed to approximate 

face-to-face communication, but the reality created by such interactions still falls 

short of face-to-face communication. Therefore, the lack of authenticity in remote 

communications may have an effect on body movement synchronization. These 

factors should be studied to elucidate the mechanisms of face-to-face and remote 

communications and we believe that these findings will prompt further research on 

nonverbal synchronization in face-to-face and remote communications, including 

different cultures and languages. 
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Figure 5.1. The effect of visual motion on simultaneity perception. 
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Chapter 6 

Conclusion  

 

Motion perception is a fundamental tool for interaction with a dynamic 

environment. When considering real-time interaction, temporal information of 

motion information is a significant factor for smooth interaction with the dynamic 

environment. In particular, simultaneity perception is an important key for flexible 

human behavior with the dynamic environment. In other words, real time 

interaction with the dynamic environment is generated by the relationship between 

motion perception and simultaneity perception. This dissertation addresses the 

influence of visual motion information on simultaneity perception. This 

dissertation’s findings showed that visual motion information contributes to higher 

accuracy on simultaneity perceptions of temporal events in the dynamic 

environment. Therefore, motion perception allows flexible interaction with the 

dynamic environment in real time.  
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Appendix  

Table A-1. PSSs in Chapter 2. A paired t-test is used to compare the results 

between the apparent motion condition and the normal condition. The table shows 

the results of paired t-tests of PSSs, indicating a significant difference between the 

TOJ tasks in the apparent motion condition and those in the normal condition. 

 

 

Participant 

ID 

PSS 
Paired  

t-test 
apparent motion 

condition 
normal condition 

1 -15.32  -3.49  

t(15) = –

2.33, p = 

0.034 

2 -6.97  7.62  

3 19.47  29.98  

4 13.00  13.36  

5 -43.69  -10.70  

6 15.22  36.31  

7 -27.06  31.71  

8 -31.14  17.21  

9 -5.37  -13.29  

10 -19.23  60.53  

11 9.02  37.69  

12 -8.93  -13.23  

13 24.12  -22.79  

14 -41.77  -37.36  

15 27.02  37.07  

16 11.04  19.37  
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Table A-2. JNDs in Chapter 2. A paired t-test is used to compare the results 

between the apparent motion condition and the normal condition. The table shows 

the results of paired t-tests of JNDs, indicating a significant difference between the 

TOJ tasks in the apparent motion condition and those in the normal condition. 

 

 

Participant 

ID 

JND 
Paired  

t-test 
apparent motion 

condition 
normal condition 

1 32.64  57.48  

t(15) = –

3.57, p = 

0.001 

2 14.60  47.22  

3 33.46  60.98  

4 17.38  34.70  

5 40.85  94.88  

6 30.05  35.65  

7 21.33  32.07  

8 55.26  55.29  

9 44.78  62.88  

10 53.03  56.23  

11 22.73  30.10  

12 12.57  31.30  

13 69.21  61.48  

14 29.69  26.27  

15 15.09  19.89  

16 23.41  31.74  
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Table A-3. PSSs in Chapter 3.1. A repeated-measures analysis of variance 

(ANOVA) and multiple comparisons with Holm correction are used to compare the 

PSSs in the apparent motion condition and those in the successive condition. The 

table indicates a statistically significant difference between the apparent motion 

and successive conditions. 

 

 

Participant 

ID 

PSS Repeated-measures 

analysis of variance 

(ANOVA) and Multiple 

comparisons with Holm 

correction 

apparent 

motion 

condition 

successive 

condition 

(SOA:300ms) 

successive 

condition 

(SOA:500ms) 

1 -17.06  22.76  32.31  

F(2, 23) = 15.83, p < 

0.001, 

apparent motion and an 

SOA of 300 ms: p = 

0.042, apparent motion 

and an SOA of 500 ms: 

p = 0.012 

2 -17.35  -1.06  3.36  

3 -3.05  -13.26  -9.29  

4 13.02  47.11  36.73  

5 -21.98  -13.83  -14.58  

6 27.44  46.56  54.40  

7 -13.17  -4.07  26.82  

8 -32.00  -20.14  -18.64  

9 21.03  19.05  31.04  

10 43.10  62.10  51.69  

11 -38.93  -31.71  -29.20  

12 -25.10  -34.59  -26.37  
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Table A-4. JNDs in Chapter 3.1. A repeated-measures analysis of variance 

(ANOVA) and multiple comparisons with Holm correction are used to compare the 

JNDs in the apparent motion condition and those in the successive condition. The 

table indicates a statistically significant difference between the apparent motion 

and successive conditions. 

 

 

Participant 

ID 

JND Repeated-measures 

analysis of variance 

(ANOVA) and Multiple 

comparisons with Holm 

correction 

apparent 

motion 

condition 

successive 

condition 

(SOA:300ms) 

successive 

condition 

(SOA:500ms) 

1 23.03  45.81  49.79  

F(2, 23) = 25.03, p < 

0.001, 

apparent motion and an 

SOA of 300 ms: p = 

0.002, apparent motion 

and an SOA of 500 ms: 

p < 0.001 

2 32.22  41.55  51.87  

3 31.51  32.15  36.09  

4 20.91  36.68  38.33  

5 38.91  68.33  51.87  

6 30.09  43.53  46.81  

7 29.56  78.78  69.90  

8 34.73  59.84  66.60  

9 19.50  22.42  19.15  

10 19.95  26.64  26.46  

11 12.58  32.07  44.98  

12 23.29  38.32  40.35  
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Table A-5. PSSs in Chapter 3.2. An unpaired t-test is used to compare the results 

of apparent motion conditions in Chapter 1 and Section 2 in Chapter 3. The table 

shows that unpaired t-tests of PSSs revealed no significant difference between the 

TOJ tasks in the predictable apparent motion condition (Chapter 1) and 

unpredictable apparent motion condition (Section 2 in Chapter 3). 

 

 

Participant 

ID 

PSS 

unpaired t-test 
apparent motion 

condition 

(Chapter 1) 

apparent motion condition 

(Section 2 in Chapter 2) 

1 -15.32  11.65  

t(26) = –0.11, p 

= 0.92 

2 -6.97  -4.12  

3 19.47  11.28  

4 13.00  -15.88  

5 -43.69  -15.02  

6 15.22  0.00  

7 -27.06  9.63  

8 -31.14  16.88  

9 -5.37  39.53  

10 -19.23  -9.40  

11 9.02  -41.71  

12 -8.93  -51.56  

13 24.12    

14 -41.77   

15 27.02    

16 11.04   
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Table A-6. JNDs in Chapter 3.2. An unpaired t-test is used to compare the results 

of apparent motion conditions in ChapterⅠand Section 2 in Chapter 3. The table 

shows that unpaired t-tests of PSSs revealed no significant difference between the 

TOJ tasks in the predictable apparent motion condition (Chapter 1) and 

unpredictable apparent motion condition (Section 2 in Chapter 3). 

 
 

Participant 

ID 

JND 

unpaired t-test apparent motion condition 

(Chapter 1) 

apparent motion condition 

(Section 2 in Chapter 2) 

1 32.64  36.79  

t(26) = –0.12, p 

= 0.91 

2 14.60  48.56  

3 33.46  22.60  

4 17.38  41.70  

5 40.85  19.69  

6 30.05  36.79  

7 21.33  34.69  

8 55.26  16.78  

9 44.78  22.17  

10 53.03  22.92  

11 22.73  64.25  

12 12.57  28.39  

13 69.21    

14 29.69   

15 15.09    

16 23.41   
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Table A-7. PSSs of Experiment 1 in Chapter 3.3. A paired t-test is used to 

compare the results between the motion binding condition and the simultaneous 

condition. The table shows the results of paired t-tests of PSSs, indicating a 

significant difference between the TOJ tasks in the motion binding condition and 

those in the simultaneous condition. 

 

 

Participant 

ID 

PSS 
unpaired t-test 

motion binding condition simultaneous condition 

1 -15.06  -11.39  

t(11) = –2.43, p 

= 0.034 

2 -8.93  11.01  

3 -5.02  11.96  

4 2.97  11.03  

5 17.01  23.29  

6 -13.15  39.56  

7 -23.06  -25.58  

8 27.44  39.31  

9 6.11  16.38  

10 -19.08  -7.01  

11 -35.28  49.04  

12 23.17  15.11  
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Table A-8. JNDs of Experiment 1 in Chapter 3.3. A paired t-test is used to 

compare the results between the motion binding condition and the simultaneous 

condition. The table shows the results of paired t-tests of JNDs, indicating a 

significant difference between the TOJ tasks in the motion binding condition and 

those in the simultaneous condition. 

 
 

Participant 

ID 

JND 

unpaired t-test apparent motion condition 

(Chapter 1) 

apparent motion condition 

(Section 2 in Chapter 2) 

1 23.56  36.67  

t(11) = –4.49, p 

= 0.0009 

2 12.57  19.10  

3 24.18  46.80  

4 13.52  22.39  

5 16.06  28.80  

6 28.67  41.93  

7 13.00  32.58  

8 30.09  25.05  

9 64.50  91.12  

10 12.02  20.90  

11 52.89  80.73  

12 26.02  26.44  
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Table A-9. PSSs of Experiment 2 in Chapter 3.3. A repeated-measures analysis 

of variance (ANOVA) and multiple comparisons with Holm correction are used to 

compare the PSSs in the apparent motion condition and those in the successive 

condition. The table indicates a statistically significant difference between the 

apparent motion and successive conditions. 

 

 

Participant 

ID 

PSS Repeated-measures 

analysis of variance 

(ANOVA) and Multiple 

comparisons with Holm 

correction 

motion 

binding 

condition 

successive 

condition 

(SOA:300ms) 

successive 

condition 

(SOA:500ms) 

1 -17.06  22.76  32.31  

F(2, 23) = 15.83, p < 

0.001, 

motion binding and an 

SOA of 300 ms: p = 

0.042, apparent motion 

and an SOA of 500 ms: 

p = 0.012 

2 -17.35  -1.06  3.36  

3 -3.05  -13.26  -9.29  

4 13.02  47.11  36.73  

5 -21.98  -13.83  -14.58  

6 27.44  46.56  54.40  

7 -13.17  -4.07  26.82  

8 -32.00  -20.14  -18.64  

9 21.03  19.05  31.04  

10 43.10  62.10  51.69  

11 -38.93  -31.71  -29.20  

12 -25.10  -34.59  -26.37  
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Table A-10. JNDs of Experiment 2 in Chapter 3.3. A repeated-measures 

analysis of variance (ANOVA) and multiple comparisons with Holm correction are 

used to compare the JNDs in the apparent motion condition and those in the 

successive condition. The table indicates a statistically significant difference 

between the apparent motion and successive conditions. 

 

 

Participant 

ID 

JND Repeated-measures 

analysis of variance 

(ANOVA) and Multiple 

comparisons with Holm 

correction 

motion 

binding 

condition 

successive 

condition 

(SOA:300ms) 

successive 

condition 

(SOA:500ms) 

1 23.03  45.81  49.79  

F(2, 23) = 25.03, p < 

0.001, 

motion binding and an 

SOA of 300 ms: p = 

0.002, apparent motion 

and an SOA of 500 ms: 

p < 0.001 

2 32.22  41.55  51.87  

3 31.51  32.15  36.09  

4 20.91  36.68  38.33  

5 38.91  68.33  51.87  

6 30.09  43.53  46.81  

7 29.56  78.78  69.90  

8 34.73  59.84  66.60  

9 19.50  22.42  19.15  

10 19.95  26.64  26.46  

11 12.58  32.07  44.98  

12 23.29  38.32  40.35  
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Table A-11. PSSs of Experiment 3 in Chapter 3.3. A repeated-measures 

analysis of variance (ANOVA) and multiple comparisons with Bonferroni correction 

are used to compare the PSSs in the motion binding condition and those in the 

non-motion binding condition. The table indicates a statistically significant 

difference between the motion binding and non-motion binding conditions. 

 

 

Participant 

ID 

PSS Repeated-measures 

analysis of variance 

(ANOVA) and Multiple 

comparisons with 

Bonferroni correction 

motion 

binding 

condition 

non-motion 

binding 

condition 

(SOA:40ms) 

non-motion 

binding 

condition 

(SOA:300ms) 

1 27.44  37.04  46.56  

F(2, 23) = 8.473, p < 

0.002, 

motion binding and an 

SOA of 40 ms: p = 

0.009, motion binding 

and an SOA of 300 ms: 

p = 0.031 

2 -38.93  -24.77  -31.71  

3 9.21  17.01  25.13  

4 21.03  42.98  19.05  

5 -34.65  -15.07  -23.14  

6 9.19  23.12  13.92  

7 -51.26  -11.90  -4.11  

8 15.00  47.06  33.44  

9 17.04  33.06  37.51  

10 -9.02  17.60  44.61  

11 -21.98  -24.64  -13.83  

12 -9.15  -21.21  -17.99  
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Table A-12. JNDs of Experiment 3 in Chapter 3.3. A repeated-measures 

analysis of variance (ANOVA) and multiple comparisons with Bonferroni correction 

are used to compare the JNDs in the motion binding condition and those in the 

non-motion binding condition. The table indicates a statistically significant 

difference between the motion binding and non-motion binding conditions. 

 

 

Participant 

ID 

JND Repeated-measures 

analysis of variance 

(ANOVA) and Multiple 

comparisons with 

Bonferroni correction 

motion 

binding 

condition 

non-motion 

binding 

condition 

(SOA:40ms) 

non-motion 

binding 

condition 

(SOA:300ms) 

1 30.09  18.69  43.53  

F(2, 23) = 6.053, p < 

0.008, 

motion binding and an 

SOA of 40 ms: p = 

0.634, motion binding 

and an SOA of 300 ms: 

p = 0.002 

2 12.58  58.96  32.07  

3 33.57  17.39  47.07  

4 19.50  13.07  22.42  

5 9.24  24.54  25.06  

6 32.73  48.48  43.94  

7 35.97  45.94  80.11  

8 13.92  17.49  28.41  

9 21.99  20.25  28.21  

10 21.69  36.47  44.61  

11 38.91  43.54  68.33  

12 31.03  27.62  41.53  
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Table A-13. Results of the face-to-face communication condition in Chapter 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Pair ID 

Measurement 

Period 

(min:sec.msec) 

Density of 

Synchronized Head 

Nods (nods / min) 

Mean Phase 

Difference (ms) 

SD (ms) Kurtosis 

1 04:42.85 8.7  110 260  0.6  

2 10:01.17 4.7  250  430  -1.0  

3 06:00.04 7.3  160  410  -0.6  

4 05:31.63 7.1  110  410  -0.3  

5 06:48.74 6.2  60  240  1.0  

6 06:57.20 21 130  190  4.2  

7 07:52.14 14  50  250  3.4  

8 06:38.85 8.3  20  200  2.4  

9 08:44.31 8.6  100  330  1.3  

10 06:04.71 8.6  60  360  0.7  

11 05:45.00 9.6  180  410  0.1  

12 05:29.77 7.1  80  300  3.6  
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Table A-14. Results of the remote communication condition in Chapter 4. 

 

 

 

 

 

 

 

 

 

  

 

Pair ID 

Measurement 

Period 

(min:sec.msec) 

Density of 

Synchronized 

Head Nods (nods / 

min) 

Mean Phase 

Difference (ms) 

SD (ms) Kurtosis 

1 05:29.83 4.5  90 470  -0.5  

2 06:40.98 3.6  20  430  -0.1  

3 07:19.59 3.0  140  440  -0.8  

4 05:27.04 3.3  -50  580  -1.6  

5 06:12.68 8.4  290  420  0.9  

6 07:02.75 4.4  130  340  1.2  

7 06:40.07 3.1  100  430  -0.4  

8 05:55.76 6.6  -20  440  1.0  

9 06:20.89 2.7  90  550  -1.0  

10 06:35.28 6.7  110  310  0.9  

11 07:11.30 4.0  -20  350  1.3  

12 09:18.63 4.8  60  420  -0.2  
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Table A-15. Mean relative frequency of synchronized head nods for every 100 

ms across all pairs (in the face-to-face communication and remote 

communication conditions) 

 

Temporal Range 
Face-to-face 

Communication Condition 

Remote Communication 

Condition 

－ 900 ~ － 1000 0.025  0.024  

－ 800 ~ － 900 0.011  0.010  

－ 700 ~ － 800 0.014  0.018  

－ 600 ~ － 700 0.019  0.025  

－ 500 ~ － 600 0.019  0.023  

－ 400 ~ － 500 0.041  0.046  

－ 300 ~ － 400 0.030  0.029  

－ 200 ~ － 300 0.054  0.060  

－ 100 ~ － 200 0.082  0.081  

0 ~ － 100 0.098  0.097  

0 ~ 100 0.128  0.117  

100 ~ 200 0.104  0.103  

200 ~ 300 0.082  0.075  

300 ~ 400 0.079  0.071  

400 ~ 500 0.044  0.048  

500 ~ 600 0.044  0.038  

600 ~ 700 0.033  0.035  

700 ~ 800 0.046  0.048  

800 ~ 900 0.030  0.029  

900 ~ 1000 0.019  0.022  
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Table A-16. The Delay time between the time on the stopwatch on the 

computer and that on the television screen. (ms) 

 

 Computer Television Delay time 

1 638 810 172 

2 684 840 156 

3 384 541 157 

4 148 290 142 

5 804 945 141 

6 903 1059 156 

7 461 601 140 

8 553 725 172 

9 64 220 156 

10 122 294 172 

11 555 727 172 

12 683 866 183 

13 802 958 156 

14 265 422 157 

15 404 560 156 

16 621 761 140 

17 697 853 156 

18 820 992 172 

19 53 224 171 

20 330 502 172 

21 766 922 156 

22 904 1060 156 

23 903 1059 156 

24 120 291 171 

25 305 461 156 

26 523 662 139 

27 754 894 140 
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28 924 1095 171 

29 156 297 141 

30 465 621 156 

31 760 931 171 

32 852 992 140 

33 254 427 173 

34 362 533 171 

35 635 797 162 

36 827 967 140 

37 919 1090 171 

38 198 354 156 

39 553 694 141 

40 267 423 156 

41 359 530 171 

42 732 903 171 

43 228 400 172 

44 554 694 140 

45 499 655 156 

46 167 323 156 

47 167 461 171 

48 630 802 172 

49 829 1001 172 

50 418 606 188 

Mean 160 

Standard Deviation 13 

 

 


