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From “Impossible” to “Possible”: Investigating Perceptual Inference and Neural
Activity on 3D Impossible Objects

Yi-Chen Hsieh

Abstract

We lean on matching sensory inputs with experiences to process the dazzling world. Our
brain tends to make predictions to facilitate this processing; however, the brain could
commit errors—illusions. In contrast to the various research on 2-dimensional (2D)
optical illusory stimuli, there is hardly any empirical neural investigation of 3D authentic
misrepresentation. Professor Kokichi Sugihara, a Japanese mathematician as well as
artist, has turned the 2D illusions into 3D impossible objects, which allowed in-depth
investigation into these intriguing perceptual field. Professor Kokichi Sugihara kindly
provided the authentic 3D impossible objects whose appearance from the front view is
incongruent with their reflection in the mirror. After conducting a spatial aptitude test to
select 30 suitable 3D objects for this study, I created a set of video clips of authentic 3D
impossible objects. Through the designed tasks: the peekaboo task and the perceptual
inference task, I investigated the incongruent perceptions and the neural dynamics
underlying the inference process of 3D illusion with the electroencephalogram (EEG).
The result of the peekaboo task revealed significant differences between impossible
objects and their counterparts in the time segment after the expected or unexpected
sensory data inputs, which reflected the potential predictive error signals and also
possible affective arousal. Applying multivariate pattern analysis (MVPA) to
simultaneous EEG recordings, my result indicated that the impossible objects can be

discriminated from the possible ones in the perceptual inference task, even between two
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configuration levels. With these exploratory results, this study highlights the neural
dynamics underlying illusory-like perception and sheds the light on the sensory
processing of these unique 3D impossible objects.
Keywords: 3D impossible object, illusion, prediction error, perceptual inference,
electroencephalogram (EEQG), event-related potential (ERP), event-
related spectral perturbation (ERSP), multivariate pattern analysis

(MVPA)

vi

doi:10.6342/NTU202210143



Table of Contents

Verification Letter from the Oral Exam Committee.........o.cceveerseecssenssncsssesssnesssecsoncsns i
ACKNOWICAZEIMENLS ....cuueriernriessrnensrncssrncsssncssssesssssssssssessssesssssosssssossssssssssssssnssossisssssnsss il
CRINESE ADSIIACE c..uceeiuiiireeisenisnecsnissaesseesssecsanssssnsssecsssessanssssssssassssesssssssassssasssssssassssassss iv
EnNGliSh ADSEraCE....uucicieiiiicniiiiiniiinniinsttinssnisssicsssnessssiesssssssssssssssssssssssssssssssssssssssssssssses v
Chapter 1. General INtroduction.........c.eiieiveecssncsssenissssncssssnesssrcssssscsssssssssssssssessssssses 1

L. 1. THUSOTY PTCEPHION. .....couveieriiriiiicicireieiieieeisi et 1

1.2. Turning Professor Kokichi Sugihara’s Unique Visual Arts into Experimental

Stimuli to Study Perceptual PrOCESS ........ocviiviniiininieneireseiseecseiseesiseessssiseseenes 2

1.3. Sensory Prediction Error SigNals ..o 3
1.4. Perceptual INETENCE.........ccuuivieiceircieee ettt 5
1.5. RESEAICH PUIPOSES ...ouvvieiiriiciicie et 6
Chapter 2. Material and Methods..........ccoeiievveriisvnisssnnesssencssnicssencssssscsssssssssssssssseses 7
2.1, PATTICIPANES ..ottt 7
2.2 SHIMULT oot 7
2.3. Experimental PrOCEAULE ..ot 7
2.4. EEG Acquisition and Data ANalySiS........coceuruiriniierniinecineieeneinesesesesessesesesseneees 10
2.5. StatiStICAl ANALYSES ....cuuivrriiireiiiiciecireie sttt 12
Chapter 3. ReSULLS.....uuiiiiiiiiniiiiiiiiisiinssnicssnnissssnissssnessssnessssnessssnessssssssssssssssssssssssssses 13
3.1 PeeKabO0 TaSK ..ottt 13
3.2. Perceptual Inference Task.........coiniiiniesccee e 15
Chapter 4. Discussion and CONCIUSION .....ccceeevvericrsnrisssrrcssnicssnncssssncssssscsssssssssssssssses 19

vii

doi:10.6342/NTU202210143



4.1. Overlaid ERP Components and Distinct Oscillation Pattern in the Peekaboo Task

4.2. Successfully MVPA Decoding and the Role of the Frontal-Parietal Network in

the Perceptual Inference Task ... 21

4.3. Limitation and FUture StUdies ... 23
RETCIEINCES....uueereereinreninreninntenneneentinaeseessessesnessesssessnsssesssessssssessssssssssesssessasssessassane 25
TADIES cceneereerenientinninienenneniesensnesnesseessissessnessesssessnsssesssesssessessnsssassssssessassssssaessassans 33
FRGUIES coueinnniiiniiiiniinnniinsnninnnnisssnnissssnessssessssnesssssessssnosssssosssssssssssossssssssssssssssssssssssssns 35
APPEIAIX A coconnrriininnicssnnecsssnessssnesssssesssssssssssossssssssssssssssssssssesssssssssssossssssssssssssssssssssssssns 43
SHMUIL SELECHION ...ttt 43
PATTICIPANES ...t bbb 43
TASK DIESIGN.....ouvererireicieii sttt 43
TASK RESUILS ... 44
Configuration Complexity Level Reassigned ..., 45
FIGUIE A ..o 47
TADLE A .o bR 51
APPENAIX Buooenriiiiniiiinrinnsnninisnninsssicssssicsssicssssssssssesssssssssssesssssssssssosssssossssssssssssssssssssns 61
FIGUIE B ot 61
TADIE B ..ot 67

viii

doi:10.6342/NTU202210143



Chapter 1. General Introduction

1.1. Illusory Perception

The world we live in is not beyond imagine, this allows us to handle various
events. With the build-in internal models, we can make use of previous experience and
newly input to face this predictable world. As “anticipatory systems” (Alink,
Schwiedrzik, Kohler, Singer, & Muckli, 2010), we construct predictive models to make
sense of incoming information effectively. The brain in between act as a “prediction
machine” (Anderson, Dakin, & Rees, 2009) that generate top-down expectations and
match wide-ranging sensory inputs in order to facilitate sensory processing. However,
there are some consequences of predictive perception, and one of the famous examples
is an illusion.

It may be fun to perceive illusions, as they usually provide us with surprising
experiences that are out of our expectations, but the understanding of how they work is
even more stimulating and sustainable. Conventionally, they are regarded as “failures”
or “biases” of perception and can be therefore used to probe the limits and capacity of
our perceptual systems (Coren, 2012). Instead of referring to them as failures, on the
other hand, Bayesian considerations posit that illusions are still optimal perceptions
(Friston, 2005, 2010; Friston, Kilner, & Harrison, 2006). The main point made by this
line of research is that illusory percepts occur when the individual encounters stimuli
which link to vague or multiple prior beliefs that are incongruent with current sensory
input. These kinds of stimuli are ambiguous and could be explained by different
underlying causes. To reconcile this ambiguity, under the framework of Bayesian
inference, the perceptual system would compute the most likely explanation (i.e., the

posterior probability) by combining all the prior beliefs about the hidden causes with the
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existing sensory input. The results are not just illusions but are also optimal percepts in
the given situations.

The idea above has been supported by several studies (e.g., Purves, Shimpi, &
Lotto, 1999), however, the empirical investigation of its neurobiological foundation is
still scarce. The scarcity was mainly due to the limitation of available stimuli, most of
which are 2-dimensional (2D) optical illusory figures (e.g., Douglas, 2017; Freud,
Ganel, & Avidan, 2015; Friedman & Cycowicz, 2006; Shigemura, Yoshino, Kobayashi,
Takahashi, & Nomura, 2004; Wu, Li, Zhanga, & Qiu, 2011). This limitation restricts the
experimental design of illusory related study and confines the illusory related study to
2D illusions. Thanks to Professor Kokichi Sugihara, a world-famous Japanese
mathematician as well as artist, has turned the well-explored 2D illusions into 3D
impossible objects, which allowed in-depth investigation into these 3D illusions. Taking
advantage of Professor Kokichi Sugihara’s collections, I designed a series of tasks to

explore the 3D illusory and incongruent perceptions with electroencephalogram (EEG).

1.2. Turning Professor Kokichi Sugihara’s Unique Visual Arts into Experimental
Stimuli to Study Perceptual Process

Dr. Sugihara created a series of 3D objects, which seem to violate optical physics
and realize the “anomalous mirror symmetry” (Sugihara, 2016a). I adopt the third to
sixth generations of 3D impossible objects which created and named by Kokichi
Sugihara (Sugihara, 2015, 2016a, 2016b, 2018a, 2018b). They are all authentic 3D
structures with a unique feature: their appearance from the front view is so incongruent
with their reflection in the mirror that the viewer is hard to believe that they are the

same objects. This gives rise to an opportunity of disentangling the two-component
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processes of Bayesian perceptual inference: the integration of prior belief with sensory
input and the perceptual inference (Friston et al., 2006).

Specifically, as the peekaboo-like scenario demonstrated by Sugihara, when
individuals are presented with a 3D impossible object with a covered mirror behind it,
they would formulate a prediction on the configuration of the object (i.e., prior belief)
based on its front-view appearance. Later, at the time the mirror is uncovered to show
the reflection of the object to the individuals, a strong prediction error (PE) of the
configuration would occur as the perception system of the individuals cannot integrate
the prior belief with such incongruent sensory inputs. Then, the object would be rotated
to show its whole configuration, and the perceptual system of the individuals could thus
reconcile the incongruent percepts and make an inference on why the object has dual
appearances. The time courses PE signaling and perceptual inference are separated in

this kind of setting, which were modified as the experimental tasks of this study.

1.3. Sensory Prediction Error Signals

One of the main goals of the study is characterizing the PE signaling elicited by the
incongruence between the front-view appearance of the 3D impossible objects and their
alternative appearance in the mirror. Several studies have tried to provide evidence for
sensory PE signals, but these studies rarely included the sensory illusory perceptual
scene. Most of these studies emphasized on repetition and expectation suppression or
pattern-violation (e.g., Wacongne Labyt, van Wassenhove, Bekinschtein, Naccache,
Dehaene, 2011; Stefanics, Kremlacek, Czigler, 2014; Symonds, Lee, Kohn, Schwartz,
Witkowski, & Sussman, 2017).

The present study chose to use electroencephalogram (EEG), which is known as a
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non-invasive measure of brain activities with high temporal resolution (Luck, 2014), to
identify the sensory PE signals. Event-related potentials (ERP), which can be elicited by
a wide variety of sensory (Sur & Sinha, 2009), were captured to find the neural activity
related to illusory and unexpected sensory inputs which might represent the sensory PE.
Among related EEG experiments, the feedback-related negativity (FRN), an ERP
component, is usually used in the studies of reinforcement learning (RL) and decision
making to reflect the signaling of reward prediction error (Amiez, Joseph, & Procyk,
2005; Mars, Coles, Grol, Holroyd, Nieuwenhuis, Hulstijn, & Toni, 2005; Miltner,
Braun, & Coles, 1997; Walsh & Anderson, 2012). Its counterpart — error-related
negativity (ERN) — is also been reported to reflect the activity of a generic outcome
monitoring system (Boksem & De Cremer, 2010). While the task in this present study is
not in the scenario of RL task, the task is still possible to elicit prediction error that may
reflect on the component, which has been proved to encode an information prediction
error (Brydevall, Bennett, & Murawski, 2018). Nevertheless, the task is far apart from
other PE-related experiments, the ERP cannot be the only tool to use to establish this
sensory PE signals.

While evaluating the conventional ERPs, event-related spectral perturbation
(ERSP) was also conducted to measure dynamic changes in amplitude of the broad band
EEG frequency spectrum (Makeig, 1993). As a time-frequency analysis method, ERSP
can provide another complementary view when investigating the sensory PE signals. In
addition to ERP components such as medio-frontal ERN (Gehring, Goss, Coles, Meyer,
& Donchin, 1993), medio-frontal oscillatory change in theta frequency range was
associated error-elicited change (Luu & Tucker, 2001). Recent evidence has also shown

that feedback information is carried by alpha/beta oscillations, reflecting the bottom-up
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propagation of PE (Bastos et al., 2015). Although all these sensory-related experiments
discovered some evidence of sensory PE signals, the exact frequency bands and relative
timing of the sensory PE signals evoked by distinct sensory inputs remained unclear.
The present study with the distinctive stimuli created by Dr. Sugihara would be another

breakthrough of the investigation in this developing field.

1.4. Perceptual Inference

Previously, studies had indicated that the human visual system might be difficult to
represent impossible 3D structure, and this illusory perception could be interpretations
of contradicted sensory inputs (Deregowski & Bentley, 1987, Wu et al., 2011; Young &
Deregowski, 1981). The impossible objects created by Dr. Sugihara, however, are
different from the impossible 3D structure used in previous experiments. The
impossible objects utilized in this study are actually “possible”, and this turn the
original contradictive perception into a possible illusory perception. The perceptual
inference process of this kind of illusory perception then become newfangled.

To capture the dynamics that manifest perceptual inference in this study,
multivariate pattern analysis (MVPA) was applied in the study. MVPA is a spatio-
temporal analysis that could base on the observed patterns of brain response in different
experimental conditions to characterize them (Peters, Pfurtscheller, & Flyvbjerg, 1998),
and it has gained much popularity in the field of EEG and MEG analysis in recent years.
MVPA provides the chance to characterize neural dynamics over time through temporal
generalization (King & Dehaene, 2014) and can further identify the unknown effects of
the different conditions without channel selection in advance (Fahrenfort, Grubert,

Olivers, & Eimer, 2017). These make the multivariate approach a suitable method for
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the analysis of the perceptual inference of 3D impossible objects, since the objects are
one of a kind.

Along with MVPA, ERPs were also evaluated in the process of perceptual
inference. It is essential to explore the components that might involve in this kind of
illusory perceptual inference. The midline sites of EEG (i.e., Fz, FCz, Cz, CPz, Pz, Oz)
were the highly concerned channels in this study, for that the communication between
frontal and parietal cortices, also known as the multiple-demand network, has been
reported to involve in a variety of tasks that have high demand on mental inference (for

a review, see Duncan, 2010).

1.5. Research Purposes

Accordingly, I modified the peekaboo-like scenario demonstrated by Dr. Sugihara
into the session 1, the peekaboo task, to explore the neural correlates for PE signaling.
The sensory PE signals of the task were expected to be related to FRN- or ERN-like
components, and that the effect was also expected to be verified through time-frequency
analysis. The following session 2, the perceptual inference task, were carried out to
explore the process of perceptual inference of 3D impossible objects. It was expected
that the 3D impossible objects could be discriminated from the possible ones by the
MVPA, and that the two configuration levels could also be decoded. The ERP results of
the task could further confirm the divergent neural activities during the inference
process. Through this protocol, I expected the neural dynamics underlying these
processes would be differentiated by EEG signatures. Findings of this study shall
improve our understandings of the neurobiological foundation of Bayesian perceptual

inference and also the illusory-like perception.
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Chapter 2. Material and Methods

2.1. Participants

Forty paid participants were recruited from the campus of National Taiwan
University (20 males and 20 females; mean age: 22.35 years and 23.25 years,
respectfully). All participants had a normal or corrected-to-normal vision and were
screened for the presence of psychiatric or neurological disorders. The experimental
procedure followed ethical guidelines and is approved by the Institutional Review

Board of the National Taiwan University Hospital (202101011RINA).

2.2. Stimuli

Two categories of stimuli were used in the present study, including the 3D
impossible objects and their configurational counterparts — the regular objects. The 3D
impossible objects are made of the ambiguous cylinders, partly invisible objects,
topology-disturbing objects, and deformable objects from Dr. Sugihara’s dataset. A total
of thirty 3D impossible objects were selected from 54 objects of Sugihara’s collections
and then were divided into two levels of configurational complexity based on my pilot
study (detailed in Appendix A). The regular objects are experimental controls, whose
front-view appearances are identical with the 3D impossible objects but also with
congruent reflections in the mirror. Hence, there were fifteen 3D impossible objects and
fifteen regular objects in each of the two levels of configurational complexity (stimuli

examples in Figure 1.1).

2.3. Experimental Procedure

As illustrated in Figure 1.2, the experimental procedure consisted of two

7
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experimental tasks separated by a 5-min break; the experiment was constructed in
Psychopy (Peirce et al., 2019). The procedure was initiated with the peekaboo task,
which was used to investigate the matching process between prior prediction and
observed sensory data and, importantly, the dynamics of PE signaling. This session took
about 40 minutes. After a short break, participants then proceeded to the perceptual
inference task, which was used to explore the perceptual inference process on novel
objects and also its potential neural correlates. This part was estimated to take 20
minutes. EEG recordings were simultaneously conducted during the two tasks. All
participants received 100 New Taiwan dollars (NTD) if they finish setting up the EEG
cap. The participants who completed the peekaboo task gained added 350 NTD. The
ones who completed the perceptual inference task gained added 150 NTD. The
participants who went through all the procedures gained a total of 600 NTD for their

participation.

2.3.1. The Peekaboo Task

During the peekaboo task, the participants had to judge whether the presented
object’s reflection shown in the uncovered mirror was congruent with the participant’s
imagined reflection of the introduced object. The structure of an exemplar trial is
illustrated in Figure 1.3. At the beginning of each trial, a pair of at signs was presented
on the center of the screen to inform the start of trial to the participants and also to
remind them not to blink afterward. The task was self-paced so that the participants
could take a rest before each trial started, wherefore the trial start display stayed on the
screen until the participants press the spacebar on the keyboard. The trial started with

the 1000ms fixation to instruct the participants to fixate on the center of the screen. A
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video display of an object with a covered mirror behind it was then be presented to the
participants. The participants were told to imagine the reflection of the object in the
mirror. The mirror was uncovered after 3000ms, and the uncovered process (500ms)
was shown. Both the object and its reflection in the mirror were presented for another
3000ms. Following this video display of the object, the question page was shown.
Participants were instructed to press the “f” key for a congruent appearance (the object’s
reflection in the mirror was same as which participant had imagined) or the “j” key for
an incongruent appearance (the object’s reflection in the mirror was different from
which participant had imagined).

Response time (RT) and accuracy (ACC) of the judgment were recorded and
analyzed. The accuracy of the judgment represented if the participant correctly
answered the congruence of the objects and their reflection in the mirror. For the
possible objects, participants should press “f” to indicate the congruent appearance in
the mirror, and vice versa for the impossible objects. The participants whose accuracy of
the task did not reach 90% would be excluded from the following EEG analysis. Each
of the thirty 3D impossible objects and thirty regular objects were repeated three times,
resulting in a total of 180 trials in the peekaboo task. The presented order was pseudo-

randomly assigned: 60 objects for a round, the objects were randomly assigned in each

round, and there were three rounds in total.

2.3.2. The Perceptual Inference Task

During the perceptual inference task, the participants were shown the actual
configuration of the 3D impossible objects, and they were asked to figure out why these
objects have dual appearances. The structure of an exemplar trial is illustrated in Figure

1.4. Again, a trial start sign was presented at the beginning of each trial to make the task

9
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self-paced by the participants. After a 1000ms fixation, a 3D impossible object on the
center of screen presented steady for 1500ms, which showed the one side of the object.
Then the object rotated 180° in 2000ms, and it showed the other side of the same object
for 1500ms. After that, the object rotated for 180° in 2000ms, back to the same side as
introduced for another 1500ms. Finally, the object rotated 360° in 4000ms. The question
page was shown after the video display of the object. Participants were instructed to
press “f” to indicate if they think the configuration of the object was easy to understand,

[13%4)

to press “j” if they think the object’s configuration was too complicated, or to press
“spacebar” if they consider it was of the medium complexity. Subjective classification
of the configuration complexity of objects was recorded and analyzed. The
configuration score were recorded as 2 points if the participant assign the object as the
hard/complicated object, recorded as 1 point if they think the object is of the medium
complexity, and recorded as 0 when they think the object’s configuration is simple and
easy to understand. Each of the thirty 3D impossible objects along with its counterpart

was presented one time in a random order, resulting in a total of 60 trials in the

perceptual inference task.

2.4. EEG Acquisition and Data Analysis

EEG was recorded using a SynAmps II amplifier (Neuro- Scan, El Paso, TX) from
32 scalp locations according to the 10-20 system. In this protocol, the ground was
placed above the forehead, and an electrode A1, left mastoid, served as the online
reference. The horizontal and vertical electrooculograms (EOGs) were recorded from
the electrodes placed at the outer canthi of both eyes and on the infraorbital and
supraorbital regions of the left eye place in line with the pupil. The impedance of all

channels were maintained below 5 k(). The EEG and EOG signals were sampled at a

10
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rate of 1 kHz with an online band-pass filter of DC-200 Hz. The recorded data were
underwent offline re-referenced to the average, and then subjected to an eyeblink
artifact correction procedure (Gratton, Coles, & Donchin, 1983) (for the peekaboo task)
or Independent Component Analysis (ICA) approach (Makeig, Bell, Jung, & Sejnowski,
1996) (for the perceptual inference task). The peekaboo task was subjected to an
eyeblink artifact correction procedure due to the task designed to show the mirror
uncovering process, removing the eyeblink trials could make sure the data free from
artifacts. On the other hand, the perceptual inference task was undergone the ICA
because of the limited number of trials (60 trials for each participant), it is not able to
discard too many trials in this task. Data analysis were performed with Brainstorm
(Tadel, Baillet, Mosher, Pantazis, & Leahy, 2011) and the EEGLAB toolbox (Delorme
& Makeig, 2004) in MATLAB (The Mathworks, Inc., Natick, MA, USA).

To extract the ERP and ERSP in the peekaboo task, we first low-pass filtered the
corrected continuous data with a 40 Hz cutoff, and then segmented it into epochs of -
200 to 1000ms following the onset of the display of object with uncovered mirror.
Baseline corrections were applied to the epoched data with respect to the mean activity
of the pre-stimulus window. The epochs subsequently underwent an artifact rejection
procedure in which the epochs that contained activities that exceeded +50 uV were
excluded from further analysis. The ERP for regular and 3D impossible objects with
two levels of configurational complexity are then obtained by averaging all artifact-free
epochs for each condition. The whole 0-1000ms epochs were sliced into 10 segments,
and the mean activity within each 100ms was used for the statistical analysis.

To explore the dynamic neural network engaging in the perceptual inference

process, the ERP, as well as MVPA were performed from corrected continuous data
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following the presentation of object rotation in the second session of the experiment.
The data were sliced into segments of different display phases: object rotationl, object
stop1, object rotation2, object stop2, object rotation3. Baseline correction and artifact
rejection were then applied to the epoched data before the subsequent analysis. MVPA
was carried out using the Support Vector Machines (SVM), a well-used machine
learning tool for both classification and regression problems (Gunn, 1998), with a 30 Hz
low-pass cutoff, 100 permutations, and 5 k-folds. The decoding procedure included
whole brain electrodes, and was separated conducted through each phase. The purpose
of MVPA used in here was in order to find out the critical phase of inference process
through a broad scanning, and thus the statistical analysis of it was not applied in this
study. As for the statistical analysis of ERPs, the mean activity of the time segments

which were chosen from visually reviewing the ERP waveforms were used.

2.5. Statistical Analyses

In the present study, both behavioral (i.e., RT & ACC) and electrophysiological
(i.e., ERP, ERSP) were used as measures for evaluating participants’ perceptual
inference on 3D impossible objects. Statistical analyses were performed using RStudio
(RStudio, Inc., Boston, MA, USA). Repeated measures analysis of variance (RM-
ANOVA) was used to assess these measures under the different combinations of
experimental conditions. Post-hoc analyses were performed using Tukey’s test when the
F-value indicated a significant difference. A Greenhouse-Geisser adjustment of degrees

of freedom, as well as a Bonferroni correction, were applied when necessary.
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Chapter 3. Results

Among the forty participants, two of them did not finish session 1 and the
subsequent session 2. Two of the participants did not meet the requirement of 90%
accuracy in session 1 performance. Four participants’ data for session 1 and two for
session 2 were excluded because of recording issue. Excluded the above participants
data, remained 32 participants’ data for session 1 (16 males, mean age: 23.31 years; 16
females, mean age: 22.63 years), and 36 participants’ data for session 2 (19 Male 23.05

years; 17 females: 22.18 years) were adopted in this study.

3.1. Peekaboo Task
3.1.1. Task Performance

The accuracy, correctly answered the congruency of the mirror display of objects,
of the participants who finished the whole session was 95.45% (impossible objects:
95.47%, easy configuration was 94.97% and hard configuration was 95.96%; normal
objects: 95.41%; see Table 1). The mean response time of all participant across objects
was 0.770 seconds (impossible objects: 0.762 seconds, easy configuration was 0.760
seconds and hard configuration was 0.765 seconds; normal objects: 0.784 seconds; see
Table 1). There was no difference between two kinds of objects and both configuration
levels according to statistical analysis either by accuracy and reaction time (accuracy: F'
(2,74) = 0.564, p = .571; reaction time: F (2, 74) = 1.030, p = .362; Table B1 and B2 in

Appendix B).

3.1.2. ERP

Raw EEG recordings were processed into ERP components, the average epochs of
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objects’ mirror image displayed. The waveforms at three midline channels (i.e., Fz, Cz,
and Pz) were shown in the Figures 2 (six midline sites results were shown in Appendix
B, Figure B1). Ten mean activities of 100 ms data (0-1000 ms) were evaluated to verify
the congruent and incongruent mirror images elicited components. A two-way RM-
ANOVA (channel and object category) of the ERP segments of 200-300 ms and 800-
900 ms after mirror uncovered revealed a significant main effect on channels (200-300
ms: F (5, 155)=9.051, p=1.44 ¢%7 <.001; 800-900 ms: F (5, 155)=15.923, p=1.21
e12<.001), a significant main effect on object category (200-300 ms: F (1, 31) = 4.469,
p =0.043 <.05; 800-900 ms: F (1, 31) =4.680, p = 0.038 <.05), and a significant
interaction between channel and object category (200-300 ms: F' (5, 155) =2.968, p =
0.014 < .05; 800-900 ms: F (5, 155) =3.503, p = 0.005 <.01) (RM-ANOVA table were
in Appendix B, Table B3 and B4). Post-hoc analyses indicated when the incongruent
mirror images presented, the ERP of 200-300 ms after mirror uncovered was significant
more negative across frontal-central sites (left of Figure 3); in contrast, the segment of
800-900 ms showed a positive wave, and was stronger at the frontal sites (right of

Figure 3).

3.1.3. ERSP

In order to ensure the components that represent the prediction error signals in this
peekaboo perceptual scenario, the time-frequency analysis was carefully inspected. The
ERSP heat-maps of three midline sites (i.e., Fz, Cz, and Pz) were showed in Figure 4
(other three midline channels’ figures were included in Appendix B, Figure B2). The
time segment of 400-500 ms after mirror uncovered had a significant effect on object

category in low frequency band, including delta band (i.e., 1-3 Hz) (F (1, 31)=5.152, p
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=0.019 <.05), theta band (i.e., 4-7 Hz) (F (1, 31) = 12.147, p = 0.001 <.01), and also
alpha band (i.e., 8-12 Hz) (F (1, 31) = 12.217, p = 0.001 < .01). While the impossible
objects scene showed stronger delta and alpha frequency at frontal-central sites, the
impossible objects scene was significantly higher across central-parietal sites in the
theta band (Figure 5). As depicted in Figure 6, beta frequency band (i.e., 13-30 Hz)
showed a stronger effect in two time segments after impossible objects’ mirror image
presented, and the effect on both segments were frontal-central distributed (the above

ANOVA result tables are presented in the Appendix B, Table B5-9).

3.2. Perceptual Inference Task.
3.2.1. Behavioral Results

As the data presented in Table 2, the subjective configuration score matched the
previously assigned objects’ configuration level. The hard impossible objects’ and easy
impossible objects’ configuration score were significantly higher than the normal
objects’ score (F' (2, 74) = 345.85, p <2.2e-16; Table B10 in Appendix B). Two levels of
the impossible objects were also significantly different from each other, the hard
impossible objects’ configuration score was significantly higher than the easy ones’
Figure 7 (left). Similarly, the time participants took to classify the objects were also
longer for the impossible objects (F (2, 74) = 16.637, p = 1.08¢% < .001; Table B11 in
Appendix B), though the reaction time was not different between two configuration

levels Figure 7 (right).

3.2.2. MVPA

Using advance multivariate pattern analysis, whole brain data were included to
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decode the perceptual process of inferring our unique objects. Different phases of the
perceptual inference were separated from the continuous EEG recordings and were
processed into individual epochs. MVPA results were showed in Table 3, the decoding
accuracy of each phase was averaged across the time. As depicted, the decoding
accuracy results between the two kinds of configuration levels were at chance level in
nearly every phase except for two rotation phases (69.68% for the first rotation and
55.12% for the second rotation; decoding figures in Appendix B, Figure B3 and B4).
The decoding accuracy between the impossible objects and the normal objects was
higher in the hard configuration level condition during the first and the second stop
(easy level: 64.22% and hard level: 73.45% during the first stop phase; easy level: 54.89
% and hard level: 62.74 % during the second stop phase) and the third rotation phase
(easy level: 52.55% and hard level: 58.56%). Intriguingly, during the first rotation, the
decoding accuracy was slightly higher in the easy configuration level condition (easy

level: 71.47% and hard level: 67.90%).

3.2.3. ERP

Though the impossible objects’ configuration level difference can be verified
through decoding accuracy results between the two kinds of configuration levels during
two rotation phases, the underlying neural dynamics remain unknown. To focus on the
neuronal process of inferring the objects, the two rotation phases were specialized
examined. The three midline channels’ first rotation and the second rotation ERPs were
shown in the Figures 8 & 9 (midline sites results were shown in Appendix B, Figure B5
and B6). According to the ERP waveforms, two time segments were extracted for the

further inspection: 200-400 ms and 500-800 ms.
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RM-ANOVA results of the ERP segments of 200-400 ms in the first rotation phase
revealed significant main effects on both channels and object category (channels: F (5,
175) =4.983, p =.0003 <.001; object category: F (2, 70) = 8.066, p = .0007 < .001),
and the interaction was nearly significant (¥ (10, 350) = 1.640, p = .094) (ANOVA table
in Appendix B, Table B12). In this time segment, hard impossible objects were less
positive than both easy impossible objects and the normal objects at central-parietal
sites (left of Figure 10). The 500-800 ms segment in the first rotation was instead more
positive in the impossible objects condition at central-parietal sites, and that the easy
impossible objects were the ones who elicited the even stronger effect (channels: F (5,
175) =12.720, p = 1.50¢°19 < .001; object category: F (2, 70) = 36.065, p = 1.72¢"!!
<.001; interaction: F (10, 350) = 18.198, p = < 2.2¢7'%) (right of Figure 10) (ANOVA
table in Appendix B, Table B13).

The second rotation demonstrated a fairly different result. The 200-400 ms
segment also exhibited significant main effects on both channels and object category,
and the interaction was also significant (channels: F (5, 175) =4.317, p = .00099
<.001; object category: F' (2, 70) = 5.853, p = .00446 < .01; interaction: F (10, 350) =
5.108, p =5.67¢%7<.001) (ANOVA table in Appendix B, Table B14). By contrast to the
first rotation, the effect of fewer positive waves were presented on the frontal-central
sites, and the easy impossible objects condition was the most significant (left of Figure
11). The results of the 500-800 ms segment analysis showed significant main effect on
channel but not object category, and there was still significant interaction effect
(channels: F (5, 175) = 6.953, p = 6.01e% < .001; object category: F (2, 70) = 0.696, p
=. 502; interaction: £ (10, 350) =2.632, p =.004 < .01) (ANOVA table in Appendix B,

Table B15). The easy impossible objects condition was significantly less positive than
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other two conditions at the frontal site (Fz), and the other two conditions were not
different from each other (right of Figure 11). (Others phases’ ERP waveforms at

midline channels were fully presented in Appendix B, Figure B7-9).
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Chapter 4. Discussion and Conclusion

Through the structured investigation in this study, authentic 3D impossible objects
created by Dr. Sugihara were utilized as experiments stimuli for exploring the illusory
perceptual inference. This study was separate into two parts: the first session confirms
the unexpected sensory inputs can be verified by the ERP components and ERSP
results, and that the prediction error signals might exist in this illusory perceptual scene.
The second session further decoded the neural dynamic while perceiving the
unpredictable impossible objects, which provides an intriguing picture of this perceptual

inference process.

4.1. Overlaid ERP Components and Distinct Oscillation Pattern in the Peekaboo
Task

In session 1, the peekaboo task, most of the participants are able to form the correct
prediction of presented objects, and are able to recognize the anomalous mirror
reflection. ERP waveforms at frontal-central sites of this perceptual feedback were
occupied by a larger positive potential elicited probably 200-300 ms after the mirror
image presented (Figure 2). Noted that there was a large positive wave at parietal site
after 300 ms as well for the impossible objects, though the statistical result showed it
was not significant. These kinds of late positive potential (LPP) can be recognized as
related to affective arousal (Cuthbert, Schupp, Bradley, Birbaumer, & Lang, 2000; Keil
et al., 2002; Hajcak, MacNamara, & Olvet, 2010). The other related component is P300
(Picton, 1992), which has been stated to reflect higher-level processes such as attentive
selection or error detection (Donchin, Gratton, Dupree, Coles, 1988; Falkenstein,

Koshlykova, Kiroj, Hoormann, Hohnsbein, 1995). These large positive potentials might
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overlay the possible prediction error signals, which might in turn block the signal
appearance. The following ERSP analysis could provide an extra domain of information
to inspect the brainwave of this process.

One of the well-known frequency bands that was argued related to FRN or ERN is
frontal medial theta band (FMT) oscillations (Kalfaoglu, Stafford, & Milne, 2017). The
FMT oscillations are showed related to higher level cognitive functions such as conflict
and novelty detection (Cavanagh & Frank, 2014; van Driel, Swart, Egner, Ridderinkhof,
& Cohen, 2015). In the present study, the incongruent mirror image condition was
related to increased theta band (Figure 5). Unlike FMT, the increased theta band effect
in this study was presented in central-parietal sites. On the other hand, the increased
alpha band during unexpected image sensory inputs was shown at frontal-central sites.
Interestingly, the same trend was shown in beta frequency band, and it was also
presented at frontal-central sites (Figure 6). These results were slightly different from
the previous study of that the theta band activity was frontal distributed, while the
alpha/beta oscillation was more parietal distributed (Savoie, Thénault, Whittingstall, &
Bernier, 2018). Given that the scenery and the task design of the experiment are so
different to be compared, the present study might have demonstrated its unique
frequency band oscillation pattern.

Despite the discussion above, which focus in the time within 200-500 ms after
expected or unexpected sensory inputs, there is also a late increasing activity in beta
frequency band at frontal sites. This results match some of the studies, which have
shown the alpha/beta band may related to emotional arousal and that the long-lasting
time range of LPP (Du, & Lee, 2014; Du, Lee, & Wei, 2017; Schupp et al., 2000).

Integrated the results of both ERP and ERSP of the peekaboo task, the present

20

doi:10.6342/NTU202210143



study showed a clearly different patterns from the formerly studies. Since the present
study adopted the extreme novel stimuli, the experimental design was also an original
approach, the distinctive results were predictable. The 3D impossible objects spiced up
the predictable world, endowed it with some of fathomless. The understanding of these
objects’ configuration thus become a worth-noticing process. The second session, the
perceptual inference task, was set to take the lead in investigating how these objects
were perceived and inferred, which could further implicate the process of perceptual

inference of illusory perception.

4.2. Successfully MVPA Decoding and the Role of the Frontal-parietal Network in
the Perceptual Inference Task

The result of subjective classification in the perceptual inference task was
consistent with prior assigned configuration level. This indicated that the participants
could subjectively discriminate the objects as normal objects, easy configuration
impossible objects, or hard configuration impossible objects. The subsequent analysis
thus could be interpretable based on this categorization. The MVPA was conducted to
identify the difference between normal objects and impossible objects or even between
two configuration levels objects. The MVPA includes the whole brain data; hence, the
results could be seen as the differentiation when the brain were involving watching and
inferring the objects of the different categories. As the data showed in 7able 3, the
higher decoding accuracy between normal and impossible objects were presented during
the first rotation and the first stop. The result might indicate the surprising of watching
the unpredictable configuration, and the realizing of how the impossible becoming

possible. Two impossible levels were successfully set apart during the first two rotation
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phases, demonstrated the process of inferring the objects’ appearances can be
differentiated according to the configuration levels. Especially at the phase of the first
rotation, the decoding accuracy between two levels was closed to 70%. Noticeably, this
high decoding accuracy during first rotation was along with the higher decoding
accuracy in easy level objects.

The findings above were a relatively macroscopic view, since the MVPA decoded
thoroughly brain data. The ERPs analysis may provide a relatively detailed results by
illustrating the neural dynamic at channels level. The analysis of two rotation phase
were inspected closely due to their crucial roles in perceptual inference in this task. Two
time segments, 200-400 ms and 500-800 ms, were extracted and compared from the two
phases. During the first rotation, the central-parietal activity popped out in either of the
time segments. The inference of easy level impossible objects in this phase (500-800
ms) elicit the significantly more positive potential, which might be the crux of the
highest MVPA results. By contrast, the second rotation showed a stronger negative
potential in 200-400 ms segment, which was frontal-central distributed. These
discovered strikingly in line with several perceptual decision making research,
especially in the context of multi-stable perception, which emphasizing the frontal-
parietal network. Posterior regions were in association with the process of perceptual
interpretation and reorganizations, and the anterior regions were involved in
metacognitive evaluation of perceptual decisions (Frassle, Sommer, Jansen, Naber,
Einhduser, 2014; Leopold, Logothetis, 1999; Rahnev, Nee, Riddle, Larson, D’Esposito,
2016). The inferior frontal cortex (IFC) in between could act as an essential role in
perceptual transitions, and it might be the key structure that could response to the

prediction errors arising in the sensory cortex (Brascamp, Sterzer, Blake, & Knapen,
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2018; Friston, Harrison, Harrison, Penny, 2003).

The frontal-parietal network might suit the present study of perceptual inference
task, though the stronger effects of the easy level impossible objects were still out of the
line. One plausible explanation might be that the easy level impossible objects are easier
to figure out their configuration, and hence elicited the larger potential. The other
rationale could be that the easy level impossible objects might have a relative
continuous configuration than the hard level objects, and thus yielded this brainwave
difference. The limitation of the task design might cause the interpretation difficulty of
the results as well. The instruction of the test might lead the participants to just classify
the objects instead of trying to understanding their structure, and this may cause the

perceptual inference process incomplete when perceiving the hard level objects.

4.3. Limitation and Future Studies

The present study is dedicated to the investigating the neural dynamics underlying
the illusory perception. Dr. Sugihara’s collections provide a new vision for the further
investigation in illusory perception. To make the most of the 3D impossible objects, this
study established two unconventional tasks: the first was to confirm the prediction error
signaling in such impossible and unexpected scene, and the second was to explore the
uncovered perceptual inference of the illusory yet possible perception.

The tasks in this study introduced sensory PE and perceptual inference of illusory
perception from a new angle, though the results of the tasks have their limits. The
objects’ presenting order was pseudo-random in the peekaboo task, but whether the
possible or the impossible objects presented first could give rise to a different result.

The three rounds of repeated presentation of objects could have varying degrees of
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influence of repetition effect, which worth attention in the future analysis. Also, the
present study was not adequate to affirm the prediction error indeed arose when viewing
the impossible objects and their mirror images.

For the perceptual inference task, the insufficiency of the task design was
described in the last chapter (Chapter 3.2.3). There was also some confounding of the
task results, such as that it might be possible that the brainwave was actually reporting
the configuration difference rather than the inference process. The improvement of the
two tasks is needed for a more precise study. The new peekaboo task should definitely
integrate predicted process, and should clarify the presenting order effect. The
improved perceptual inference should distinguish the inference process from the
configuration difference, and should make sure that the participants understand the
objects’ structure.

Despite the renewal task design, the advanced analysis is still wanted for the more
thoroughly inspection, such as source reconstruction, which can further locate the more
precise brain section in which associated with the sensory processing. The functional
connectivity and graph-based network analysis are both required for assuring the related
perceptual inference network.

These additional tasks and analyses may make the results of the study more
comprehensive. The present study act as an exploratory step, highlights the neural
dynamics underlying illusory perception, shed the light on sensory processing of 3D
illusions, and is expected to pave the way for a more detailed exploration of the illusory

perception which used to be impossible.
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Tables

Table 1
The Behavioral Data of the Peekaboo Task

Configuration Level M (% )Accuracy D i (lz)e Sponse Ting
Normal Objects 95.41 0.0031 0.784 0.083
Impossible Objects 95.47 0.762
Easy Level 94.97 0.0035 0.760 0.062
Hard Level 95.96 0.0027 0.765 0.072

Table 2
The Behavioral Data of the Perceptual Inference Task

Subjective Configuration Score

Response Time

Objects M SD M (s) SD
Normal Objects 0.063 0.012 0.731 0.078
Impossible Objects 1.270 0.983

Easy Level 1.078 0.214 0.971 0.123
Hard Level 1.461 0.149 0.995 0.181

Table 3
MVPA Results of the Perceptual Inference Task

Decoding Accuracy (%)

Phase Easy Hard Imp.
Norm. vs. Imp. Norm. vs. Imp. Easy vs. Hard

Fist Rotation 71.47 67.90 69.68

Fist Stop 64.22 73.45 46.21

Second Rotation 53.48 53.92 55.12

Second Stop 54.89 62.74 49.59

Third Rotation 52.55 58.56 49.93

33

doi:10.6342/NTU202210143



34

doi:10.6342/NTU202210143



Figures

Figure 1.1
Configurational Complexity (left: easy configuration level object; right: hard
configuration level object).

Figure 1.2

General Procedure, including EEG setting, the whole experiment took about 90 to
120 minutes.

40-45 mins 5-10 mins 20-25mins

Front view &

Mirror reflection

Side view

Peekaboo task Intermission Perceptual inference task

Figure 1.3
The Peekaboo Task

Response:
@@ + - \ L / congruent or
‘ - not?
Trial start Fixation 1 Mirror covered Mirror uncovered Response phase
Self-paced 1000 ms 3000 ms 3000 ms 3500 ms

Figure 1.4
The Perceptual Inference Task

e H o ® | m 3 | 2]

configuration?

Trial start Fixation  Object presentObject rotation1 Object stop1 Object rotation2 Object stop2 Object rotation3Response phase
Self-paced 1000 ms 1500 ms (180°) 1500 ms (180°) 1500 ms (360°) 6500 ms
2000 ms 2000 ms 4000 ms
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Figure 2
The Peekaboo Task ERP Waveforms at Fz, Cz, and Pz.
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Figure 3

The Peekaboo Task ERP Post-hoc Results of 200-300 ms and 800-900 ms at Fz, Cz, and
Pz
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Figure 4.1 V £ >R
The Peekaboo Task ERSP Heat Map at Fz. & lfx,/ \/ Y
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Figure 4.2
The Peekaboo Task ERSP Heat Map at Cz.
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Figure 4.3
The Peekaboo Task ERSP Heat Map at P:z.
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Figure 5
The Peekaboo Task ERSP Post-hoc Results of 400-500 ms of Delta, Theta, and Alpha
Band at Fz, Cz, and Pz.
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Figure 6
The Peekaboo Task ERSP Post-hoc Results of 200-300 ms and 700-800 ms of Beta Band
at Fz, Cz, and Pz.
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Figure 7

The Perceptual Inference Task Behavioral Results.
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Note. The left figure is an accuracy, and the right figure is response time.
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Figure 8
The Perceptual Inference Task First Rotation ERP Waveforms at Fz, Cz, and Pz.
M Imp.Hard M Imp. Easy Norm. Ob.

Fz Cz Pz
47
ey
= |
oy \ 4 Al AN A A
_g { \[ \ i) bk wvy v Y /
2
< |
<C
4? 1 P L 1 L J
— i ) 0 . 250 ‘ .
Time (s) — Time (s) — Time (s)
Figure 9

The Perceptual Inference Task Second Rotation ERP Waveforms at Fz, Cz, and Pz.
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Figure 10
The Perceptual Inference Task First Rotation ERP Post-hoc Results of 200-400 ms and

500-800 ms at Fz, Cz, and Pz.
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Figure 11
The Perceptual Inference Task Second Rotation ERP Post-hoc Results of 200-400 ms

and 500-800 ms at Fz, Cz, and Pz.
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Appendix A

Stimuli selection

Among all the third to sixth generations of 3D impossible objects designed by
Kokichi Sugihara, we set to select 30 of them for the main experiment. We first chose a
total of 54 objects from each category, including ambiguous cylinders, partly invisible
objects, topology-disturbing objects, and deformable objects. The examples of the first
selected 54 objects were shown in Figure Al.1-1.4. These 54 objects were then used in
the preliminary experiment for the main stimuli selection. The experiment was designed
to select 30 impossible objects that can be divided into three levels of configurational
complexity. The results came out to be hard to choose ten objects for each level, we then
decided to separate them into two levels instead. The details of this preliminary

experiment will be described below.

Participants

Sixteen students of NTU participated in the preliminary experiment. The
participants would gain extra points in General Psychology class. All participants
agreed to take the task and signed the informed consent which follows ethical guidelines

and is approved by the Institutional Review Board of the university.

Task Design

The task was designed as a spatial aptitude test, which is shown as in Figure A2.1.
A picture of an object will be presented on the upper left side of the monitor, the two
alternative perspectives of the object will also be presented on the lower left side of the

monitor. The participants were introduced to imagine if there is a mirror behind the
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object, according to the upper left side picture, what they will see. The three options
were presented side by side on the right side of the monitor. The participants were asked
to give their answer by pressing the corresponding key of the one they think is the
mirror image of the object.

There were two example trials at the start of the experiment for clarifying the
procedure of the task. In these two examples, the answer will be given for the
participants to fully understand the instruction (Figure A2.2 & A2.3). The additional
seven trials were given without showing the answer for participants to get used to the
task procedure. The impossible objects used in these seven practice trials were not
included in the first selected 54 objects. These practice trials would not be included in
the following analysis for selecting stimuli. After the practice trials, the formal task
would begin. The objects were shown in random order, and each participant would see
the different sequence of the objects. Participants’ performance would be recorded, and
their accuracy and response time of each object were used in selecting the formal

stimuli for the main experiment.

Task Results

The results found it hard to branch out three complexity levels with 10 objects in
each of it. We first chose the ten objects each with the highest, intermediate, and the
lowest accuracy and/or with shorter, intermediate, and the longer response time, and
further labeled them respectfully as the easy, medium, hard configuration level (the
chosen 30 objects’ average data was shown in Table A1). The middle class objects
turned out to be hard to discriminate from the easy configuration level according to

accuracy (#27) = 1.137, p = .5003) (Table A2). Hence, we change to choose the 15
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objects with higher accuracy and/or shorter response time, and the 15 objects with lower
accuracy and/or longer response time (Table A3). These respectfully constitute the two
configuration complexity levels of the objects, the accuracy of two groups is
significantly different (F (1, 28) = 182.9, p <.001) (Table A4). We also take the
response time of recognizing each object into account. The response time of two levels
showed a significant difference that the hard objects (more complex objects) take
participants a slightly longer time to respond (the response time is adjusted within

participants through minus the Median) (F (1, 15) =5.453, p <.05) (Table AS).

Configuration Complexity Level Reassigned

According to the results above, the two levels of the objects were set (Table A6).
We then 3D printed out all these 30 impossible objects and their corresponding regular
objects, a total of 60 printed objects. Each object was then shot individually and
carefully in a studio photoshoot light box, making sure that each object’s different
appearances can be correctly perceived. The video clips were shot and edited to match
the specific timing for the main experiment, including 60 clips for the mirror task
scenario and 60 clips for the inference scenario (Figure A3.1 & A3.2).

After the pilot study of the main experiments, the classification of configuration
complexity levels were reassigned due to the difference of the task scenario. In the
second part of the main experiment, the participants, the other 6 participants different
from the 16 participants of the preliminary experiment of stimuli selection, were
instructed to classify the configuration level of the objects through viewing the
complete objects. The participants of the pilot study rated the complexity of the objects

after watching the objects rotate two turns (720°). The results of this judgement were
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different from the preassigned stimuli levels (Table A7). The judgement scores for the
preassigned stimuli levels were not significantly different (Table A8.1 & 8.2). As a
result of this inconsistency, we conversely use the judgement score from these 6
participants to reassign the configuration complexity levels of existing 30 impossible
objects (Table A9.1 & 9.2). This determination is given the perceptual inference task in
the main experiment is more authentic, which presents the real objects with a multi-
angle view of them. The final two configuration complexity levels, hard and easy level,
of the objects were listed in Table A10 (also the figures of the objects). This final

grouping would be fixed throughout the following experiment.
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Figure A

Figure A1.1
Examples of the First Selected 54 Objects from Each Category. Ambiguous cylinders:
Full Moon and Hexagonal Star.

Direct View Alternative View
Figure A1.2

Examples of the First Selected 54 Objects from Each Category. Partly invisible objects:
Hide of a Circle 1.

Direct View Alternative View

B
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Figure A1.3
Examples of the First Selected 54 Objects from Each Category. Topology-disturbing
objects: Cylinder and two Parallel Walls.

Direct View Alternative View

Figure A1.4
Examples of the First Selected 54 Objects from Each Category. Deformable objects:
Six-petal Flower and Butterfly.

Direct View Alternative View

L
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Figure A2.1
Task Design of Stimuli Selection: Instruction.

Question : Options :

Press 'right' to continue

Figure A2.2
Task Design of Stimuli Selection: Example trial.

&

Example 1

T

Press 'space' key
to see the answer

Figure A2.3
Task Design of Stimuli Selection: Answer of the example trial.

&

Example 1

% ¢ 8

Press 'space' key
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Figure A3.1
Main Experiment Video Clips Screenshot Example: Mirror task scenario.

%
x xR

Note. Video timeline: left: 0-3000 ms; right: 3500-6500 ms

Figure A3.2
Main Experiment Video Clips Screenshot Example: Inference scenario.

Note. Video timeline: left: 0-1500 ms; middle: 3500-5000 ms; right: 7000-8500 ms
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Table A

Table A1

The First Labeled Objects of the Easy, Medium, Hard Configuration Levels
. Accuracy Response Time
Configuration Level M%) D M(s) D
Easy 66.89 0.1933 27.456 7.124
Medium 58.75 0.1698 34.292 6.243
Hard 37.5 0.1021 36.253 10.339
Table A2.1
One way ANOVA Result of First Labeled Configuration Level: Accuracy
Source df SS MS F )4
Configuration 2 0.4602  0.23008 9.0  0.00101%*
Levels
Residuals 27 0.6895 0.02554
Table A2.2
Multiple Comparison of First Labeled Configuration Level: Accuracy
Contrast estimate SE df t p
Easy-Hard 0.2938 0.0715 27 4.110 0.0009%**
Easy-Medium 0.0813 0.0715 27 1.137 0.5003
Hard-Medium -0.2125 0.0715 27 -2.974 0.0163**
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Table A3
Adjusted Easy and Hard Configuration Level

. Accuracy Response Time
Configuration Level M%) D M(s) D
Easy 73.33 0.0727 28.637 7.213
Hard 3542 0.0807 33.843 9.009

Table A4

ANOVA Result of Adjusted Easy and Hard Configuration Level: Accuracy
Source df SS MS F p
Configuration 1 1.0783 1.0783 182.9 <0.001%**
Levels
Residuals 28 0.1651 0.0059

Table AS

Repeated Measure ANOVA Result of Adjusted Easy and Hard Configuration Level:
Response time

Source dﬁnlm SS dfden SSErr()r F p

(Intercept) 1 31229.8 15 6503.7 72.0279 < 0.001%#**

Configuration Levels 1 216.8 15 596.4 5.4527 0.0339%*
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Table A6
List of Two Configuration Level Impossible Objects

Easy Hard

1 Circle and Triangle Crossing  Circular  Cylinders  and
Separated Rectangular Cylinders

2 Crescent and Star Bat Under a Full Moon

3 Diamond and Spade Circle and Square

4 Heart and Spade Diamond and Club

5 Triangle and Rectangle Heart and Club

6 Triangle and Star Heart and Diamond

7 Slanted Parade of Cylinders Rectangle and Star

8 Ring Sinking into the Desk Surface 1 Six-petal Flower and Butterfly

9 Partly Invisible Square Cylinders Separation of  Co-centric  Circles
Penetrated by a Wall

10 Four-Petal Flower Vertically Aligned Crossing Rectangular
Cylinders

11 Falk Dance of Five Circular Rectangles Hide of a Circle 1

12 Bat and Star Desire of Cylinders Toward Secret
Meeting

13 Crescent and Star (Cylinders) Hide of a Star

14 Secret Meeting of Circular Cylinders Full Moon and Hexagonal Star

15 Rectangle and Hexagonal Star Translation of a Crescent
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Table A7
Judgement Score of the Pilot Study

Objects Participants
1 2 3 4 5 6 Mean
Impossible Objects
Easy 1.27 1.53 1.20 1.47 0.93 1.00 1.23
Hard 1.27 1.60 1.27 1.20 1.00 1.07 1.23
Normal Objects 0 0 0.03 0 0 0 0.01
Table A8.1
One way ANOVA Result of Judgement Score of the Pilot Study
Source df SS MS F P
Configuration 2 135.67 67.83 3309 <0.001%*
Levels
Residuals 357 73.19 0.21
Table A8.2
Multiple Comparison of Judgement Score of the Pilot Study
Contrast estimate df t p
Easy-Hard 0.00 357 0.000 1
Easy-Normal 1.23 357 21.003 <0.001***
Hard-Normal 1.23 357 21.003 <0.001***
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Table A9.1

One way ANOVA Result of Reassigned Judgement Score of the Pilot Study

Source df SS F p
Configuration 2 158.43 79.21 560.66 <0.001***
Levels
Residuals 357 50.44 0.14

Table A9.2
Multiple Comparison of Reassigned Judgement Score of the Pilot Study
Contrast estimate t p
Easy-Hard 12.69 <0.001%**
Easy-Normal 17.97 <0.001***
Hard-Normal

32.629 <0.0071#**
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Table A10
List and Figures of Two Configuration Level Objects (reassigned objects are colored in

red)
Easy Hard
1 Circle and Triangle Crossing Circular
Cylinders and
Separated
Rectangular
Cylinders

Bat Under a Full
Moon

Diamond and
Spade

Heart and Spade
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Crescent and Star

Slanted Parade of
Cylinders

Diamond and Club
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Table A10

List and Figures of Two Configuration Level Objects (reassigned objects are colored in

red) (continued)

Easy

Hard

5 Triangle and
Rectangle

6 Triangle and Star

7  Circle and Square

8 Ring Sinking into
the Desk Surface 1

l Four-Petal Flower
A

0) | 00|pi+
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Falk Dance of Five
Circular Rectangles

Rectangle and Star

Six-petal Flower
and Butterfly
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Table A10

List and Figures of Two Configuration Level Objects (reassigned objects are colored in

red) (continued)

Easy Hard

9 Partly Invisible
Square Cylinders

Separation of Co-
centric Circles
Penetrated by a
Wall

10 Heart and Club Bat and Star

11 Heart and Diamond Hide of a Circle 1

Cylinders

Crescent and Star
(Cylinders)

12 Vertically Aligned
Crossing
Rectangular
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Table A10

List and Figures of Two Configuration Level Objects (reassigned objects are colored in

red) (continued)

Easy Hard

13 Desire of Cylinders Hide of a Star
Toward Secret
Meeting .

14 Secret Meeting of Full Moon and

Circular Cylinders Hexagonal Star

15 Translation of a
Crescent

Rectangle and
Hexagonal Star
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Appendix B

Figure B

Figure B1
The Peekaboo Task ERP Waveforms at Six Midline Channels.
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Figure B2.1
The Peekaboo Task ERSP Heat Map at FCz.
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Figure B2.2
The Peekaboo Task ERSP Heat Map at CPz.
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Figure B2.3
The Peekaboo Task ERSP Heat Map at Oz.
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Figure B3
The Perceptual Inference Task MVPA Results of the First Rotation.
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Figure B4
The Perceptual Inference Task MVPA Results of the Second Rotation.
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Figure BS
The Perceptual Inference Task ERP Waveforms of the First Rotation at Six Midline
Channels.
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Figure B6
The Perceptual Inference Task ERP Waveforms of the Second Rotation at Six Midline
Channels.
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Figure B7
The Perceptual Inference Task ERP Waveforms of the First Stop at Six Midline
Channels. =
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Figure B8
The Perceptual Inference Task ERP Waveforms of the Second Stop at Six Midline
Channels.
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Figure B9
The Perceptual Inference Task ERP Waveforms of the Third Rotation at Six Midline

Channels.
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Table B

Table B1
RM-ANOVA Results of the Peekaboo Task's Behavior Performance: Accuracy
PrediCtOI dium SSNum deen SSDen F p
Configuration Levels 2 0.002 74 0.124 0.564 0.571
Table B2
RM-ANOVA Results of the Peekaboo Task's Behavior Performance: Response time
PrediCtOI dium SSNum deen SSDen F p
Configuration Levels 2 0.012 74 0.429 1.030 0.362
Table B3
RM-ANOVA Results of the Peekaboo Task’s ERP 200-300 ms
Pl‘ediCtOI‘ dium SSNum deen SSDen F p
Channel 5 3.86e71" 155  1.32¢%  9.051 1.44 07 sokk
Object 1 1.36¢!! 31 9.40e!!  4.469 0.043 **

Channel x Object 5 3.75¢’th 155 392¢1 2968  0.014 *
Note. * p <.05. ** p <.01. *** p <.001.

Table B4
RM-ANOVA Results of the Peekaboo Task'’s ERP 800-900 ms
Pl‘ediCtOI‘ dium SSNum deen SSDen F p
Channel 5 6.18¢10 155  1.20e”  15.923  1.2]1 !k
Object 1 1.28¢!! 31 8.50e!  4.680 0.038 *

Channel x Object 5 4.13¢t 155 3.66e!®  3.503 0.005 **
Note. * p <.05. ** p < .01. *** p <.001.
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Table BS
RM-ANOVA Results of the Peekaboo Task'’s ERSP 400-500 ms of Delta Band

Pl‘ediCtOI‘ dium SSNum deen SSDen F p
Channel 5 1.309 155 41.573 0.976 0.435
Object 1 2.518 31 12.640 6.175 0.019 *
Channel x Object 5 0.758 155 21.995 1.069 0.005
Note. * p <.05.
Table B6
RM-ANOVA Results of the Peekaboo Task'’s ERSP 400-500 ms of Theta Band
Pl‘ediCtOI‘ dium SSNum deen SSDen F p
Channel 5 27.425 155 199.453 3.263 0.001 **
Object 1 21.520 31 54919 12.147 0.002 **
Channel x Object 5 6.059 155 132.207 1.421 0.220

Note. * p <.05. ** p < .01l.

IT{;;-IIZZESVA Results of the Peekaboo Task’s ERSP 400-500 ms of Alpha Band
Predictor dfvum  SSNum  dfpen SSpen F 4
Channel 5 33.107 155 218.19 4.704 0005 ***
Object 1 34.197 31 86.78  12.217 0015 **
Channel x Object 5 2.156 155 282.48 0.237 .9459

Note. * p <.05. ** p <.01. *** p <.001.
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Table B8

RM-ANOVA Results of the Peekaboo Task’s ERSP 200-300 ms of Beta band

Predictor dfvum  SSNum  dfDen SSpen F 4
Channel 5 13.930 155 113.492 3.805 0028 **

Object 1 6.959 31 98.249 2.196 .1485
Channel x Object 5 11.634 155  101.495 3.553 0045 **

Note. * p <.05. ** p < .01.

IT{;;-ljlggVA Results of the Peekaboo Task’s ERSP 700-800 ms of Beta Band
Predictor dfvum ~ SSNum  dfpen SSpen F 4
Channel 5 15.704 155 151.91 3.205 .0088 **
Object 1 9.120 31 103.05 2.744 1077
Channel x Object 5 14930 155 120.07 3.855 0026 **

Note. * p <.05. ** p < .01l.
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Table B10
RM-ANOVA Results of the Perceptual Inference Task's Behavior Performance:
Subjective Configuration Score

PrediCtOI dium SSNum deen SSDen F p

Configuration Levels 2 39.677 74 4245 34585 <22¢16wwx*

Note. *** p < .001.

Table B11
RM-ANOVA Results of the Perceptual Inference Task’s Behavior Performance:
Response Time

PrediCtOI dium SSNum deen SSDen F p

Configuration Levels 2 1.628 74 3.620  16.637 10800 %

Note. *** p < .001.

Table B12
RM-ANOVA Results of the Perceptual Inference Task's First Rotation ERP 200-400 ms
Pl‘ediCtOI‘ dium SSNum deen SSDen F p
Channel 5 5.54¢!t 175 3.89¢’1° 4,983 .0003 ***
Object 2 2.96¢!! 70 1.28¢1%  8.066 .0007 ***

Channel x Object 10 1.15¢!t 350  2.45¢!%  1.640 .094 #
Note. #p <0.1. * p <.05. ** p <.01. *** p <.001.

Table B13
RM-ANOVA Results of the Perceptual Inference Task's First Rotation ERP 500-800 ms
Pl‘ediCtOI‘ dium SSNum deen SSDen F p
Channel 5 171 175 4.72¢1° 12.720 1.50¢10 #*3*
Object 2 2.22¢10 70 2.15¢1%  36.065 1,721

Channel x Object 10 1.56e% 350  3.00e'% 18.198 < 2.2¢16 Hkx
Note. *** p < .001.
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Table B14

RM-ANOVA Results of the Perceptual Inference Task's Second Rotation ERP 200-400 ms

Predictor dfvum — SSNum  dfpen F 4
Channel 5 438" 175 4317 00099 ***
Object 2 3.13¢’!! 70 5.853 00446 **
Channel x Object 10 4.55¢'1 350 5108 5.67¢07 #x

Note. ** p < .01. *** p <.001.

Table B15

RM-ANOVA Results of the Perceptual Inference Task's Second Rotation ERP 500-800 ms
Predictor dfvum — SSNum  dAfpen F 4
Channel 5 7.62¢71t 175 6.953 6.01¢06

Object 2 4.25¢12 70 0.696 0.502
Channel x Object 10 2.39¢ 350 2.632 0.004 **
Note. ** p < .01. *** p <.001.
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