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Our visual system receives two-dimensional information from each image on the retina. From these two-
dimensional images, vision of the three-dimensional shape of the object is restored, sometimes resolving 
ambiguities in the visual input in an automatic and unconscious manner. In addition, human subjective 
visual perception is generally stable and uniquely determined. To uniquely determine perception, the brain 
defines and solves constraints. Since its constraints may vary from person to person, even if they see similar 
object, there is a possibility that different appearances occur for the individual. In the present situation, all 
judgments rely on subjective introspection to comprehend which appearance is seen. Today, as a global 
society, it is important to prevent discrepancies or misunderstandings in processing information, and 
seeking an index of how much can be perceived object identically is worthwhile regardless of the person 
seeing it. However, the technique to quantify subjective perception has not yet been established, and it is 
difficult to determine the index. Therefore, the quantification of subjective perception is required. In this 
thesis, to quantify subjective perception, I focused on the phenomenon of perceptional rivalry, primarily 
upon conducting three studies. 

First, to clarify the relationship between attentional state and the pupil diameter during participant 
observed bistable figure, I performed the measurement of Steady State Visual evoked potentials (SSVEP) 
and the pupil diameter simultaneously. Rotating sphere stimuli composed of flickering black and white dots 
for tracking pupillary change, as the presentation stimulus. Resultantly, a significant difference was found 
in the SSVEP amplitude during left-right rotated perception. In addition, a change in pupil diameter seems 
to be a shift of attention target before observer response of perceptual switches. These results indicate that 
the shift of attention may be the trigger for the perceptual switches. 

Second, I investigated perceptual bias when observing ambiguous figures using pupillometry. I 
hypothesized that a perceptually ambiguous or bistable object (Necker cube) can be more effectively biased, 
to assume a point of view-from-above (VFA) than from below the object, by cueing attention. In the results 
of my experiment, I found the presence of a VFA bias with forced attention, which was accompanied by 
reduced attentional effort, as indexed by a reduced pupil diameter, compared with the view-from-below. 
Conversely, participants exhibited no bias during passive viewing. Based on these pieces of evidence, I 
suggest that the level of intensive attention, when retrieving and maintaining a specific view from memory, 
is mirrored in the size of the eye pupils and may reflect ecological constraints on visual perception. 

Finally, using a VR environment, I extended the second study on perceptual bias to conditions with 
changes in neck posture. In this study, I investigated how perceptual biases and experiential contexts of 
human perception affect the observer's perception when the posture is changed. I hypothesized that a change 
in the perceptual probability caused by perceptual bias also depends on posture. To verify this hypothesis, 
I focused on the Necker cube, which can be interpreted as two types of appearances from above and below 
despite the input remaining constant, and investigated the change of the probability of perceptual content. 
Specifically, I conducted the experiment by asking the observers their perception of the appearance of the 
Necker cube, placed at any of the five angles in VR space with pupillometry. Consequently, during the 
condition of looking down vertically, the probability of view-from-above perception of the Necker cube 
was significantly greater than during the condition of looking up. Interestingly, the pupillary results were 
also consistent with the probability of the perception. These results indicate that perception is modulated 
by the posture of the neck and suggest that neck posture is incorporated into ecological constraints. 
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Chapter 1

Introduction

1.1 Background

As we wake up in the morning, the expansive colorful world is visible in front of our eyes.

The vivid view itself seems to jump into our eyes, and we do “see” the outer world casually

and unintentionally, and everyone sees the colorful world upon opening their eyes. This action

to process the external environment’s information as an input is driven unconsciously, and al-

though it may sound simple, the underlying mechanism is very complicated. The retina, lining

the back of the eye, captures the external information as an electric signal, and sends it to the

brain for information reconstruction. Despite the fact that the image shown on the retina is

two-dimensional, human beings perceive stereoscopic images restored in the brain. Additionally,

human subjective visual perception is generally stable and uniquely determined. To uniquely

determine perception, the brain defines and solves constraints. As its constraints vary from

person to person, even upon seeing similar objects, there is a possibility that different “appear-

ances” are perceived by the individual. For instance, the following image: 　 “#The Dress”

which became a hot topic in recent years [1], presented that we perceive the image in one of two

groups, as “blue and black” or “white and gold, ” even with normal color vision [2](Figure 1.1).

The mechanism behind seeing different color pairs despite looking at the same image, remains

unclear. Furthermore, the reason for individual differences existing is also unclear. Therefore,

in the present situation, all judgements rely on subjective introspection to comprehend which

“appearance” is seen.

Today, as a global society, preventing discrepancies or misunderstanding in information is

critical, and it is worthy of determining an index of “how much an object can be perceived

identically” regardless of the one seeing it. However, the technique to quantify “subjective

perception” 　 is not established yet, and it is difficult to identify the index. Therefore, the

quantification of “subjective perception” is required.
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Due to copyright restrictions, 

this image is only available in

 the print version.

Fig. 1.1: An image of “#The Dress” [1].

In this study, to quantify “subjective perception,” I focused on the phenomenon of percep-

tional rivalry. This phenomenon will be explained in the following section.

1.2 What is Perceptual rivalry?

Human subjective visual perception is generally stable and uniquely determined. However, there

are exceptions, one of which is known as the phenomenon of perceptual rivalry, where multiple

perceptual appearances occur even though the visual input to the eyes remain constant. There

are roughly two types of phenomena that cause perceptual rivalry. One is called binocular

rivalry, which is when both monocular eyes are given separate inputs, which are not perceived

simultaneously, but alternately. Figure1.2 shows an example of the stimuli used in previous

studies. The other is a perceptual rivalry triggered by ambiguous figures like a Necker cube

or Rubin’s vase (Figure 1.3). These two phenomena have many common characteristics, along
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with differences, and they have contributed to the advancement of the mechanism of perceptual

switches.

Due to copyright restrictions, 

this image is only available in

 the print version.

Fig. 1.2: Example of binocular rivalry stimuli cited from [3].

If the image on the left side is the input to the left eye, and the image on the right is for the
right eye, it can be perceived alternately.

A characteristic of perceptual rivalry is that the input information does not change, but the

perceptual change that occurs may be able to account for the problem of how perception is

processed in the brain; research in this phenomenon has been conducted for the past 30 years.

The next section provides a brief overview of previous studies on perceptual rivalry.

1.3 Brief overview of previous studies

1.3.1 History of binocular rivalry

Historically, binocular rivalry was reported in the 16th century by Giambattista della Porta, a

renowned Italian polymath [6,7]. The English translation of the Italian book by Wade in 1998
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(a) Necker cube [4]

Due to copyright restrictions, 
this image is only available in

 the print version.

(b) Rubin’s vase [5]

Fig. 1.3: Necker cube and Rubin’s vase

(a) The cube in this figure can be interpreted as two types, upward and downward, but not
both simultaneously. (b) Rubin’s vase induces the appearance of either a face or a vase.
These figures are called “ambiguous figures” or “bistable figures.”

specified the following: “..., we always see with one eye, even if we think both are open and that

we see with both. We may prove it by these arguments: To separate the two eyes, let us place

a book before the right eye and read it; then if someone shows another book to the left eye, it

is impossible to read it or even see the pages, unless for a short moment of time the power of

seeing is taken from the right eye and borrowed by the left.” quoted from Wade,1998 [7]. Similar

to this example, it has long been known that it is impossible to see separate information with

both eyes simultaneously. Still, it was not until much later, that this phenomenon was studied

more systematically.

The study of the binocular rivalry was systematically initiated by Wheatstone in 1838, when

a paper on stereoscopes for viewing a stereoscopic pair of images was published in the pro-

cess of studying stereoscopic vision [8, 9](Figure 1.4). Since then, many psychologists such as

Helmholtz [10, 11] and William James [12] have been fascinated by this phenomenon, and have

studied, considered, and explained it. As for modern experiments on the binocular rivalry

paradigm, it was in Breese’s study [9,13,14] that a red square was presented to the right eye and

a green square in the left eye. Subjects responded to their perception using the corresponding

key to the stimulus. This paradigm made it possible to quantify the dwell time of the rivalry

per 100 seconds.
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Due to copyright restrictions, 

this image is only available in 

the print version.

Fig. 1.4: Wheatstone’s stereoscope in 1838 (cited from [8]).

From various subsequent studies until the 1980s, the view of this mechanism was called “eye-

based rivalry,” which held the view that monocular neurons suppressed another neuron in one

of the places where pathways from the retina led to the early visual cortex [9, 15].However, in

the late 1990s, the emergence of two landmark paradigms and improvements in brain activity

measurement technology suggested the involvement of other mechanisms in binocular rivalry.

In a landmark study, Kovács et al. devised patchworked rival stimuli consisting of two complex

image fragments. An example is a pair below, as shown in the Figure 1.5. The participants could

experience reassembled stimuli into coherent forms. This demonstration suggested interocular

grouping, which is more than mere eye competition [15, 16]. In another study, the effect of

rapidly switching rivalry stimuli between the two eyes was tested. Under this condition, the rate

of perceptual switch showed similar dynamics as static stimuli, despite the rapid switching of

stimuli [17]. The results of this study also cannot be explained merely by eye-based rivalry.

Due to copyright restrictions, 

this image is only available in the print version.

Fig. 1.5: Patchworked rival stimuli used Kovács et al.,1996 (cited from [16]).

The recent generic view is that eye-based rivalry and stimulus rivalry are distinct phenomena;
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however, closely related processes arise from neural events spread over multiple stages of the

visual hierarchy [3, 15, 18–20].

From the 1990s, brain activity measurement during binocular rivalry was actively conducted

based on the possibility of discovering neural correlates of consciousness by studying brain

activity that correlates with subjective perception [21,22]. Improvements in brain measurement

techniques such as functional magnetic resonance imaging (fMRI) and electroencephalography

(EEG) also help increase these studies on brain activity measurement.

1.3.2 History of ambiguous figure study

Typical discoveries of ambiguous figures were further after finding binocular rivalry, mainly in

the 19-20th century. The Necker cube was first published in 1832 [4], and the Rubin vase,

in 1915 [5]. In the field of psychology, this mechanism of ambiguity was attempted to be

interpreted by the framework of “Gestalt psychology,” whose core idea is perceptual grouping

that is essential for recognizing objects(see also review [23]). In particular, the perception of an

ambiguous figure such as Rubin’s vase is called “figure-ground perception,” and when focusing

on the white part, the black part is recognized as the background and vice versa. In addition,

only one object is recognized [24–26].Moreover, in the early 1900s, experiments using ambiguous

figures such as Necker Cube had already been conducted to discuss perceptual instability [27–29].

Importantly, the top-down [30] and bottom-up [27]) processes had already been discussed based

on the results of the reversal rate of Necker cube from an early stage. The top-down process

refers to that which is hypothesized to be obtained from assumptions of past experience and prior

knowledge, and the bottom-up process refers to that which is caused by sensory input. (See also

reviews [29, 31],and the introduction of [32] for multiple other early studies.) Since the 1990s,

brain activity measurements during ambiguous figure observation were actively performed, as

in the study of binocular rivalry.
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1.3.3 Recent studies of perceptual rivalry

An early study of binocular rivalry using fMRI revealed differences in the prefrontal cortex ac-

tivity due to differences in subjective perception, despite a constant stimulus [33]. Subsequent

studies of perceptual rivalry have also suggested that the prefrontal cortices, such as dorsolat-

eral prefrontal cortex, medial prefrontal cortex, and superior precentral sulcus (or the frontal

eye field) are associated with brain activity that correlates with subjective perception(fMRI

study: [34–38], EEG or MEG studies: [37, 39, 40],Review: [41–46]). Conversely, recent studies

have argued that the prefrontal cortex is more closely related to introspection, such as the behav-

ioral report by subjects, rather than perceptual switches [47–49](Review: [50, 51]). This issue,

which has not attained consensus for many years, suggests the difficulty of separating subjective

perception from other brain activities.

The debate on whether the requirement of attention for perceptual switches is another impor-

tant issue on which there is no consensus. Some studies have suggested that attention is required

for perceptual switches [52], while others have suggested that attention is not required [53]. It is

also an important viewpoint that attention is not always required for the process of conscious-

ness or V1 activities in the human brain [54–56].

Other than brain activity, eye movements and pupillary responses are also important for the

estimation of subjective visual perception, as physiological indicators. In recent years, studies

have reported using optokinetic nystagmus (OKN), which is an eye movement, as a surrogate in-

dex for reporting [48], and studies in which perceptual switches are estimated from the pupillary

response by using luminance difference [57,58]. A finding also suggests that the pupil diameter

dilates when perceptual switches occur [59].

1.3.4 Perceptual bias in ambiguous figures

Ambiguous figures with multiple appearances that cause perceptual rivalry are known to cause

biases in the preferences of these appearances. As a way of resolving perceptual ambiguity,

Nakayama and Shimojo (1992) proposed a theoretical framework in which the visual system
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tends to interpret images and surfaces as seen from a generic point, instead of an accidental

vantage point [60]. In other words, the object properties of ambiguous images are estimated

based on constraints derived from past visual experiences.

Several visual generic principles have been proposed for disambiguating the perception of ob-

jects (e.g., the light-from-above constraint; [61]). The view-from-above (VFA) constraint or

heuristic is a bias in vision that results when the input information is ambiguous and consistent

with different viewpoints on a single object [62], the VFA is preferred in perception over the

alternative view-from-below.

Kornmeier and colleagues suggested that observers prefer the VFA due to an asymmetry of

perceptual experiences or statistical learning, according to which we more often look down on

objects (e.g., artifacts) than we look up at them [63]. Remarkably, Sundareswara and Schrater

(2008) showed that the VFA preference for Necker cubes is close to 100% for very short pre-

sentations and declines for prolonged exposures, but it remains the most likely interpretation.

As these authors have indicated, in Bayesian models of perception, the visual system tends to

choose the optimal interpretation among the available alternatives, typically the viewpoint with

maximal posterior probability [64]. Hence, a Bayesian account suggests that VFA may be the

most frequent experience with many types of common objects, which are usually manipulated

at the hand level, and therefore examined from a top view. Supposedly, the Necker cube may be

spontaneously interpreted as a representation of some kind of smaller-than-the-body box that

could be “afforded” by the hands.

1.4 Outline

In this thesis, I discuss the phenomena of perceptual rivalry from experiments measuring elec-

troencephalogram (EEG) and eye movements with their respective analysis. The first chapter

(this chapter) gives an overview of this thesis and introduces related research on perceptual

rivalry. In Chapter 2, I describe an experiment in which EEG and eye movements are measured

during the presentation of a stimulus consisting of Random Dot Kinematogram (RDK), which

induces perceptual switches. In Chapter 3, I present the relationship between pupillary response

and the perceptual bias of perceptual switch. Finally, in Chapter 4, I comprehensively discuss
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and summarize my study. Figure 1.6 shows an outline of this thesis, composed of five chapters.

Perceptual Switches predicted by SSVEP and Pupillometry

Chapter 1 : 

Chapter 2 : 

Introduction
  - What is Perceptual rivalry?  - Brief overview of previous studies - Outline

- Performed the measurement of SSVEP and the pupil diameter simultaneously during participant 
observed RDK stimuli to predict perceptual switches

- The results indicated that shift of attention might be the trigger for the perceptual switches

Pupil measurement on the cueing Necker cubesChapter 3 : 
- Found the presence of a VFA bias with forced attention, which was accompanied by reduced 
attentional effort, as indexed by a reduced pupil diameter, compared with the view-from-below 

- Suggest the level of intensive attention, when retrieving and maintaining a specific view from 
memory, is mirrored in the size of pupils and may reflect ecological constraints on visual perception

The bias of ambiguous figure and postureChapter 4 : 
- Investigated how perceptual bias and experiential contexts of human perception affect observer's 
perception when the posture is changed.

- The results indicated that perception was modulated by the posture of the neck and suggested 
that neck posture is incorporated into ecological constraints

Chapter 5 : Conclusion
- Summry  　　　　　　　　　　　　　　- Towards the quantification of subjective perception

Fig. 1.6: Thesis structure.
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Chapter 2

Perceptual Switches predicted by

SSVEP and Pupillometry

A similar Japanese version of this chapter has been published as:

佐藤文昭, 鈴木雄太, 中内茂樹, & 南哲人. (2018). 定常状態視覚誘発電位と瞳孔計測を用いた知覚交
替情報の抽出に関する研究. 電子情報通信学会論文誌 D, 101(3), 607-614.

(English title: Fumiaki Sato, Yuta Suzuki, Shigeki Nakauchi, and Tetsuto Minami (2018), Pre-

dicting Perceptual Switches Using SSVEP and Pupillometry. The transactions of the Institute

of Electronics, Information and Communication Engineers. D,101(3),607-614)
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2.1 Introduction

As shown in Chapter 1, recent studies have revealed changes in brain activity and pupillary

response before and after perceptual switches. Parkkonen and colleagues estimated attentional

sift as perceptual switches using the steady-state visual evoked potential (SSVEP), which is

an EEG component induced by flickering stimuli, and showed that the SSVEP power changed

before and after the perceptual switches [65]. Einhäuser and colleagues showed that the pupil

diameter dilated during the perceptual switches [59]. The relationship between changes in

attentional targets observed via the SSVEP and pupil dilation when perceptual switches, is still

unclear. Binda and colleagues have shown that it is possible to estimate attentional targets by

pupillometry with different luminance values [66].

From these pieces of evidence, if the change in the target of attention is related to perceptual

switches, it may be possible to extract the change in pupil diameter by pupillometry using

the luminance difference. If the change of the attention target can be extracted in the pupil

diameter, it may be possible to obtain new knowledge about the temporal dynamics of the

attentional state and the perceptual switch by comparing these dilations’ latency.

Therefore, the purpose of this study was to investigate the factors that cause the perceptual

switches by focusing on the changes in the attention target of the early visual cortex and the

pupil dilation at the timing of the perceptual switches. Specifically, the attention target was

estimated using stimuli with different luminance and flickering frequencies. I used the SSVEP

to confirm that the attention state changes in the rotating sphere stimulus as in the previous

findings, and to confirm that whether the attention state of the early visual cortex and the pupil

are consistent.

2.2 Method

Ten subjects participated in Experiment 1. All participants self-reported that they had a nor-

mal or corrected-to-normal visual acuity. The experimental procedures received approval from

the Committee for Human Research at the Toyohashi University of Technology. Participants

provided written informed consent, and the experiment was conducted in accordance with the

guidelines of the committee.
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2.3 Stimuli and apparatus

Stimuli were based on the random dot kinematogram (RDK) stimuli used in previous stud-

ies [67, 68], which are called ambiguous figures and are known to perceive the dots as spheres

that are physically moving in a horizontal plane, but rotating in either a clockwise or counter-

clockwise manner. To simulate a rotating sphere by all dots, the velocity of one of the dots was

set to 1/2π [deg/sec] (moving to the left), and the velocity of the other group of dots was −1/2π

[deg/sec] (moving to the right).

To induce a change in pupil diameter as the target of attention shifted, the two groups of

dots were given different luminance values (dark: 0.28 [cd/m2], bright: 80.06 [cd/m2]). The

background luminance was set to 40.38 [cd/m2], which was the average luminance of the two

types of dots. Depending on which dot group was rendered first, the physical properties of the

stimuli were slightly different. Therefore, two stimuli in a different drawing order were used

(Figure 2.1).

The total conditions of this experiment consisted of four sub-conditions: two conditions in

the direction of movement of the dots, and two in the order in which the dots were drawn,

in each luminance. To induce SSVEP, the leftward-moving dots flickered at 7.5 Hz while the

rightward-moving dots flickered at 6 Hz. A fixation cross (0.4deg × 0.4deg) was presented at

the center of the stimulus.

The experiment was conducted in a darkroom, and the stimuli were presented to the partici-

pants on an LCD monitor (ViewPixxEEG,VPixx Technologies, Resolution: 1920 × 1080pixcels,

FrameRate: 120 Hz). Participants were seated with their heads held in place by a chin rest and

their viewing distance was 60 cm. The task was executed in MATLAB 2015b (The MathWorks,

Natick, MA) using Psychtoolbox3 [69].
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（a） Drawing order: dark→ bright （b） Drawing order: bright→ dark

Fig. 2.1: RDK stimuli. ©2018 IEICE

2.4 EEG recording

EEG activity was measured using the Biosemi Active two 64 electrode (BioSemi Inc., Amster-

dam, The Netherlands) referenced online to the vertex (Cz) and six extra channels. The data

were measured at a sampling frequency of 512 Hz. The measuring electrodes were arranged in

accordance with the International 10-20 system. Extra electrodes were applied horizontally and

vertically to the eye, for bipolar monitoring of blinks. All electrode impedances were reduced to

less than 20 kΩ.

2.5 Pupil recording

The pupil size and eye movements were measured during the task using an eye-tracking system

(EyeLink 1000, SR Research, Oakland, Canada) at a sampling rate of 500 Hz. Eye movement

was observed in the participants’ left eye with an infrared light video camera at a resolution

of no more than 0.1.
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2.6 Procedure

The fixation cross was presented for 5 seconds, and then the RDK stimulus was presented for 10

minutes. Participants gazed at the fixation point with both eyes and respond to the direction of

rotation that they perceived immediately after the stimulus was presented. Thereafter, whenever

the perceived direction of the rotation switched, participants were instructed to respond with a

button corresponding to the perceived direction. When the direction of rotation was perceived

to be clockwise, the ’4’ key was pressed, and when it was counterclockwise, the ’6’ key was

pressed.

The experiment was conducted after a training session for the perceptual switching for 10-

minutes. Four sessions were conducted in the whole experiment, with one session per condition.

The flow of one trial is shown in Figure 2.2.

1.  Fixation point

     5 seconds

2.   Stimulus presentation

      10 minutes

Fig. 2.2: Experimental procedure. ©2018 IEICE
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2.7 Analysis

The analysis software used was Matlab 2015b (MathWorks) and EEGLAB 13.6.5b [70] were

used. The analysis is divided into three sections: behavioral analysis, EEG analysis, and eye

movement analysis, as described below.

2.7.1 Behavioral Analysis

The sum of the number of the participants’ responses is shown in a histogram and was fitted

with a gamma function. Response intervals of 100 seconds or more were considered outliers, and

excluded.

2.7.2 EEG Analysis

The continuous EEG data were band-pass filtered from 1–30 Hz after being re-referenced to

an average using the EEGLAB toolbox (Delorme and Makeig, 2004). To remove artifacts in

the EEG signal, independent component analysis of Faster’s method [71] was implemented to

correlate the blink signal with the EEG.

FFT Analysis

After the pre-processing, the EEG data epoched for each experimental condition (four condi-

tions) separately for each perception (clockwise or counterclockwise) of the participants. As the

way which the participants perceived just before pressing the button is unclear, the data of 500

ms before pressing the button was removed. Subsequently, the epoched data was transformed

to the frequency domain by fast Fourier transform. A certain level of frequency resolution is

required to confirm the power of the stimulus flickering frequencies of 6 Hz and 7.5 Hz; therefore,

the epoched data that were less than 6 seconds in length, excluding the 500 ms before the button

press, were excluded from the analysis. For data longer than 6.5 seconds, the 500 ms immedi-

ately before the pressing the button was excluded, and the data for 6 seconds after the button
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was pressed was set as the analysis window. The obtained SSVEP power was normalized by

the maximum SSVEP power in the frequency band of 4 Hz or more, excluding the background

EEG. The topographical map of the grand-averaged SSVEP amplitudes at each electrode loca-

tion showed peak activity in the occipital area. Therefore, five occipital electrodes (O1, Iz, Oz,

POz, and O2) were selected and averaged as the amplitudes of the channels. Subsequently, the

data were averaged across conditions and then grand-averaged across participants. Thereon,

the t-test was conducted to confirm for statistically significant differences between the SSVEP

power in the 6 Hz and 7.5 Hz bands during clockwise and counterclockwise perception.

Wavelet Analysis

The data for 3 seconds before and after the participant’s response (displayed for 2 seconds before

and after) fitted to the phase of 7.5 Hz and 6 Hz, respectively, and was analyzed using the

Morlet wavelet method (12 cycles). The analysis was performed using five occipital electrodes

as similar to the FFT analysis. The time width was in 10 ms increments. The time to frequency

transformations were performed after the trials were averaged. The fieldtrip toolbox [72] was

used for the analysis. In this experiment, the response time was not determined, so the SSVEP

phase at the timing of response varied from trial to trial. Therefore, additive averaging offsets

the important EEG components. To address this problem, the phase-matching method was

adopted in this analysis. In case the trial was adjusted to 7.5 Hz, the phase was adjusted by

changing the trigger signal at the timing of the response to the nearest value at which the phase

at 7.5 Hz became zero. The same process was performed at 6 Hz. From the powers obtained

wavelet analysis in the 7.5 Hz and 6 Hz bands with the phases, adjusted for each condition, as

they were segmented out, normalized by the maximum value in each frequency band, averaged

between conditions, and showed the values for each response direction.

2.7.3 Pupillary Analysis

In the pupillary analysis, the rate of change in pupil diameter before and after the perceptual

switching was calculated. The data was complemented using linear interpolation for the blinking

region of the measured pupil diameter data. Next, the value of 100 milliseconds from 3.1 seconds
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to 3.0 seconds before the participant response was used as the baseline, and the pupil diameter

data of each participant was divided by the average of the baseline. Subsequently, thresholding

was used to exclude trials that included values with a pupil diameter change rate of 0.7 or less,

and 1.5 or more. By this threshold processing, it was judged that the data of the pupil diameters

of the two subjects whose trials were excluded by 50% or more were not properly obtained, and

they were rejected from the analysis. The rate of change in pupil diameter 3 seconds before and

after the participant response was averaged between trials for each brightness condition, and

grand-averaged across the participants. To confirm a statistically significant difference between

the pupil diameter when perceiving clockwise and counterclockwise before perceptual switching,

we calculated the average of the pupil diameter change rate from 1 second to 2 seconds before

each response, and performed a t-test. Additionally, to confirm whether pupil dilation occurs

during perceptual switching, we calculated the average of the pupil diameter change rate from

3 seconds to 2 seconds before, and the average value of the pupil diameter change rate from 0

seconds to 1 second. A t-test was performed for each brightness condition and each response.

2.8 Results

2.8.1 Behavioral Results

Figure 2.3 shows the results of the gamma distribution that approximated the probability distri-

bution of all experimental participant responses. As shown in Figure2.3, it was confirmed that

the gamma distribution can be approximated.

2.8.2 FFT Results

Frequency analysis was performed on the EEG during clockwise and counterclockwise perception

in all conditions. Figure 2.4 shows the averaged SSVEP power in the frequency band across

participants. The colored shade represents the standard error. Figure 2.5 shows the t-test results

of the SSVEP power in the 6 Hz and 7.5 Hz bands when perceiving each rotation. In the result

of the 6 Hz band, there was a significant difference between clockwise and counterclockwise

perception t(9) = −2.948，p = 0.0163，r = 0.70，d = 0.39(p < 0.05). Similarly, there was

a significant difference between the rotation perceptions in the 7.5 Hz band t(9) = 2.946，
p = 0.0163，r = 0.70，d = 0.35(p < 0.05).
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Fig. 2.3: Histograms showing distributions of all participant responses. ©2018 IEICE

Fig. 2.4: Grand-average SSVEP waveforms across all participants for right/left rotation. ©2018 IEICE

2.8.3 Wavelet Results

Figure2.6 shows the results of the wavelet analysis averaged across the participants 2 seconds

before and after each response. The colored shade represents the standard error. In Figure2.6,
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Fig. 2.5: Grand-average SSVEP power across all participants for right/left rotation perception. ©2018
IEICE

it was confirmed that the SSVEP power at 7.5 Hz was higher than that at 6 Hz after 0 seconds

in the response of left(perceived clockwise). It was also confirmed that the SSVEP power at

6 Hz was higher than the SSVEP power at 7.5 Hz during the right response before around 1

second.

2.8.4 Pupillary Results

Figure 2.7 shows the grand grand-average of the change rate in pupil diameter in 3 seconds

before and after the response across participants. The colored shade represents the standard

error.

Figure 2.8 shows the result of t-test for each brightness condition for the change rate in pupil

diameter between each response from -2 seconds to -1 second. Although neither significant

difference was obtained, it was confirmed that when the brightness condition was reversed; the

magnitude of the change rate in pupil diameter between each response was also reversed. The

average of change rate in pupil diameter from -3 seconds to -2 seconds (hereinafter, a) and the

average of change rate from 0 seconds to 1 second (hereinafter, b) were compared with a t-test.

The results are shown in Figure2.9, Figure2.10. As shown in Figure2.8, there was a significant
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Fig. 2.6: Wavelet analysis. ©2018 IEICE
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（b） the group of black dots was moved right，
the group of white dots was moved left

Fig. 2.7: Pupil diameter in each luminance condition. ©2018 IEICE

tendency in both the left and right response. (left response:t(7) = −2.3662，p = 0.0502，r = 0.67，
d = 1.01 ，right response: t(7) = −2.1166，p = 0.0721，r = 0.63，d = 0.97). As shown in Figure

2.10, there was a significant tendency in the left response and a significant difference in the

right response before and after perceptual switching (left response: t(7) = −2.0481，p = 0.0798，
r = 0.61，d = 0.80, right response: t(7) = −3.0644，p = 0.0182，r = 0.76，d = 1.19).
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Fig. 2.8: t test of change in pupil diameter of each condition. (a) the group of white dots was moved

right, the group of black dots was moved left.（b） the group of black dots was moved right,
and the group of white dots was moved left. ©2018 IEICE
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Fig. 2.9: Change in pupil diameter of the condition in which dots moved right and black dots moved
to the left. ©2018 IEICE

2.9 Discussion

2.9.1 Stereoscopic perception and EEG components

　 As depicted in Figure2.3, it was confirmed that the gamma distribution was approximated.

This is consistent with the report by Krug et al. [73] that the interval of perceptual switching is

approximated to the gamma distribution in a long-term task.



2.9. DISCUSSION 23

C
h

a
n

g
e

 i
n

 p
u

p
il
 d

ia
m

e
te

r 

C
h

a
n

g
e

 i
n

  
p

u
p

il
 d

ia
m

e
te

r 

Fig. 2.10: Change in pupil diameter of the condition in which black dots moved right and white dots
moved to the left. ©2018 IEICE

The SSVEP is known to be evoked at a flickering frequency of the stimulus and an integer

multiple of that frequency. Therefore, in Figure2.4, a method of analyzing the 12 Hz and 15 Hz

which is harmonics of 6 Hz and 7.5 Hz is also conceivable. In fact, peaks were seen at 12 Hz and

15 Hz in Figure2.4 However, robust power was obtained at the flicker frequency of the stimulus

than at harmonics compared to the adjacent frequency band, and it is considered sufficient to

analyze only the flicker frequency of the stimulus.

Furthermore, in Figure2.4, a peak was seen in the SSVEP power at 13.5 Hz for both per-

ceptions of clockwise and counterclockwise rotation. According to the report by Gundlach et

al., when there are two figures with different blinking frequencies and the subjective contour is

recognized by combining the two figures, the SSVEP power of the frequency which is added two

flickering frequency corresponding two figures had a peak [74]. As a peak was found at 13.5 Hz,

which is the sum of the two frequencies of 6 Hz and 7.5 Hz presented in this experiment, similar

results were obtained by Gundlach et al. for stereoscopic perception, and the two types of dots

were recognized as a single sphere.
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2.9.2 EEG components related perceptual switching

In Figure2.4, there was a significant difference in the SSVEP power in the 6 Hz and 7.5 Hz bands

between participant’s perception of the clockwise and counterclockwise rotations. In this study,

to exclude the effect of the button press, we excluded the 500 ms immediately preceding the

button press. The reason for excluding these 500 ms is that the simple reaction time for button

pressing in cognitive experiments generally takes 150 to 300 ms [75]. In some previous studies, the

simple reaction time exceeded 300 ms, depending on the task and experiment participants [76].

However, unless the participants were elderly, studies exceeding 500 ms had not been reported.

In addition, from Figure2.6(a), the magnitude of the SSVEP amplitude in the 6 Hz band

and the 7.5 Hz band were reversed from about 1 second before the button response. It was

implied that when participants perceived the direction of rotation of the stimulus change from

counterclockwise to clockwise, their attention were shifted from the 6 Hz dots to the right, to

7.5 Hz dots which were moved to the left. In Figure 2.6(b), there is no reversal as shown in

Figure2.6(a), but the power amplitude in the 6-Hz band increases by approximately 1 second

before the button response. It is implied that when participants perceive counterclockwise

rotation, they pay attention to the 6 Hz dots which move to the right. These results may be

reasonable given that the subject is paying attention to the dot in front. In addition, although the

presented stimulus is constant, the SSVEP amplitude changes with perceptual switching. The

fMRI study by Freeman et al., suggested the possibility of feedback of higher-order information

to the early visual cortex [77]. Therefore, changes in the SSVEP amplitude, as shown in Figure

2.4, can have changes from Lateral Occipital Complex (LOC) and other higher-order visual areas

to early visual area.

Watanabe et al. reported that activity in the early visual cortex reflects attention, but not

consciousness [54]. Therefore, it is suggested that no perceptual switching has yet occurred at

the time of the change in the attentional target, and it is possible that a change in the attentional

state may trigger perceptual switching.
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2.9.3 Interpretation of pupillary results

In Figure2.7(a) and (b), approximately 2 seconds before the response, the pupil diameter between

perception of rotation was reversed by difference of luminance in stimulus. It is implied that

the participants pay attention to the dots which is moved in the same direction as the front

of rotation. However, no significant difference in the rate of pupil diameter change prior to

perceptual switching was observed. This may be because the onset of the perceptual alternation

differed from trial to trial, and the change in pupil diameter was not successfully observed in

the additive mean. It may also reflect the effect of button presses [59].

The rates of pupil change from -3 seconds to -2 seconds and from 0 to 1 second from button

press in Figure2.9 and 2.10, was a significant difference, indicating pupil dilate in the vicinity

of 0 seconds. This is consistent with Einhauser et al.’s previous finding that the pupil diameter

dilates by perceptual switching. Since the dilation of perceptual switching occurs after the

attention shifted to the dots that move in the front as the rotation direction perception, it is

suggested that perceptual switching is triggered by the change of attention by the unconscious.

2.10 Limitation

In this study, the change in pupil diameter seemingly reflected attentional switching, but there

was no significant difference. Therefore, a future consideration is to improve the experimental

design and perform pupil measurement in the condition when disturbance is absent. Specifically,

since the SSVEP has been shown to accurately estimate the rotation perception in this study, it is

considered a key method for identifying the perception of rotation direction, instead of relying on

a behavioral report by button press. In such an experimental design, more accurate extraction of

perceptual switching information must be conducted without including the influence of button-

pressing.
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2.11 Conclusion

The aim of this study was to extract the information that causes perceptual switching by using

RDK stimuli measuring EEG and pupil diameter. I investigated the relationship between at-

tention and perceptual switching. In our experiments, I attempted to estimate the attentional

state using a group of dots with different frequency and luminance. Resultantly, there was a

significant difference in the SSVEP amplitude during the perception of each rotation. From

this evidence, it is suggested that the attention target shifted during the perceptual switching

in RDK stimulus. There was a change in the pupil diameter upon change of target of atten-

tion, and this change was observed from an early stage of perceptual switching. After that, the

pupil dilation occurred due to perceptual switching. From these results, it was suggested that

perceptual switching may be triggered by the shift of attention under unconsciousness.
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Chapter 3

Pupil measurement on the cueing

Necker cubes

A similar version of this chapter has been published as:

Fumiaki Sato, Bruno Laeng, Shigeki Nakauchi and Tetsuto Minami. Cueing the Necker cube:

Pupil dilation reflects the viewing-from-above constraint in bistable perception. Journal of

Vision, 20(4), 7-7, 2020.
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3.1 Introduction

Our visual system receives two-dimensional information from each image on the retina. From

these two-dimensional images, it restores to vision the three-dimensional shape of the object,

sometimes resolving ambiguities in the visual input in an automatic and unconscious manner.

As a way of resolving perceptual ambiguity, Nakayama and Shimojo (1992) proposed a theoret-

ical framework in which the visual system tends to interpret images and surfaces as seen from a

generic point, instead of an accidental vantage point [60]. In other words, the object properties

of ambiguous images are estimated based on constraints derived from past visual experiences.

Several visual generic principles have been proposed for disambiguating the perception of

objects (e.g., the light-from-above constraint; [61]). The view-from-above (VFA) constraint or

heuristic is a bias in vision so that whenever the input information is ambiguous and consistent

with different viewpoints on the same object [62], the VFA is preferred in perception over the

alternative view-from-below.

Kornmeier and colleagues suggested that observers prefer the VFA due to an asymmetry of

perceptual experiences or statistical learning, according to which we more often look down on

objects (e.g., artifacts) than look up at them [63]. Remarkably, Sundareswara and Schrater

(2008) showed that the VFA preference of Necker cubes is close to 100% for concise presenta-

tions and declines for long exposures, but it remains the most likely interpretation. As these

authors pointed out, in Bayesian models of perception, the visual system tends to choose the

optimal interpretation among alternatives, typically the viewpoint with maximal posterior prob-

ability [64]. Hence, a Bayesian account suggests that VFA may be the most frequent experience

with many types of common objects, which are usually manipulated at the hand level, and there-

fore examined from a top view. Supposedly, the Necker cube may be spontaneously interpreted

as a representation of some kind of smaller-than-the-body box that could be “afforded” by the

hands.

Toppino (2003) suggested that the top-down activation or priming of perceptual representa-

tions affects a specific interpretation of the cube in the Necker cube. Some studies showed that

one could control to some extent the perception of an ambiguous figure by focusing on spe-
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cific portions of the figure, or by intentionally selecting appropriate focal features by using the

Necker cube [78] or the so-called “my husband and my father-in-law” drawings [79] . Wernery,

Atmanspacher, and Kornmeier (2015) showed that the dwell time (i.e., periods of transiently

stable percepts), while passively observing the Necker cube for 3 minutes, was longer for the

VFA than the one from below [80]. Importantly, Meng and Tong (2004) showed that selective

attention can bias reversals of the perception of the Necker cube [81].

Despite many studies on the VFA bias, most of these are psychophysical experiments in which

the introspective reports of participants are the dependent variable. I reason that evidence for

a VFA bias can also be revealed independently by using a physiological index. I specifically

focused on the method of pupillometry, which has been previously used to investigate bistable

perception [59]. A pupillary dilation temporally close to a reversal in perspective of the Necker

cube has been interpreted as a physiological signal of a “reset” mode in consciousness [82], driven

by noradrenergic activity in the brain. In the present study, I use pupillometry as an index of the

intensity of cognitive processing or of attention, as originally suggested by Kahneman (1973),

Hess and Polt (1964), Kahneman and Beatty (1966), and Just and Carpenter (1993) [83–86].

Specifically, I hypothesized that if one perspective of the two (above/below) has been more

frequent in past encounters with similar objects, then one view-specific memory should be less

effortful or more “fluent” than the other.

Several previous studies have investigated voluntary control in bistable stimuli [63, 87–89],

suggesting that the rate of perceptual switching is modulated by voluntary control, which seems

consistent with our present results. For example, eye movements and eye position can affect

perceptual switching, including eye movements or saccades [88,90] and eye position [91]. In this

study, I designed an experimental paradigm that avoids the influence of eye gaze positions by

requesting participants to maintain central fixation during stimulus presentation.

Specifically, priming one particular surface of the Necker cube by briefly making it opaque at

the start of a trial should be more effective in disambiguating the view of the cube whenever the

cued surface is consistent with a VFA than when consistent with a view-from-below (see Figure

3.1). Moreover, I predicted that when cueing a surface consistent with a view-from-below, re-

versals to the alternative view should be more frequently reported than when cueing a surface
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consistent with a VFA. In all of the earlier described cases, the less “fluent” perspective should

be indexed by a larger size of the pupil (cf. Yoshimoto, Imai, Kashino, & Takeuchi, 2014 [92])

consistent with increased cognitive workload or in intensive attention [83].

( B )( A ) ( C )

( E )( D ) ( F )

Fig. 3.1: Stimuli used in Experiment 1 and 2.

Stimuli used in Experiments 1 and 2 (top and bottom panels, respectively). Figures (A, B, D,
and E) were used for priming. Figures (C and F) shows the standard Necker cube.

Finally, I hypothesize that maintaining the perception of a specific view may be more likely

to reveal a VFA bias in the forced attention condition than during passive viewing of the Necker

cube. I also note that in previous studies of perceptual switching with pupillometry, it has

been debated whether perceptual switching causes pupil dilation and whether it may be simply

triggered by the motor response [59, 93]. In this study, participants’ responses regarding the

perspective of perception were collected after the offset of the stimuli; therefore the present

paradigm can separate between the occurrence of a perceptual switch and the motor response
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when reporting it.

3.2 Experiment 1

In the first experiment, I ascertained whether the pupil diameter can index reduced effort, as

expected if there is a VFA bias, when viewing a bistable (Necker) cube. In each trial, either the

top or bottom sides of the Necker cube was filled-in for 3 seconds with an opaque white hue. This

was intended to cue attention toward the surface and consequently bias a specific perspective

consistent with a front side position of the surface. Subsequently, the surface became transparent,

and a classic (wireframe) Necker cube was shown for 3 seconds. In a passive viewing blocked

condition, participants simply kept fixation on a cross-centered in the middle of the Necker cube.

In the forced attention condition, the participants were asked to maintain in their perception

the perspective that had been initially cued, while also keeping central fixation (see Figure 3.2).

I reasoned that maintaining a VFA perspective should require fewer attentional resources than

a view-from-below perspective, particularly so when engaging top-down intensive attention in

the forced attention condition. Therefore I expected a difference in pupil diameter after cueing

either the top or bottom side of the Necker cube, and particularly so in the attention condition.
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Leftward,  Rightward

randomly

Fixation point

1 sec Cue

3 sec Stimulus

3 sec

Question:

Which kind of cube did you perceive?

Did it switch while you were  looking ?

From-below,  From-above

randomly

Question and response

Question:

Which kind of cube did you perceive?

Did it switch while you were looking ?

( A )

( B )

Time

Time

Question and response

4 6

8

2

Response keys

4 6
8

2

Response keys

Fixation point

1 sec Cue

3 sec Stimulus

3 sec

Fig. 3.2: Timeline of Experiment 1 and 2.

(A) Timeline of Experiment 1. The arrow shows the sequence of images presented to
participants with the corresponding presentation times. Participants answered two questions
after stimuli presentation: (1) “Which kind of cube did you perceive?” and (2) “Did it switch
while you were looking?” The former question was answered by pressing “8” as “upward” and
“2” as “downward” by Two-alternative forced-choice (2AFC). “Upward” refers to the
appearance of viewing from below, and “downward” refers to viewing-from-below. The inlet
above illustrates the two possible cues. In the passive viewing condition, participants simply
looked at a fixation cross on the Necker cube. In the forced attention condition, the
participants were asked to maintain the same perspective as the one initially cued, while also
keeping fixated on the central cross. (B) Experimental procedure in Experiment 2. Same as in
the above panel except for the rotated Necker cube stimuli. Questionnaire sentences were also
the same, but the former was answered by pressing “4” as “leftward” and “6” as “rightward,”
and the latter was answered by pressing “8” as “yes” and “2” as “no.”
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3.2.1 Materials and methods

Participants

Twenty-eight healthy subjects participated in Experiment 1. Four participants were excluded

from pupil analyses because two participants had eye blinks on more than 70% of the trials,

one participant misunderstood the instructions of the tasks, and one participant never shifted

perception to another perspective, yielding a final study group size of 24 participants (mean age,

23.00 years; SD, 1.56; 4 women).

All participants self-reported that they had a normal or corrected-to-normal visual acuity.

The experimental procedures received approval from the Committee for Human Research at the

Toyohashi University of Technology. Participants provided written informed consent, and the

experiment was conducted in accordance with the guidelines of the committee.

To ensure adequate statistical power = 0.8 (1−β the probability that the test rejects the null

hypothesis when a specific alternative hypothesis is true), the sample size was a priori determined

by a power analysis based on predicted effect size using G*Power version 3.1.9.2 [94]. Thus the

present study’s sample size was above the estimated sample size range of N = 24 necessary to

find large-to-medium effects in a repeated-measures analysis of variance (ANOVA), given the

error probability of α = 0.05 (effect size estimates for each main effect and interaction are given

later by partial eta-square(η2) for ANOVA) [95].

Stimuli and apparatus

I used three kinds of images in Experiment 1. Two images were unambiguous figures of cubes

generated by shading one surface of the Necker cube drawing (Figures 3.1A and B). The third

image was the standard Necker (wireframe) cube (Figure reffig:1C). The cube occupied 7.7◦

horizontally and 7.7◦ vertically in visual angle. The color of the cube edges was light gray (78.8

cd/m2)) on a gray background (60.9 cd/m2)). The fixation cross was black (0.4 cd/m2)) with

a 0.9◦ × 0.9◦ size in visual angle. These images were created first with Microsoft PowerPoint
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2016 (Microsoft Corp., Redmond, WA) and adjusted with MATLAB (MathWorks, Natick, MA)

using Psychtoolbox 3.0 [69]. All stimuli were shown on an LCD display (Display++, Cambridge

Research Systems, Kent, United Kingdom) at a refresh rate of 120 Hz.

Procedure

Figure 3.2(A) shows the timeline of one trial in Experiment1. First, the fixation cross was shown

for 1000 ms, and then a cube with either the top or bottom side rendered opaque was presented

for 3000 ms as a cue (hereafter called “cue”). Two kinds of images were used randomly as

cues: one yielded the perspective of a cube seen from above and the other the perspective from

below. After the cue, the standard Necker cube was shown (by removing the surface shading

while leaving the standard wireframe) for 3000 ms, and at its offset the participants reported (by

pressing one of two forced-choice keys) which percept they saw initially and whether a reversal

to the alternative perspective occurred while viewing the empty cube. The experiment consisted

of two conditions (passive viewing and forced attention), each with 40 trials (each cue type ×

20 trials). The order between the two conditions was counterbalanced by inverting it for every

other participant. In the passive viewing condition, participants simply looked at a fixation cross

on the Necker cube. In the forced attention condition, the participants were asked to maintain

the same perspective as the one initially cued, while also keeping fixated on the central cross.

Participants were also instructed to refrain from blinking as much as possible during each trial.

3.2.2 Recording and Analysis

Behavioral Analysis

From the participants’ key-press responses, I calculated the probability that they perceived

the same appearance as primed by the cue. The probability of a percept was obtained by

dividing the number of trials in which the participant’s initial percept was congruent with the

cued appearance by all of the trials in each condition (20 trials). Similarly, I calculated the

probability that the participant’s percept switched while viewing the empty Necker cube. This

was obtained by dividing the number of trials in which a participant’s percept switched by all the

trials in the condition (20 trials). For statistical analysis, a two-way repeated-measures ANOVA
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was performed with perspective (from above, from below) and attention (passive, forced) as

the within-subject factors in these probabilities. Pairwise comparisons for main effects in the

ANOVA were corrected for multiple comparisons using the Bonferroni method. In addition, to

investigate the effect of the cue, the number of trials of all participants who perceived the same

appearance of the cue was calculated, and binomial tests were performed in each condition. The

level of statistical significance was set to p < 0.05 for all analyses.

Pupil recording and analysis

Pupil sizes and eye movements were measured during the task by a noninvasive infrared eye

tracker (iViewX RED500, SensoMotoric Instruments, Teltow, Germany) at a sampling rate of

500 Hz. Eye movements were monitored from both eyes. The positions of both eyes were

acquired by nine-point calibration at the start of the experiment. For analyses, we averaged

the pupil diameters from both eyes. Trials in which the pupil could not be detected were

excluded from the analysis. Pupil recordings were smoothed using a sliding average (80-ms time

window). In the time-course analysis, each trial was normalized by subtracting pupil size at

stimulus onset from the baseline pupil size. Baseline pupil size was computed as an average of

data collected ‒ 500 ms prior to stimulus onset (0 ms). I calculated the time course of the trial’s

average pupils when the participants perceived either the upward cube (view-from-below) or the

downward cube (VFA) in correspondence with the perspective primed by the cue. In the time

course of pupil diameter changes, the significant differences were corrected with a false discovery

rate for multiple comparisons using the Benjamini and Hochberg method [96]. Specifically, the

average pupil diameters from 220 to 3000 ms after stimulus presentation were calculated, and

a repeated-measures ANOVA was performed to assess the presence of significant differences in

pupil diameter, with perspective (from above, from below) and attention (passive, forced) as

the within-subject factors. The reason for excluding data before 220 ms is based on the known

latency of the light reflex, which has a minimum of approximately 220 ms [97]. Furthermore, to

separate the effects of perceptual perspective and perceptual switching, I extracted and analyzed

only those trials in which there occurred no perceptual switching. This additional ANOVA was

also performed with perspective and attention as factors. Finally, I calculated the averaged

time course of pupil diameter in separate trials in which a perceptual switching occurred or

was absent to better reveal how perceptual switching per se affected pupil diameter in each
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attentional condition. Pairwise comparisons for main effects in the ANOVA were corrected for

multiple comparisons using the Bonferroni method, and the level of statistical significance was

set at p < 0.05 for all analyses as for the behavioral analysis.

3.2.3 Results

Behavioral Results

I computed the participants’ key presses indicating their subjective view during perception.

Based on the earlier described data, I found that the probability to perceive the Necker cube as

having the same perspective as primed by the cue was greater in the forced attention condition

than in the passive viewing condition (see Figure 3.3(A)). In addition, the probability of a

from-below appearance was lower than that from-above. The ANOVA revealed a main effect of

Attention [ F(1,23) = 28.46, p < 0.001, η2p = 0.55 ] and Perspective [ F(1,23) = 8.91, p = 0.007,

η2p = 0.28 ]. There was no significant interaction between Attention × Perspective [ F(1,23) =

0.10, p = 0.76, η2p = 0.004 ].

Next, I also calculated the perceptual switching probabilities. An ANOVA on the switches

showed an attention by perspective interaction, F(1,23) = 12.38, p = 0.002, η2p = 0.35. To

identify more detailed effect of the factors, a post hoc test revealed a simple effect in the forced

attention condition,F(1,23) = 4.88, p = 0.04, η2p = 0.18, indicated that the perceptual switching

probability toward a from-above perspective was higher than toward a view-from-below. In

addition, a post hoc test revealed a simple effect in the from-below perception, indicating that

the perceptual switching probability of forced attention condition was lower than in the passive

condition F(1,23) = 8.55, p = 0.008, η2p = 0.27 . There was no main effect of attention [

F(1,23) = 1.62, p = 0.22, η2p = 0.27 ] and perspective F(1,23) = 1.16, p = 0.29, η2p = 0.05 ].
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Fig. 3.3: Behavioral results in Experiment 1.

Bar graphs (A) show grand average probability of the participants perceived the same
appearance as the cue. (B) Grand average of switching probability during stimulus
presentation. Both results are in Experiment 1. Asterisks on horizontal lines represent a
significant difference (∗ p < 0.05,∗∗ p < 0.01,∗ ∗ ∗ p < 0.001).

Pupillometry Results

Time course of pupils when perceiving either the view-from-below or VFA

Time course of the pupils when participants perceived either the view-from-below or VFA: I

then analyzed the time course of the pupil diameter to confirm a relationship of pupil size for

the perceived perspectives between the attentional conditions. These analyses were conducted

for trials in which the perception was congruent with the prior cue because the number of tri-

als in which perception was incongruent with the prior was too small (i.e., the grand average

probability of incongruent perception in all condition and all participants was 15.8%; see Figure

3.3A). Figures 3.4A and B showed the grand-averaged time course of changes in pupil diameter

when the participants perceived the view-from-below the cube or from above the cube during

the stimulus presentation for 3 seconds in passive viewing and forced attention condition, respec-

tively. An ANOVA was carried out to compare the mean pupil dilation from 220 to 3000 ms in

the two attention and perspective conditions (Figure 3.4C). There was, however, no significant

main effect of attention, F(1,23) = 0.09, p = 0.76, η2p = 0.004 nor a main effect of perspective,

F(1,23) = 2.47, p = 0.13, η2p = 0.01. There was also no evidence for an interaction between

attention and perspective F(1,23) = 2.71, p = 0.11, η2p = 0.10.
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Fig. 3.4: Pupillometry results classified by perceived perspectives in Experiment 1.

(A) Passive viewing condition: grand-averaged time course of pupil changes during the
presentation time of 3 seconds. The horizontal axis indicates the time (in seconds), and the
vertical axis indicates pupil dilation (in mm) relative to baseline (from ‒ 500 to 0 ms). Shaded
colors are the standard error of the mean. (B) Forced attention condition: grand-averaged
time course of pupil changes during presentation time for 3 seconds. The gray horizontal bars
in the middle panel represent significant differences between the perspective condition of
view-from-above and from-below trials; p values were corrected for multiple comparisons with
an expected False Discovery Rate (FDR) of 0.05. (C) Bars show the mean pupil dilation from
220 to 3000 ms in the attention condition and perspective condition, respectively.

Trials with no perceptual switching

The previous analysis included only trials with perceptual switching during the stimulus presen-

tations. Thus the previous analysis results included not only the effect of perceptual switching

but also the effect of different perceptual appearances after perceptual reversal. In the present

analysis, I excluded switch trials so as to examine in detail the effect of a specific view. Two

participants for which no perceptual switching occurred under any one of the conditions were

rejected from the analysis. Figures 5 (A and B) shows the grand-averaged time course of

the changes in pupil diameter when the participants perceived either the upward cube (view-

from-below) or the downward cube (VFA) with the condition of nonswitching trials during the

stimulus presentation for 3 seconds in passive viewing and forced attention condition, respec-

tively. Importantly, as seen in an ANOVA, there was a significant interaction of attention ×
perspective,F(1,21) = 5.06, p = 0.035, η2p = 0.19 (see Figure 5C). A post hoc test revealed that

the pupil diameter was significantly larger for the perspective from below than from above in
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the condition of forced attention, F(1,21) = 7.44, p = 0.013, η2p = 0.26. There were no signif-

icant main effects for either attention, F(1,21) = 0.19, p = 0.66, η2p = 0.009, or perspective,

F(1,21) = 1.62, p = 0.22, η2p = 0.07.
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Fig. 3.5: Pupillometry results classified by perceived perspectives during nonswitch trials in Experi-
ment 1.

(A) Passive viewing condition: grand-averaged time course of pupil changes during
presentation time for 3 seconds. The horizontal axis indicates the time (in seconds), and the
vertical axis indicates pupil dilation (in mm) relative to baseline (from ‒ 500 to 0 ms). Shaded
colors indicate the standard error of the mean. (B) Forced attention condition: grand-averaged
time course of pupil changes during presentation time for 3 seconds. Shaded colors indicate the
standard error of the mean. The gray horizontal bars in the middle panel represent significant
differences between the perspective condition of view-from-above and from-below trials; p
values were corrected for multiple comparisons with an expected False Discovery Rate (FDR)
of 0.05 (C). Bars show the mean pupil dilation from 220 to 3000 ms in attention condition and
perspective condition, respectively. Asterisk represents a significant difference (*p ¡ 0.05). The
result shows that there was a significant difference in the amount of change in pupil diameter
between perceived from below and from above with forced attention condition, even though
there was no button response no perceptual switching.

Time course of the pupils during nonswitch versus switch trials

To investigate whether the pupils were dilated due to perceptual switching, I calculated time

courses separately for the nonswitch and switch trials. Figure 6 shows the averaged time courses

of pupil diameter when perceptual switching occurred or did not during passive viewing. The

t-tests revealed no significant difference in the time sequence data.
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Fig. 3.6: Pupillometry results separating nonswitch trials versus switch trials in Experiment 1.

(A) Passive viewing condition: averaged time courses of pupil diameter separately for
perceptual switching trials and nonswitching trials. (B) Forced attention condition: averaged
time courses of pupil diameter separately for perceptual switching trials and nonswitching
trials. Shaded colors indicate the standard error of the mean. The gray horizontal bar
represents a significant difference between nonswitch trials and switch trials; p values were
corrected for multiple comparisons with an expected False Discovery Rate (FDR) of 0.05.
Please note that 0 seconds represents the onset of the ambiguous Necker stimuli.

3.2.4 Discussion

The present findings confirm that priming one specific view of the Necker cube was effective, and

the shading cue preceding the presentation of the wireframe typically evokes the corresponding

view. However, as expected, I observed a change in pupil diameter only when I instructed the

participants to actively sustain a specific perspective.

3.3 Experiment 2

In Experiment 2, I further tested the idea that the ease in sustaining a particular perceptual

interpretation of the bistable Necker drawing, and its effect on the pupil diameter, reflects an
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ecological VFA constraint on internal representations or heuristic. I reasoned that, by rotating

the stimuli used in the previous experiment of 90°, I would exclude the presence of any per-

spective bias because these particular views of the cube appear to be rare. As visible in Figure

3.1 (bottom panel), these rotated perspectives of the same Necker cube do not seem familiar,

especially considering our real-world experience with solid cubes (i.e., a real cube in any of the

two possible perspectives in the images would be gravitationally unstable because in both views

the cube appears to be poised on the tip of one corner).

3.3.1 Materials and methods

Twenty-seven healthy subjects participated in Experiment 2. Two participants were excluded

from pupil analyses because one showed eye blink in more than 70% of the trials, and one

participant had difficulty performing the task, yielding a final study group size of twenty-five

participants (21 men, four women; mean age, 22.76 years; SD, 1.64). All participants had a

normal or corrected-to-normal visual acuity. Again, the experimental procedures received the

approval of the Committee for Human Research at the Toyohashi University of Technology,

and the experiment was strictly conducted in accordance with the approved guidelines of the

committee, and all participants provided written informed consent. The study’s sample size was

based, as explained previously, on an estimated sample size of N = 24.

Stimuli and apparatus

The apparatus was the same as in Experiment 1. Stimuli in Experiment 2 were also identical

and simply rotated on the frontal plane.

Procedure

The procedure was identical to Experiment1 (Figure 3.2(B)). Two types of stimuli were used

randomly as cue: one was the perspective of a rightward (Figure 3.1(D)) cube and the other

perspectives of leftward (Figure 3.1(E)). The only difference was that responses of ”leftward’

and ”rightward” perspectives were used instead of ”from-below” and ”from-above”.
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3.3.2 Recording and Analysis

Behavioral Analysis

As done previously, I calculated the probability that participants perceived the same appearance

as primed by the cue. For statistical analysis, a two-way repeated-measures ANOVA was per-

formed with perspective (leftward, rightward) and attention (passive, forced) as within-subject

factors. Binomial tests were also performed in each condition.

Pupil analysis

The analyses of the pupils were performed as previously by first calculating the grand-averaged

time course of the average pupils when the participants perceived either the leftward or right-

ward in correspondence to the perspective primed by the cue. I calculated the average pupil

diameters from 220 to 3000 ms after stimulus presentation, and an ANOVA was performed with

perspective and attention as factors. Moreover, to separate the effects of perceptual perspective

and perceptual switching, I analyzed only those trials in which there was no perceptual switch-

ing. Finally, I calculated the averaged time course of pupil diameter in trials in which perceptual

switching occurred or was absent, so as to clarify how perceptual switching affected the pupil

diameter in each attentional condition.

3.3.3 Results

Behavioral Results

The probability to perceive the same appearance of the cube as cued was greater in the forced

attention condition than passive viewing condition (see Figure 3.7A). As shown by binomial

tests, both attention and perspective were significantly different from 0.5 of a chance level

(p < 0.001). In addition, the probability of leftward perception was lower than rightward.

The ANOVA revealed a main effect of attention, F(1,24) = 17.81, p = 0.0003, η2p = 0.43, and

perspective,F(1,24) = 7.20, p = 0.013, η2p = 0.23. There was no significant interaction between

attention × perspective, F(1,24) = 2.40, p = 0.13, η2p = 0.09.
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Fig. 3.7: Behavioral results in Experiment2.

(A) Grand average probability of the perceptions of the cued perspectives. (B) Grand average
of switching probability. Both results are in Experiment 2. Asterisk represents a significant
difference (∗ p < 0.05,∗∗ p < 0.01,∗ ∗ ∗ p < 0.001).

Figure 3.7(B) shows the result of perceptual switching probability. There was no significant

main effect between either attentional conditions, F(1,24) = 1.43, p = 0.24, η2p = 0.06 ]or

perspective, F(1,24) = 1.97, p = 0.17, η2p = 0.08, or their interaction, F(1,24) = 0.03, p = 0.87,

η2p = 0.01 .

Pupillometry Results

Time course of pupils when perceiving either the leftward cube or the rightward

cube

I analyzed time courses of change in pupil diameter as done for Experiment 1. As expected,

an ANOVA on average changes in pupil diameter from 220 to 3000 ms (Figure 3.8C) showed

no significant difference in any main effect (main effect of attention: F(1,24) = 1.24, p = 0.28,

η2p = 0.05; main effect of perspective: F(1,24) = 0.05, p = 0.83, η2p = 0.002, and the interaction

between attention× perspective missed the significant cutoff, F(1,24) = 0.24, p = 0.63, η2p = 0.01.
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Fig. 3.8: Pupillometry results classified by perceived perspectives in Experiment 2.

(A) Passive viewing condition: grand-averaged time course of pupil changes during
presentation time for 3 seconds. The horizontal axis indicates the time (in seconds) and the
vertical axis indicates pupil dilation (in mm) relative to baseline (from ‒ 500 to 0 ms). Shaded
colors indicate the standard error of the mean. The gray horizontal bar represents the
significant difference between the perspective condition of leftward and rightward trials; p
values were corrected for multiple comparisons with an expected False Discovery Rate (FDR)
of 0.05. (B) Forced attention condition: grand-averaged time course of pupil changes during
presentation time for 3 seconds. Same conventions as A. (C) Bars show the mean pupil
dilations from 220 to 3000 ms in the attention and perspective conditions.

Nonswitch trials

As done earlier, to reveal the effect of perspective, I further analyzed time courses of change in

pupil diameter as in Experiment 1 (Figures 3.9A and B). I excluded five participants for which

no perceptual switching occurred under any one of the conditions. An ANOVA showed no

significant difference main effect (Figure 3.9C): attention: F(1,19) = 0.94, p = 0.34, η2p = 0.047;

perspective: F(1,19) = 3.10, p = 0.094, η2p = 0.14. There was no interaction between attention

× perspective: F(1,19) = 0.02, p = 0.97, η2p = 0.0001(see Figures 3.9A and B).
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Fig. 3.9: Pupillometry results classified by perceived perspectives during nonswitch trials in Experi-
ment 2.

(A) Passive viewing condition: grand-averaged time course of pupil changes during
presentation time for 3 seconds. The horizontal axis indicates the time (in seconds) and the
vertical axis indicates pupil dilation (in mm) relative to baseline (from ‒ 500 to 0 ms). Shaded
colors are the standard error of the mean. (B) Forced attention condition: grand-averaged
time course of pupil changes during presentation time for 3 seconds. Same conventions as A.
(C) Bars show the mean pupil dilation from 220 to 3000 ms in attention condition and
perspective condition.

Time course of pupils during and switch trials

Finally, I calculated time courses separately between the nonswitch and switch trials, as done in

Experiment 1. Figure 10 shows the averaged time courses of pupil diameters when perceptual

switching occurred or not in each of attentional condition.
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Fig. 3.10: Pupillometry results separating nonswitch trials versus switch trials in Experiment 2.

(A) Passive viewing condition: averaged time courses of pupil diameter separately for
perceptual switching trials and nonswitching trials. (B) Forced attention condition: averaged
time courses of pupil diameter separately for perceptual switching trials and nonswitching
trials. Shaded colors indicate the standard error of the mean. The gray horizontal bar
represents a significant difference between nonswitch trials and switch trials; p values were
corrected for multiple comparisons with an expected False Discovery Rate (FDR) of 0.05.
Please note that 0 seconds represents the onset of the ambiguous Necker stimuli.

3.3.4 Discussion

As expected, when the Necker cube drawings were rotated to physically unlikely positions, there

was no indication of effort related to perspective, which is consistent with the absence of an

ecological viewpoint constraint on these particular images. I found, however, confirmation of

the effectiveness of forcing attention when sustaining a specific perceptual interpretation of the

bistable figure. Interestingly, there was a slight preference for the rightward view of the cube.

I surmise that, given that this view would correspond to a clockwise rotation of the VFA cued

surface, there may be at work complex interaction between the VFA bias and spontaneous

mental rotations to the more natural orientation of the stimuli. I speculate, considering that

the right arm is stronger in most people [98], that most objects are naturally manipulated in

a clockwise action when held and turned (e.g., caps and lids). I also note that there is some
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evidence for a preference in “mentally rotating” abstract shapes in a clockwise direction (e.g.,

Koriat & Norman, 1985 [99]; Liesefeld & Zimmer, 2011) [100].

3.4 General Discussion

I found that changes in pupil diameter were significantly larger when participants perceived

the view-from-below than when they perceived the VFA of the Necker cube and, specifically,

when actively attempting to maintain one of these perspectives. Moreover, the probability of

maintaining a specific perspective in perception, after the disappearance of the cue, was greater

during forced attention condition than in passive viewing. In addition, the probability of per-

ceptual switching in the forced condition was lower than in the passive condition.

In a second experiment, we showed the same cubes after a 90° rotation, either leftward or

rightward, yielding two equally unusual and physically unlikely perspectives (based on a gravi-

tational constraint) of the bistable shape. Given that, in this case the alternative views do not

differ in terms of an above or below viewpoint, I also expected to find no difference in pupil di-

ameter. Indeed, whereas the views from above and below differed in terms of pupillary response,

the views from left or right did not.

It is already known that eye movements and eye position can affect perceptual switching

(e.g., eye movements: Toppino 2003 [88]; saccades: Van Dam & Van Ee 2006 [90]; eye positions:

Einhäuser et al., 2004 [91]). In this study, I avoided the influence of eye gaze positions by re-

questing participants to maintain central fixation during stimulus presentation.

Several previous studies have also investigated voluntary control in bistable stimuli (e.g.,

Strüber & Stadler 1999 [87]; Toppino 2003 [88]; Van Ee, Van Dam, & Brouwer 2005 [89]; Ko-

rnmeier et al. 2009 [63]), suggesting that the rate of perceptual switching rate is modulated by

voluntary control, which seems consistent with our present results.

Einhäuser and colleagues reported that pupil diameter increases around the time of a percep-

tual switching during perceptual rivalry [59]. However, another study reported that the degree
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of pupil dilation does not predict subsequent stability in perceptual rivalry [93, 101]. Instead, a

small (approximately 5% of change on average) but reliable pupil dilation was observed around

the time of key presses, and 70% of pupil dilation could be accounted for by the motor re-

sponse [93]. Another study also showed that a key press can influence both brain activity and

pupil diameter [48]. In the present study, all key-press responses were performed after stimulus

offset.

When I separated in the analyses trials with and without a switch, no statistically significant

difference was found. Also, it seems likely that the observed differences in pupillary responses

in our study reflected a difference in specific perceptual content (e.g., from-below appearance,

from-above appearance) instead of effects of motor responses, as also suggested by Kloosterman

and colleagues (2015) [102]. I also note that the interactive effect of attention and perspective

remained significant in Experiment 1, even after excluding all trials in which a perceptual switch

occurred.

In line with Khaneman’s original account [83], I assume that pupil dilation reflects the allo-

cation of attentional resources, and therefore that it provides an index of the level of mental

effort exerted in a particular situation. I note that in this study, there was no significant pupil

size difference between the two attentional conditions. However, attention affected the pupil

diameter as an interactive effect because pupils were significantly dilated only when participants

perceived the view-from-below than the VFA during forced attention condition. It seems rea-

sonable to conclude that it is more effortful to actively sustain viewing-from-below than from

above. Hence the VFA bias is reflected in the level of mental effort, that is, a reduced dilation

of the pupil.

At the physiological level, pupil dilations that are related to cognitive processing are thought

to result from an inhibitory effect on the parasympathetic oculomotor complex by release of

norepinephrine (NE) from the locus coeruleus [103]. The LC sends its noradrenergic projections

to virtually all brain regions (except the basal ganglia), with particularly dense projections to

areas known to be important in attentional processing, such as the parietal cortex, the pulvinar

nucleus of the thalamus, and the superior colliculus [104–106]. Single-cell recordings in mon-

keys [107, 108] and pharmacologic studies in humans [109, 110] have confirmed a physiological
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link between the activity of the LC-NE system and changes in pupillary diameter, allowing the

use of pupillometry to tap task-related changes in attentional states mediated by LC-NE activ-

ity [82,111]. Thus our results are consistent with the idea that the modulation of pupil diameter

reflects top-down attentional processing and different levels of mental effort.

Another consideration can be based on the Bayesian theory of human perception [112,113], in

which biases in perception toward specific interpretations, especially of ambiguous stimuli, tend

to match the natural statistics of the environment [114–118]. Thus, in light of this account, the

VFA bias during perception of the Necker stimulus should reflect the supposed higher frequency

in adopting the from-above perspectives than from-below perspectives in everyday situations.

Such a priori perceptual bias can thus be interpreted as a strong influence on long-term percep-

tual memory of repeated instances of disambiguation of sensory information [119]. Thus under

the present task, a difference in the probability of memory retrieval from long-term memory will

reflect a VFA bias and in turn the amount of attentional load that is mirrored in the pupil. Our

results seem to support the earlier described interpretation because the VFA bias per se did not

affect the pupil unless attention was forced to maintain a specific perspective.

3.5 Conclusion

To our knowledge, this is the first study to investigate whether the VFA bias influences effort,

as expressed in pupil diameter when maintaining a specific percept. Because VFA may be the

most frequent experience with many types of common objects, attending and maintaining this

specific perspective requires a lower degree of mental effort.
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Chapter 4

The bias of ambiguous figure and

posture

A similar version of this chapter is in preparation to publish as:

Fumiaki Sato, Ryoya Shiomoto, Shigeki Nakauchi, and Tetsuto Minami. Backward and forward

neck tilt affects perceptual bias when interpreting ambiguous figures. Scientific Reports 12, 7276

(2022).
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4.1 Introduction

Visual information is inputted from the retina in the eyes. Thereafter, it is decoded, estimated,

and constructed by the brain. Since it is computationally impossible to restore 3-dimensional

(3D) information from 2-dimensional (2D) information, many previous studies have investigated

the visual mechanism by which a 3D visual experience can be obtained from a 2D image of the

retina. A well-known early study by Helmholtz has proposed “unconscious inference,” suggest-

ing that vision is constructed by both the information received via the retina and the observer’s

unconscious reasoning [120]. As it stands, numerous researchers have proposed visual heuristics

for 2D estimation (e.g., light source estimation: When convex-concave ambiguity occurs, it is

assumed that the light source is above [121](strictly, it may be biased to the left or right instead

of directly above); the generic view principle: The visual system works as if it were viewing from

a general viewpoint rather than accidental viewpoints [60]; and finally, the viewing-from-above

bias: When ambiguous figures such as Necker cube is observed, the observer tends to choose a

viewpoint from above rather than from below [62](see also a review [122]).

Although many studies have suggested the effect of perceptual heuristics, most of them in-

vestigated this by presenting the stimulus in front. Specifically, observers in many experiments

encountered the stimulus by sitting on a seat and looking directly in front of them. Therefore,

the relationship between posture and perceptual heuristics is unclear, and it remains unknown

if the heuristics that accompany physical changes (i.e., posture changes) affect perception. I

hypothesized that the visual content of perception changes depending on neck posture.

Classically, Gibson, who advocated for ecological psychology, recommended considering per-

ception both for the stimuli and the environment [123]. If the general view is implicitly defined

in the observer, as in the idea of the generic view principle, the perceived experience and its

principle when looking up and down should be different. For example, in our daily life, it is

easy to perceive the sun and light sources when facing up, and the ground when facing down.

Previous studies suggest that recognizing the ground affects the perception of the size of distant

objects [124]. Thus, such different upper and lower perceptual experiences were assumed to be

associated with posture changes.
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The relationship between posture and perception has been investigated in several studies,

which have shown that size [125], apparent size, and brightness [126] vary depending on the

position (or orientation) of the head. These phenomena are explained by proprioceptive theory,

which proposes that the size and brightness of an object is learned in a natural environment;

thus, an abnormal posture causes misestimation. In addition, studies have also investigated the

relationship between head orientation and depth estimation [127,128]. However, how perceptual

bias and the experiential context of perception affect their perception remains unclear.

To investigate this effect, I focused on the Necker cube, which is an ambiguous figure. The

Necker cube can be perceived as having two appearances̶one from above and one below. Fur-

ther, the perceived probability of the changes in appearance depend on priming [129], top-down

intention [63], eye movement [90], and eye position [91]. Moreover, the probability of initial per-

ception has been shown to be greater when an object’s appearance is perceived from above than

from below and reflects the viewing-from-above bias [64]. Taken together, perceived probability

changes due to various factors. In this study, I hypothesized that such changes in probability

caused by perceptual bias are also dependent on posture.

In a study with a similar purpose, participants’ behaviors were shown to affect perceptual

bias [130]. This study that used a stimulus of a structure-from-motion cylinder, which may

be perceived as rotating either clockwise (CW) or counterclockwise (CCW), investigated how

participants’ behavior affected perception. The results suggested that perception was formed by

linking visual input and motor function, which may be related to the sensorimotor system. How-

ever, in this experiment, the action input occurred concurrently with the visual input. Therefore,

the following question remains: How is perceptual bias modulated by simply changing posture

without action input?

I devised a paradigm that presents the Necker cube in 3D space using a head-mounted display

to address this issue. I set the state at which the face is facing in front at 0 degrees and measured

the perceptual probability and the pupil diameter when facing five different angles (-60, -30, 0,

30, and 60 degrees), vertically and horizontally. Pupillometry was used, as the pupil diameter

is known to reflect a cognitive factor [82] and can estimate the perceptual state when seeing the

Necker cube [131]. Therefore, the pupil index was used to test whether the changes in perceptual
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probability accompanying changes in posture could be tracked. In addition, I applied the cueing

paradigm to test whether prior information affected perception differently depending on neck

posture [131]. Therefore, this study aimed to clarify the relationship between neck posture and

visual heuristics from the aspects of both behavioral response and pupil diameter, an established

physiological cognitive index.

4.2 Materials and Methods

4.2.1 Participants

Twenty-five healthy participants participated in Experiment 1 (mean age = 21.84 years, SD

= 1.03; 24 men, 1 woman). One participant who could not provide data due to mechanical

problems and one participant who misunderstood the instruction of the behavioral task were

excluded from the data of Experiment 1; thus, 23 responses were obtained for the final analytic

sample. In Experiment 2, 19 healthy participants participated (mean age = 22.3 years, SD

= 1.05; 19 men). To estimate the sample size of the participants, a-priori power analysis

was performed using PANGEA [132] (Power ANalysis for GEneral Anova designs; see also

www.jakewestfall.org/pangea). Assuming a medium effect size (Effect size (d) = 0.45), α = 0.05

and β (statistical power) = 0.95 was set. In the design of Experiment 1, I was interested in both

3-way and 2-way interactions, hence, I calculated the number of participants with statistical

powers above 0.95 in both cases. In the design of Experiment 2, the number of participants

was computed fixed to a second-order interaction. According to the calculations, the number

of participants was estimated to be 22 participants in Experiment 1 and 23 participants in

Experiment 2. These sample sizes are considered reasonable because they are close to the

previous study investigating perceptual bias of Necker cube using pupillometry [131]. I recruited

students from the university based on the estimated sample size. In Experiment 2, the number of

applicants did not reach the target sample size, therefore, post-hoc analysis was performed. The

statistical power was 0.99 based on the effect size of the result of Experiment 2 and the number

of the participants. In both experiments, the male-female ratio of the subjects was biased,

but since gender would not play a role in the illusory effect and/or pupil response, I recruited

participants as they came. It was by chance that I had an over-representation of men. (It seems
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to be a normal number considering that the male-female ratio at the university population is

9:1). The experimental procedures received approval from the Committee for Human Research

at the Toyohashi University of Technology. Participants provided written informed consent, and

the experiment was conducted in accordance with the guidelines of the committee.

Stimuli and apparatus

I used three kinds of images in Experiment 1, all of which were generated based on a previous

study [64]. The first image was a wireframe drawn Necker cube (Figure 4.1a). The second and

third images were unambiguous cubes, one as viewed from above (VFA) (Figure 4.1b) and the

other as viewed from below (VFB; Figure4.1c). The color of the cube edges were white (R, G,

B = 255, 255, 255) on a grey background (R, G, B = 128, 128, 128). These Necker cubes were

placed in the virtual reality (VR) space at a distance of 100 Unit with a size of 4×4 Unit (“Unit”

is an arbitrary unit representing the length in the Unity environment: 1 Unit is approximately

1 m) and the visual angle was 2.29◦×2.29◦. The fixation cross was black (R, G, B = 0, 0, 0)

with a 1.15×1.15 size in visual angle. These images were first created with GIMP and adjusted

with Unity.

In Experiment 2, I used the Necker cube and three background contexts (Figures 4.1a and

4.1c). One was a context that simulated the appearance from above (Figure 4.1c Top), and the

second was a simulation that simulated the appearance from below (Figure 4.1c Middle). These

two were flipped upside down and had the same brightness. The third background context was

a grey-filled cube with no upper and lower cue created by Matlab (Figure 1c Bottom). The

average luminance of these stimuli were 37.61 cd/m2. The Necker cubes were placed in the VR

space at a distance of 100 Unit with a size of 2×2 Unit, and the visual angle was 1.15×1.15.

These contents were placed in the VR space at a distance of 100 Unit with a size of 12×24 Unit,

and the visual angle was 6.89×13.69.

All stimuli were shown on a Head Mount Display (HMD; HTC VIVE, HTC Corporation,

Taiwan) at 2,160×1,200 pixels with a refresh rate of 90 Hz. An HTC VIVE controller (HTC

VIVE, HTC Corporation, Taiwan) was used to obtain participants’ behavioral responses.
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Fig. 4.1: Stimuli used in Experiment 1 and 2.

(a) The example of the main stimulus: A Necker cube stimulus was used that evoked bistable
perception from above and below. (b) VFA (left) and VFB (right) cubes. In Experiment 1,
they were presented before the stimulus (a) as a cue. They were created by removing some
lines from (a) to aim to bias perception viewing from above or bottom. These stimuli were the
same as flipping upside down and stimuli properties were the same. (a) and (b) were drawn
with white edges in the experiment. (c) Examples of background contexts used in Experiment
2. One of the three background contexts (VFA: top, VFB, middle, Control; bottom) was
presented around the stimulus of (a) randomly. The VFA and VFB stimuli are the same when
reversed upside down. The control stimulus was filled to have the same luminance as the
average luminance of other background stimuli.
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Procedure

First, participants wore an HMD and adjusted the head belt according to the size of their heads.

Thereafter, a five-point calibration was performed for acquiring the positions of both eyes and

the eye gaze. The interpupillary distance was set to 64.1 mm, which is the average interpupillary

distance for Japanese men [133]. Participants were seated in a chair and given a VIVE controller

to hold. The experiment was performed in a 3D virtual space, but the stimuli were presented as

a planar image. The fixation cross was shown for 1,000 ms, and then a cube with either the top

or bottom side rendered opaque was presented for 1,000 ms as a cue (hereafter called “cue”).

Two kinds of images were randomly used as cues: one yielded the perspective of a cube seen

from above and the other a perspective from below. After the cue, the standard Necker cube

was shown (by removing the surface shading while leaving the standard wireframe) for 2,000

ms. At its offset, participants reported, by pressing one of two forced-choice keys, which percept

they saw initially and whether a reversal to the alternative perspective occurred while viewing

the empty cube. The experiment consisted of two blocks: vertical and horizontal conditions

according to the stimulus presentation positions. The stimuli’ presentation angle was set to 0

degrees with the head horizontal to the ground, and angle conditions were set to -60, -30, 0, 30,

and 60 degrees (vertical and horizontal) in each block. The conditions were 20 (each cue type

× five angle types × vertical and horizontal block), with 16 trials each for a total of 320 trials.

Trials in the block were randomized, divided into four sessions, and sufficient breaks were given

between sessions. The order between two blocks was counterbalanced by inverting it for every

other participant. Participants were instructed to look at the center of the stimuli as much as

possible during each trial. The timeline of one trial in Experiment 1 is shown in Figure 4.2a.

In Experiment 2, the background context and the Necker cube stimulus were used to in-

vestigate the relationship between the background context and posture. A fixation point was

presented for 2,000 ms, a Necker cube with one of the three contexts for 3,000 ms, and then

participants responded to the appearance of the Necker cube. The timeline of one trial in Ex-

periment 2 is shown in Figure 4.2b.
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Fig. 4.2: Illustration of the timeline of the experiments.

(a) Flow of one trial in Experiment 1. Participants shook their heads and looked for a fixed
fixation point at one of the five angles. In the example of the figure, it is a trial at 60 degrees.
After 1,000 ms of gazing at the fixation point, a cue was presented for 1,000 ms, and then the
stimulus was presented for 2,000 ms. Participants then responded about their perception. (b)
The flow of one trial in Experiment 2. The general flow was similar to 1, but the fixation point
was for two seconds, and the stimulus and background context were presented for three
seconds concurrently. The question has been simplified to one.

4.2.2 Recording and Analysis

Behavioral Analysis

From the participants’ key-press responses, I calculated the probability that they perceived the

VFA appearance of the cube. A three-way repeated-measures ANOVA was conducted using

the average probabilities for each cue (VFA and VFB), each angle (-60, -30, 0, 30, 60), and

each direction (vertical and horizontal) as within-subject factors in Experiment 1. A two-way

repeated-measures ANOVA was conducted using the average probabilities for each angle (-60,

-30, 0, 30, 60) and each context (VFA, VFB, Control) as within-subject factors in Experiment
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2. Pairwise comparisons for main effects were corrected for multiple comparisons using Shaffer’s

MSRB (Modified Sequentially Rejective Bonferroni) Method, and the level of statistical signifi-

cance was set to p < 0.05 for all analyses. The Greenhouse-Geisser corrections were performed

when the results of Mauchly’s sphericity test were significant. The data were analyzed using

Matlab 2018b (MathWorks, Natick, MA, USA) and R (4.0.2) with a tool for ANOVA (anovakun

version 4.8.5).

Pupil recording and analysis

Pupil sizes and eye movements were measured during the task with Optional Corrective Lenses

(VIVE Pro Eye with Tobii Eye Tracking, Tobii, Sweden) at a sampling rate of 120 Hz. Eye

movements were monitored from both eyes. For analyses, I used pupil diameters from the left

eyes. Interpolation was performed in the part where pupil diameter data could not be obtained

due to eye blinking using cubic spline interpolation. Pupil recordings were smoothed using a

sliding average (83.3 ms time window). Trials with a change in pupil diameter of more than 0.06

[mm/ms] were assumed to be artifacts and were excluded from the analysis. One participant’s

data, which had no trial in any of the conditions due to this analysis, was rejected from the

analysis in Experiment 1. In the time-course analysis, each trial was normalized by subtracting

pupil size at stimulus onset from the baseline pupil size. Baseline pupil size was computed as

an average of data collected 200 ms prior to the stimulus onset (0 ms). This onset refers to the

cue presentation in Experiment 1 and the stimulus presentation in Experiment 2. I calculated

the time course of the trial’s average pupils in all conditions (two cues, five angles, and two

directions in Experiment 1). Specifically, the average pupil diameters from 1,000 ms to 3,000 ms

after the cue presentation were calculated (during the stimulus presentation for two seconds),

and a three-way repeated-measures ANOVA was performed to assess the presence of significant

differences in pupil diameter with cue (VFA, VFB), angle (-60, -30, 0, 30, 60) and direction

(vertical and horizontal) as within-subject factors in Experiment 1. Similarly, in Experiment

2, the averaged pupil diameter was calculated, and a two-way repeated-measures ANOVA was

performed to assess the presence of significant differences in pupil diameter, with angle (-60, -30,

0, 30, and 60) and context (VFA, VFB, and Control). Pairwise comparisons for main effects

in the ANOVA were corrected for multiple comparisons using Shaffer’s MSRB method and the

level of statistical significance was set to p < 0.05 for all analyses.
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4.2.3 Results

Experiment 1

We first analyzed the average probability of VFA perception in each condition (Figure 4.3). A

three-way ANOVA revealed a significant first-order interaction of averaged probability of VFA

perception between direction and angle (F(3.29,72.39) = 4.29, p = 0.006, η2p = 0.16). Subse-

quent analysis showed that there was a simple main effect for angle in the vertical condition

(F(2.55,56.04) = 6.29, p = 0.002, η2p = 0.22). Importantly, following a multiple comparison for

angle in the vertical condition, the probability of VFA perception in the -30 and -60 degrees

conditions were greater than in the 60 degrees condition (t(22) = 3.33, p = 0.003, padj = 0.03;

t(22) = 3.11, p = 0.005, padj = 0.03, respectively). The ANOVA also revealed a signifi-

cant main effect of the cue and angle condition (Cue:F(1,22) = 10.76, p = 0.003, η2p = 0.32;

Angle:F ((1, 22)) = 5.40, p = 0.003, η2p = 0.20). All other conditions and their interactions were

nonsignificant.
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Fig. 4.3: Behavioral results in Experiment 1.

(a) The averaged probability of VFA perception between cue and angle conditions in the
vertical condition across all participants. (b) The averaged probability of VFA perception
between cue and angle conditions in the horizontal condition across all participants. The white
line indicates the mean of participants, the light color indicates 1.96 SEM (95% confidence
interval), and the dark color indicates 1 SD. Each grey dot indicates the mean of each
participant. Each color represents the angle at which the stimulus was presented.
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I then analyzed and compared the pupil diameter between the conditions (Figure 4.4). The

three-way ANOVA revealed a significant first-order interaction of average pupil diameter be-

tween direction and angle (F(2.40,50.36) = 20.26,p < 0.0001,η2p = 0.49). Subsequent analysis

showed that there was a simple main effect for angle in the vertical condition (F(2.39,50.21) =

27.24,p < 0.0001,η2p = 0.56). Importantly, following a multiple comparison for angle in the

vertical condition, pupil diameter of -60 degrees was smaller than in all other conditions (vs.

60: t(21) = 6.31, p < 0.0001,padj < 0.0001; vs.30: t(21) = 6.95,p < 0.0001,padj < 0.0001;

vs.0: t(21) = 5.89,p < 0.0001,padj < 0.0001; vs.-30: t(21) = 5.05,p = 0.0001,padj = 0.0003)

(Figure 4.4c). Moreover, following a multiple comparison for angle in the vertical condition,

pupil diameter in the -30 degrees condition was smaller than in the 60, 30 and 0 degrees

conditions(t(21) = 4.45,p = 0.0002,padj = 0.0009; t(21) = 5.23,p < 0.0001,padj = 0.0002;

t(21) = 3.74,p = 0.0012,padj = 0.0049,respectively). The multiple comparison also showed pupil

diameter in the 0 degrees condition were smaller than in the 60 and 30 conditions (t(21) =

2.77,p = 0.0114,,padj = 0.0342; t(21) = 2.60,p = 0.0167,,padj = 0.0342,respectively). On the

other hand, a simple main effect for the direction and angle interaction was not significant in

the angle in the horizontal condition (F(2.90,60.96) = 0.78,p = 0.504,η2p = 0.03). Since there were

many factors and the results were complicated, only the important results were shown here. See

also Table4.1,4.2,4.3,4.4 for all statistics.

Taken together, our results suggested that the perception of Necker cubes changed depending

on neck posture; however, there were two concerns. The first was the dynamics in the pupil

diameter of early latency at the time of cueing, which may have reflected the noise of the move-

ment of the neck before the stimulus presentation. The second concern was that the pupillary

responses might include the effect of the cueing stimulus itself. To address this problem, in

Experiment 2, we tried to reduce the noise of the movement by setting the head fixing time to

be extended by two seconds. In addition, we tested whether the same effect can be obtained by

changing the background context, instead of cueing, to confirm it was not a cue-specific effect.
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Fig. 4.4: Pupillary results in Experiment 1.

(a) Time course of averaged pupil diameter when cued VFA in the vertical condition across all
participants. (b) Time course of averaged pupil diameter when cued VFB in the vertical
condition across all participants. (c) Averaged pupil diameter from one to three seconds for
each condition in the vertical condition. (d) Time course of averaged pupil diameter when cued
VFA in the horizontal condition across all participants. (e) Time course of averaged pupil
diameter when cued VFB in the horizontal condition across all participants. (f) Averaged
pupil diameter from one second to three seconds for each condition in the horizontal condition.
In (a), (b), (d), and (e), the line shows the average pupil diameter and the shaded color shows
the standard error of the mean. In these figures, the cues were presented in the range from
zero to one second, and the ambiguous Necker cube was presented from one to three seconds
(the range of baseline was -200 ms to zero seconds, which was presented as the fixation point).
In (c)and (f), the white line indicates the mean of participants, the light color indicates 1.96
SEM (95% confidence interval), the dark color indicates 1 SD, and each grey dot indicates the
mean of each participant. Each color represents the angle at which the stimulus was presented.
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Table 4.1: All ANOVA results from the pupillary analysis of Experiment 1.

Source SS df ms F value p value sig.1 p.eta^2

s 4.24 21.00 0.20 - - -

Direction 0.02 1.00 0.02 0.80 0.3819 ns 0.0366

s x Direction 0.56 21.00 0.03 - - -

Cue 0.02 1.00 0.02 4.84 0.0391 * 0.1874

s x Cue 0.07 21.00 0.00 - - -

Angle 0.30 2.81 0.11 17.21 0.0000 *** 0.4504

s x Angle 0.37 59.11 0.01 - - -

Direction x Cue 0.00 1.00 0.00 3.38 0.0802 + 0.1386

s x Direction x Cue 0.02 21.00 0.00 - - -

Direction x Angle 0.40 2.40 0.17 20.26 0.0000 *** 0.4910

s x Direction x Angle 0.42 50.36 0.01 - - -

Cue x Angle 0.01 3.23 0.00 0.72 0.5516 ns 0.0333

s x Cue x Angle 0.16 67.78 0.00 - - -

Direction x Cue x Angle 0.01 3.09 0.00 0.89 0.4511 ns 0.0409

s x Direction x Cue x Angle 0.17 64.87 0.00 - - -

Total 6.77 439.00 0.02 - - -
1 +p < .10, *p < .05, **p < .01, ***p < .001
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Table 4.2: Simple effects for direction × angle interaction from the pupillary analysis of Experiment
1.

Source SS df ms F value p value sig.1 p.eta^2

Direction at 60 0.07 1.00 0.07 6.09 0.0222 * 0.2249

s x Direction at 60 0.24 21.00 0.01 - - -

Direction at 30 0.03 1.00 0.03 1.76 0.1985 ns 0.0775

s x Direction at 30 0.33 21.00 0.02 - - -

Direction at 0 0.00 1.00 0.00 0.13 0.7216 ns 0.0062

s x Direction at 0 0.13 21.00 0.01 - - -

Direction at -30 0.03 1.00 0.03 8.47 0.0084 ** 0.2874

s x Direction at -30 0.08 21.00 0.00 - - -

Direction at -60 0.29 1.00 0.29 30.74 0.0000 *** 0.5942

s x Direction at -60 0.20 21.00 0.01 - - -

Angle at vertical 0.69 2.39 0.29 27.24 0.0000 *** 0.5646

s x Angle at vertical 0.54 50.21 0.01 - - -

Angle at horizontal 0.01 2.90 0.00 0.78 0.5038 ns 0.0360

s x Angle at horizontal 0.25 60.96 0.00 - - -
1 +p < .10, *p < .05, **p < .01, ***p < .001
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Table 4.3: Multiple comparisons for angle in the vertical condition from the pupillary analysis of
Experiment 1.

pair difference t df p.value adj.p significance1

30--60 0.1439 6.95 21 0.0000 0.0000 30 > -60 *

60--60 0.1534 6.31 21 0.0000 0.0000 60 > -60 *

0--60 0.1080 5.89 21 0.0000 0.0000 0 > -60 *

30--30 0.0769 5.28 21 0.0000 0.0002 30 > -30 *

-30--60 0.0670 5.05 21 0.0001 0.0003 -30 > -60 *

60--30 0.0864 4.45 21 0.0002 0.0009 60 > -30 *

0--30 0.0410 3.74 21 0.0012 0.0049 0 > -30 *

60-0 0.0454 2.77 21 0.0114 0.0342 60 > 0 *

30-0 0.0359 2.60 21 0.0167 0.0342 30 > 0 *

60-30 0.0095 0.67 21 0.5078 0.5078 60 = 30
1 +p < .10, *p < .05, **p < .01, ***p < .001

Table 4.4: Multiple comparisons for the angle condition from the pupillary analysis of Experiment 1.

pair difference t df p.value adj.p significance1

30--60 0.0685 5.88 21 0.0000 0.0001 30 > -60 *

60--60 0.0676 5.23 21 0.0000 0.0002 60 > -60 *

30--30 0.0399 5.16 21 0.0000 0.0002 30 > -30 *

0--30 0.0247 4.58 21 0.0002 0.0010 0 > -30 *

0--60 0.0532 4.36 21 0.0003 0.0017 0 > -60 *

60--30 0.0391 3.87 21 0.0009 0.0036 60 > -30 *

-30--60 0.0285 2.49 21 0.0213 0.0850 -30 = -60

30-0 0.0153 1.86 21 0.0764 0.2293 30 = 0

60-0 0.0144 1.57 21 0.1324 0.2647 60 = 0

60-30 −0.0009 0.11 21 0.9161 0.9161 60 = 30
1 +p < .10, *p < .05, **p < .01, ***p < .001
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Experiment 2

Similar to Experiment 1’s analysis, I calculated and analysed the average probability of VFA

perception in each condition (Figure 5). A two-way ANOVA showed a significant main effect of

the probability in the context and angle conditions (Context:F(1.41,25.35) = 13.93, p = 0.0003,

η2p = 0.44; Angle: F(1.44,25.98) = 13.77, p = 0.0003, η2p = 0.43). A multiple comparison for the

context condition showed that the probability in the VFB condition was significantly smaller

than in the VFA and control conditions (VFB vs VFA: t(18) = 4.02, p = 0.0008, padj = 0.0024;

VFB vs Control: t(18) = 3.91, p = 0.0010, padj = 0.0024). In addition, a multiple comparison

for the angle condition showed that the probability in the -60 and -30 degrees conditions were

greater than in the 0, 30, and 60 degrees conditions ( -60 vs 0: t(18) = 4.73, p = 0.0002,

padj = 0.0017; -60 vs 30: t(18) = 4.53, p = 0.0003, padj = 0.0017; 60 vs -60: t(18) = 4.43,

p = 0.0003, padj = 0.0019; -30 vs 0: t(18) = 4.73, p = 0.0002, padj = 0.0017; -30 vs 30:

t(18) = 4.12, p = 0.0006, padj = 0.0039; -30 vs 60: t(18) = 3.99, p = 0.0009, padj = 0.0039;). All

other conditions and their interactions were nonsignificant.
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Fig. 4.5: The averaged probability of VFA perception between the cue and angle conditions across all
participants in Experiment 2.

The white line indicates the mean of participants, the light color indicates 1.96 SEM (95%
confidence interval), and the dark color indicates 1 SD. Each grey dot indicates the mean of
each participant. Each color represents the angle at which the stimulus was presented.
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The pupillary data were also analysed for each condition as in Experiment 1 (Figure 6). A two-

way ANOVA showed a significant main effect of average pupil diameter both in the context and

angle conditions (Context: F(1.69,30.49) = 6.10, p = 0.0083, η2p = 0.25; Angle: F(2.32,41.73) = 8.11,

p = 0.0006, η2p = 0.31). Interestingly, a multiple comparison for the context condition showed

that the average pupil diameter in the control condition was significantly greater than the VFA

and VFB conditions, unlike the behavioral results (Control vs VFA t(18) = 2.55, p = 0.0197,

padj = 0.0197; Control vs VFB t(18) = 3.71, p = 0.0016, padj = 0.0048;). Additionally, a

multiple comparison for the angle condition showed that the average pupil diameter in the -60

degrees condition was significantly smaller than all other angle conditions (-60 vs 60 t(18) = 3.32,

p = 0.0038, padj = 0.0230; -60 vs 30: t(18) = 3.62, p = 0.0020,padj = 0.0118; -60 vs 0:

t(18) = 5.67, p < 0.0001, padj = 0.0002; -60 vs-30: t(18) = 4.82, p = 0.0001, padj = 0.0008;). All

other conditions and their interactions were nonsignificant.
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Fig. 4.6: Pupillary results in Experiment 2.

(a) Time course of averaged pupil diameter when VFA context across all participants. (b) Time
course of averaged pupil diameter when VFB context across all participants. (c) Time course
of averaged pupil diameter when Control context across all participants. (d) Averaged pupil
diameter from one to three seconds for each condition in the vertical condition. In (a) and (b),
the line shows the average pupil diameter, and the shaded color shows the standard error of the
mean. In (c), the white line indicates the mean of participants, the light color indicates 1.96
SEM (95% confidence interval), the dark color indicates 1 SD, and each grey dot indicates the
mean of each participant. Each color represents the angle at which the stimulus was presented.
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4.2.4 Discussion

Neck posture modulates the effects of perceptual bias

The purpose of this study was to clarify the relationship between neck posture and visual heuris-

tics and investigated the perception of the appearance of Necker cubes placed in VR space in

various neck postures. As a result of Experiment 1, when looking down (at -60 and -30 degrees),

the probability of VFA perception of the Necker cube was significantly greater than when look-

ing up (at 60 degrees). Furthermore, the same effect was replicated in Experiment 2 (The VFA

probability in the -60 and -30 degrees conditions were greater than 0, 30, and 60 degrees in the

angle condition). Simply put, our experiments demonstrated that the effects of perceptual bias

differ depending on neck posture, even though the stimuli presented on the retinal information

was the same.

In a previous paper that investigated the perception of the inverted state of the head (by view-

ing from between the legs), the difference in perception from the normal posture was explained

by the change in the proprioceptive sensation of the head for an abnormal state [125,126]. The

physiological basis of this hypothesis is that proprioceptive information from the somatosensory

area in the postcentral gyrus is integrated with visual information (e.g., Dijkerman de Haan,

2007 [134]; Zangaladze, Epstein, Grafton, Sathian, 1999 [135]). In our experiments, the normal

neck angle used in daily life was adopted, but the effect of perceptual bias was changed. Thus,

the proprioceptive sensation of the head is more sensitive than previously considered and may

be adopted, even in normal postures, to shape perception.

In addition, one of the rational interpretations of our results is the Bayesian theory of per-

ception [112]. In previous studies, the perceptual probabilities of the appearance of ambiguous

figures were explained by this theory [64]. In the present study, the interpretation of the Necker

cube was explained by interpretation parameters combined, prior and posterior distribution,

over time as a perceptual decision-making model. Moreover, it is known that an observer’s prior

information and environmental distribution corresponded [114]. These results indicate that it

can also be explained by extending the Bayesian theory of perception. That is, I consider that

neck posture is incorporated in the Bayesian theory of perception as a variable that influences

perceptual stability. To illustrate, in daily life, we look down to see the appearance of the VFA
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cube. Conversely, the VFB cube can also be seen by looking up. Thus, it can be interpreted

that such perceptual experience and posture are linked and affect long-term memory related to

our perception.

The size of the pupil diameter is also consistent with perception probability

Interestingly, the pupil diameter was significantly smaller in the looking down condition (in the

case of the -60 degrees condition compared with other pupil diameters and in the case of the

-30 degrees condition compared with the 0, 30, and 60 degrees conditions). Contrary to what

I expected, the large change of pupil diameter in Experiment 1 was evoked before the stimulus

presentation. This early pupillary response is assumed to be due to neck movement rather than

visual stimulation considering the latency of the pupil diameter. In fact, in Experiment 2, as the

head fixation before the presentation of the stimulus was extended to two seconds, the baseline

of the pupil diameter aligned. This difference in this early pupil diameter might reflect the locus

coeruleus (LC)-norepinephrine (NE) system which evokes an inhibitory effect on the parasympa-

thetic oculomotor complex by the release of norepinephrine from the LC, which is also involved

in postural control [107,136,137]. The LC is also involved in postural control [138]. In addition,

noradrenergic LC neurons are also involved in the vestibulo-autonomic reflex [139]. Thus, our

results indicated that the modulation of the LC activity caused by the postural control of the

neck changed pupil diameter.

It is important to further consider whether this pupillary change is directly related to percep-

tual change. The pupils are the window of visual inputs, and in previous studies, pupil diameter

had a direct effect on the feedforward response in the early visual cortex independent of psy-

chological factors [140]. This poses the following questions: is it directly related to the fact that

the size of the pupil is consistent with perception? Or is it the outcome of cognitively reflecting

the subject’s perception? These points should be further investigated in future studies.

In the result of Experiment 2, except for the early change in pupil diameter that was ex-

pected to be caused by postural control, the average pupil diameter in the control condition

was significantly greater than in both the VFA and VFB conditions. Since the brightness of

these background contexts was controlled to be the same, it can be deduced that there is almost
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no physical intensity of light effect on the pupil diameter. Background contexts are known to

contribute to perceptual stability [64, 141]; therefore, the attentional load is considered to be

greater with no context than with a context. In addition, increased attentional effort dilates

pupil diameter [83,111,142]. Therefore, our results could be interpreted as the attentional load

reflected in the pupil diameter.

This study had several limitations that should be considered. Firstly, the change in pupil

diameter was unexpected before the stimulus was presented. In Experiment 2, considering that

the baseline was almost the same after two seconds of moving the neck, the change subsided

within two seconds after the change in neck posture. However, the exact latency and amount of

change in pupil diameter due to the change of the neck remains unclear. Thus, further research

is needed to investigate the details of this change in pupil diameter. Secondly, the vertical move-

ment of the neck caused a difference in perception; however, it was unclear whether this was due

to the direction of gravity, related to the position of the stimuli: the top and bottom, or due to

the body coordinate system. Consequently, further research is needed on whether not only the

posture of the neck but also the posture of the whole body affects perceptual bias.

4.2.5 Conclusion

The purpose of this study was to clarify the relationship between neck posture and visual

heuristics from the aspects of both behavioral response and pupil diameter, an established

physiological cognitive index. Our results showed that the probability of the viewing-from-

above bias perception of the Necker cube was significantly greater when looking down than

when looking up. Interestingly, the pupillary results were also consistent with the probability of

perception. These results indicate that perception was modulated by neck posture and suggest

that neck posture is incorporated into ecological constraints. To our knowledge, this is the first

study to link pupil diameter, perceptual heuristics, and posture. This indicates that postural

changes affect perception and that pupil changes intervene to track the perceptual changes.

Besides, by investigating cognitive processing in various postures and movements in VR space,

the relationship between body and perception will become clearer.
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Chapter 5

Conclusion

In this thesis, we aimed to quantify subjective perception through the experiments in Chapters

2, 3, and 4. Since it is difficult to directly measure the perceptual contents, in this study, an

index of attentional state such as EEG and pupil diameter was used to estimate the perceptual

contents.

Specifically, I investigated the simultaneous measurement of EEG and pupil diameter in am-

biguous figures. Additionally, I investigated the perceptual bias when observing ambiguous

figures using pupillometry. Furthermore, this study was extended to conditions with changes in

neck posture using a VR environment. In this section, I summarize the findings and contribution

of my study. In addition, I describe how my findings help quantify subjective perception.

5.1 Summary

Perceptual Switches predicted using the SSVEP and Pupillometry

In order to clarify the relationship between attentional state and the pupil diameter during par-

ticipant observed bistable figure, in this study, I performed the measurement of SSVEP and the

pupil diameter simultaneously. Rotating sphere stimuli (RDK stimulus) composed of flickering

dots with black and white for tracking pupillary change was used as the presentation stimulus.

Resultantly, a significant difference was found in the SSVEP amplitude during left-right rotated

perception. Furthermore, a change in pupil diameter seems to be a shift of attention target

before observer response of perceptual switches. These results indicated that shift of attention

might be the trigger for the perceptual switches.
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Pupil measurement on the cueing Necker cubes

I hypothesized that a perceptually ambiguous or bistable object (Necker cube) can be more

effectively biased in assuming a point of view-from-above (VFA) than from below the object,

by cueing attention. In the results of my experiment, I found the presence of a VFA bias with

forced attention, which was accompanied by reduced attentional effort, as indexed by a reduced

pupil diameter, compared with the view-from-below. On the other hand, participants showed

no bias during passive viewing. From these pieces of evidence, I suggested that the level of

intensive attention, when retrieving and maintaining a specific view from memory, is mirrored

in the size of the eye pupils and may reflect ecological constraints on visual perception.

The bias of ambiguous figure and posture

In this study, I investigated how perceptual bias and experiential contexts of human perception

affect the observer’s perception when the posture is changed. I hypothesized that a change in

the perceptual probability caused by perceptual bias also depends on posture. To verify this

hypothesis, I focused on the Necker cube, which can be interpreted as two types of appearance

from above and below although the input is constant, and investigated the change of the prob-

ability of perceptual content. Specifically, I conducted it by asking observers their perception

of the appearance of the Necker cube, placed at any of the five angles in the space of virtual

reality with pupillometry. Consequently, during the condition of looking down vertically, the

probability of viewing-from-above perception of the Necker cube was significantly greater than

during the condition of looking up. Interestingly, the pupillary results were also consistent with

the probability of the perception. These results indicate that perception is modulated by the

posture of the neck and suggest that neck posture is incorporated into ecological constraints.

5.2 Towards the quantification of subjective perception

Here, I discuss how my study could have contributed to subjective quantification and what

should be done in the future to quantify subjective perception.

The contribution of this study to the quantification of subjective perception can be summa-

rized in the following two points. First, I showed that subjective perception could be extracted
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by using SSVEP stimuli to extract attentional states. Second, I also found that perceptual bias

related to subjective perception can be extracted from the pupillary response, one of the phys-

iological indices. Specifically, I showed that perceptual bias could be extracted under specific

attentional conditions. Furthermore, I found that the strength of the perceptual bias depends

on changes in neck posture. It was essential that I was able to find conditions under which these

physiological indices correlate with subjective perception.

　 However, some limitations should be noted. First, this study examined a method for ex-

tracting subjective perception, and the above points were clarified to conduct statistical analysis.

It is desirable to make it possible to extract at the single-trial level in the future. As one ap-

proach to realize this, I believe that combining measure eye movements, such as optokinetic

nystagmus (OKN), with this study may provide richer information and enable estimation of

subjective perception with higher accuracy. For example, recent study showed transparent mo-

tion could be estimated by pupil diameter and eye movements [58]. Interestingly, it mentions

that the pupil response and OKN have different latency. This difference in response means that

each has distinct characteristics, which may be helpful for perceptual estimation.

　 Second, there were individual differences in the performance of participants’ tasks. There-

fore, it is necessary to consider an experimental paradigm and analysis to focus on individual

differences. Further investigation would lead to identifying factors for resolving the ambiguity

and why individual differences occur. These also will help quantify the subjective perception.

　 Third, I aimed to extract the perceptual content itself from the physiological index in this

study. Still, as a result, I only extracted the attentional states correlated with the perceptual

contents. In order to extract perceptual contents itself, it is important to understand how the

mechanisms of subjective perception are produced. This is an issue to be resolved in future

research.

　 Finally, in this study, I focused on ambiguous figures and estimated participants’ per-

ceptions. However, in reality, it is necessary to estimate richer information. Techniques for

decoding and reconstructing what the observer sees are also important, rather than a selection

task such as two-alternative forced choice. In recent years, with the development of deep learn-

ing, the appearance of humans has been reconstructed from fMRI brain images in the visual
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cortex [143](however, it is necessary to discuss whether the information in the early visual cortex

represents subjective perception). Such techniques may help reconstruct subjective perception

in the future.
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