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Abstract

Color perception is a fundamental aspect of human sensory experience, yet it varies

significantly across individuals due to genetic and physiological diversity in the visual

system. Most humans are trichromats, perceiving colors through three classes of cone

cells with sensitivities that generally align with predictions based on opponent-processing

models. However, minority color vision phenotypes often deviate from the predictions,

demonstrating enhanced color sensitivity that differs from typical trichromats and suggesting

unique processing mechanisms. The precise neural and perceptual mechanisms behind this

enhanced sensitivity remain elusive. Given the role of colors as versatile navigation and

communication tools, accurately assessing sensory differences and similarities across color

vision types is essential to deepening our understanding of the perceptual characteristics and

underlying mechanisms for both typical and minority phenotypes.

This dissertation investigates how variations in cone sensitivity influence both neural

activity and behavioral performances across different color vision types. Specifically, it

examines how neural responses reflect differences in color saliency by analyzing the broad

spatiotemporal characteristics of event-related potentials (ERPs) in both typical and anoma-

lous trichromats. Two target stimuli (red and blue-green) were chosen to create different

levels of saliency during a discrimination task from a common non-target stimulus (green),

allowing comparison of perceived saliency across color vision types. Although the chromatic

properties of these stimuli remained constant, their perceived saliency was reversed between

the color vision types, enabling direct comparison of neural and behavioral responses. This
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approach also simulates real-world conditions, where individuals rely on consistent physical

light properties to perceive colors without chromatic adjustments.

Using electroencephalography (EEG) to record ERPs during an attention-demanding

oddball task, this study examines how attentional resources are modulated by chromatic stim-

uli with varied saliency. The analysis includes both categorical distinctions and continuous

chromatic sensitivity differences to address individual variability within groups, particularly

in anomalous trichromats, where traditional categorical analyses might otherwise mask subtle

within-group variations. A linear mixed-effects model was applied to both behavioral and

neural data to explore how continuous variations in chromatic sensitivity shape perceptual

and neural responses.

The findings revealed both shared and distinct characteristics of behavioral and neural

processing across color vision types. For typical trichromats, both behavioral and neural

responses consistently reflected saliency differences, aligning with expectations based on

their sensory characteristics. Specifically, reaction times (RTs) were generally faster for the

more salient red stimulus, and the spatiotemporal ERP analyses revealed faster, stronger,

and more spatially widespread activation for the red stimulus. In contrast, anomalous

trichromats did not show a distinct neural response pattern when comparing the two target

stimuli. However, when each target was compared to the common non-target green stimulus,

anomalous trichromats showed a faster neural response to the more salient blue-green

stimulus, confirming the expected saliency difference. Although both color vision types

demonstrated faster neural response to their respective more salient target stimuli, the

spatiotemporal ERP pattern between groups were not markedly different.

RT analysis indicated that continuous chromatic sensitivity provided a better fit compared

to categorical distinction, highlighting nuanced sensory variations reflected in behavioral

performance. While the overall RT patterns suggested the influence of reduced chromatic

sensitivity of anomalous trichromats, RT patterns did not support reversal saliency relation-



vii

ship, indicating a more complex relationship between chromatic sensitivity and behavioral

responses.

These results highlight the robust sensitivity of typical trichromats along the red-green

axis, while anomalous trichromats exhibited more nuanced responses to saliency, reflecting

complex relationships between their chromatic sensitivities and corresponding behavioral

and neural responses. Although both color vision types responded faster to their respective

more salient target stimuli, suggesting shared processing mechanisms, anomalous trichromats

showed more ambiguity in response to saliency differences. This ambiguity may suggest

the presence of enhanced perceptual mechanisms, though the specifics remain unconfirmed.

To verify the contribution of such mechanisms, further research with larger sample sizes is

necessary to confirm and extend these findings.
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Chapter 1

Introduction to Human Color Vision—Rise of Trichro-

macy

Human color perception exhibits inherent diversity, with minority phenotypes exhibiting

shifts in cone sensitivities at the retinal level. These shifts lead to difference in color

discrimination compared to typical trichromatic color vision. However, the perceptual

characteristics among minority phenotypes do not always align with estimations based solely

on the spectral sensitivities. The mechanisms behind these variations, particularly from a

neural perspective, remain insufficiently understood.

This study investigates the spatiotemporal characteristics of event-related potentials

(ERPs) in response to color stimuli with varying saliency. This chapter begins with providing

an overview of the evolutionary background of human color vision and the mechanisms

that underlie its diversity. It also reviews the current understanding of perceptual variations,

highlighting gaps in the knowledge, especially in relation to typical color vision. The chapter

concludes with the research objectives and an outline of the dissertation’s overall structure.
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1.1 The Evolutionary Background of Trichromatic Vision

Human color vision, like that of other species, evolved through mutations and natural

selection. While human vision is predominantly trichromatic, early ancestors had different

visual systems. More than 540 million years ago, early vertebrates are believed to have been

tetrachromatic, possessing four types of cone cells, including one sensitive to ultraviolet

(UV) light (Bowmaker, 1998; Jacobs, 2012; Lamb et al., 2007).

Around 200 million years ago, early mammals transitioned to a predominantly nocturnal

lifestyle, which led to the loss of two of these photopigments—those sensitive to UV and

middle wavelengths—–since color vision likely became less critical in low-light environ-

ments. This adaptation resulted in dichromatic vision, with sensitivity primarily to short and

long wavelengths region on the visible spectrum (Borges et al., 2018; Xian-Guang et al.,

2002).

Approximately 25 million years ago, during the evolution of Old World primates, gene

duplication occurred within the long-wavelength (L) cone (Hunt et al., 1998; Jacobs, 2009;

Nathans et al., 1986). This gave rise to a new middle-wavelength (M) cone. Combined with

the short-wavelength (S) cone, this enabled the emergence of trichromatic vision among

apes, human ancestors, Old World monkeys and some of New World monkeys. Trichromacy

allowed for better discrimination of red-green color differences and is believed to have

provided adaptive advantages in tasks such as foraging, mate selection, social signals, and

navigation of complex environments (Hiramatsu et al., 2017; Kawamura, 2016).

However, the advantages of trichromacy over dichromacy are not universally clear. Some

studies suggest that dichromats may be more effective at detecting certain visual cues, such

as bluish fruit in low light or from a distance (Caine et al., 2010; Melin et al., 2007, 2014).

Conversely, other research has shown no significant difference in fruit detection efficiency
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between dichromats and trichromats in spider monkeys (Hiramatsu et al., 2009), illustrating

the complexity of color vision across different contexts.

1.2 Human Color Vision, Polymorphism, and Neural Mech-

anism

Humans typically have trichromatic vision, which is mediated by three classes of cone

cells—–L-, M-, and S-cones—–with peak sensitivities around 565 , 535 nm, and 420 nm,

respectively (Nathans et al., 1986; Stockman et al., 1993). Although each cone cell is

sensitive to a specific part of the light spectrum, their spectral ranges overlap, enabling a

more nuanced color experience by allowing comparisons between the stimulation levels of

different cones.

The primary neural mechanism for color perception involves color-opponent neurons,

which contrast signals from different cones to enable color discrimination. Red-green

perception is primarily driven by the contrast in stimulation between L- and M-cones. Blue-

yellow perception, in contrast, arises from the combination of S-cone input with a joint

response from L-cone and M-cone responses (Li et al., 2022; Sakurai and Mullen, 2006).

These two cardinal-axes of color discrimination enable trichromats to perceive color in a

three-dimensional space. The spectral distribution of each cone provides essential chromatic

information, meaning that any spectral shift in their spectral sensitivity directly impacts an

individual’s ability to discriminate along these color axes.

Polymorphism is a key characteristics of human color vision, with most being trichromatic

while some exhibit variations in spectral sensitivity, particularly in the L- and M-cones. This

variation stems from the genetic similarity and proximity of the L- and M-opsin genes (Neitz
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and Neitz, 2011). These genes are located side by side on the X-chromosome, and share

about 96% of their amino acid sequences (Nathans et al., 1986) because M-cone opsin

originated from a gene duplication of the L-cone opsin. This similarity often leads to genetic

recombination, causing shifts in spectral sensitivity (Deeb, 2005). For example, a shift in

the L-cone sensitivity toward middle wavelengths results in protanomalous trichromacy,

while a shift in the M-cone sensitivity toward longer wavelengths results in deuteranomalous

trichromacy.

In some cases, recombination can lead to the complete replacement of one type of cone

by the other, resulting in dichromacy. Protanopia occurs when the L-cone is replaced by

an M-like cone, while deuteranopia results when the M-cone is replaced by an L-like cone.

These color vision deficiencies are more common in males due to the X-linked inheritance

pattern of the L- and M-opsin genes. Approximately 8% of males of European descent

exhibit some form of color vision deficiency, while the prevalence among females is much

lower, around 0.04% (Tait and Carroll, 2009). Figure 1.1 show cases of dichromacy with

different spectral characteristics.

Interestingly, a significant proportion of females (about 12∼15%) are carriers of genes

that influence L- and M-cone variability (Jordan et al., 2010; Tait and Carroll, 2009). These

cases are considered to have a potential for tetrachromatic vision, where an individual has

four spectrally distinct types of cones. While most carriers do not exhibit tetrachromacy,

there has been at least one observed case of a female with a fourth spectral sensitivity (Jordan

et al., 2010; Jordan and Mollon, 2019). The full impact of tetrachromacy on color perception

is still under investigation.

This genetic variation in human color vision reflects the evolutionary and biological

diversity within our species. While trichromacy is often viewed as having provided adaptive

advantages, the presence of polymorphisms has been maintained throughout evolution. The

contemporary role of color perception may differ from the early human evolution, and it
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remains unclear how much adaptive values the full range of color vision continues to offer as

our environment and lifestyle change. Further research into these variations may help clarify

how these phenotypes function and what advantages they might offer in varying contexts.
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Fig. 1.1 Spectral sensitivity of cone responses across different color vision types, based on 2-
deg cone fundamentals (Stockman and Sharpe, 2000). The spectral color bar in the middle and
sample images at the bottom simulate protanopic, deuteranopic, and tritanopic vision, created
using the Chromatic Vision Simulator application. Each simulated distribution illustrates a
form of dichromatic color vision, each with unique cone sensitivity characteristics. While
dichromatic vision is relatively rare, anomalous trichromats, whose spectral sensitivities
partially shift toward another cone type, retain all three cone classes. This partial deviation
results in reduced color discrimination within specific spectral ranges.
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1.3 Color Perception of Minority Phenotypes

For individuals with minority color vision phenotypes, their perception is considered to

reflect the sensitivity characteristics of their cones. The absence of sensitivity within a specific

spectral range generally results in reduced color discrimination, effectively compressing

perceived color space from three- to two-dimensions. For dichromats, this reduction indicates

the absence of red-green discrimination, leaving color discrimination to rely solely on blue-

yellow contrast.

In case of anomalous trichromats, the situation is more complex, as their color perception

depends on the degree of spectral shift between L- and M-cone. This shift can vary from 1 to

12 nm across anomalous trichromats (Asenjo et al., 1994; Merbs and Nathans, 1992; Neitz

and Neitz, 2011). In general, the closer the L- and M-cone sensitivity are to each other, the

less perceptually distinct the red-green contrast becomes.

Although the disadvantages of these variations are often highlighted, some studies suggest

advantages for dichromats in humans, such as the ability to detect objects camouflaged by

color (Mollon, 1989; Morgan et al., 1992; Pastilha et al., 2019; Troscianko et al., 2017) and

detecting temporally high-frequency target visual stimuli (Sharpe et al., 2006), and contrast

sensitivity in achromatic conditions (Janáky et al., 2014).
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1.4 Neural Mechanisms and EEG Studies

1.4.1 Neural Mechanisms of Color Vision

Visual information processing begins in the retina, where light is absorbed by photosensi-

tive cone cells. While some initial processing, such as the color opponent mechanism, occurs

in the retina, most visual signal processing takes place in the cortex.

Signals from the retina travel through the lateral geniculate nucleus (LGN) to the primary

visual cortex (V1). These areas show color-opponent responses and luminance contrast

sensitivity, similarly to the retina. Early areas like LGN and V1 exhibit retinotopy, preserving

spatial correspondence with the visual field. Central vision (foveal vision) benefits from a

disproportionately large cortical representation, enabling higher resolution and more precise

color perception due to the dense population of cone cells (Liu and Wandell, 2005; Wandell

and Winawer, 2011).

Signals related to object feature recognition follow the ventral visual pathway in monkeys:
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Lateral Geniculate Nucleus (LGN)

↓

V1

↓

V2

↓

V4

↓

Inferotemporal Cortex (IT)

The ventral pathway processes basic visual features, such as edges, contours, and color,

along with the more complex attributes like shapes and object identity. In contrast, spatial

and motion-related features are processed in the separate dorsal pathway (Fang and He, 2005;

Ingle et al., 1982; Kravitz et al., 2013; Mishkin et al., 1983; Rousselet et al., 2004).

As signals travel along the ventral pathway, neural responses become increasingly spe-

cialized. For instance, neurons in V4 and IT exhibit heightened selectivity for specific colors,

even distinguishing the same hue under varying luminance contrasts (Namima et al., 2014).

This forms the neural basis for categorical color perception. While higher cortical regions

also exhibit retinotopic organization, spatial correspondence to the visual field diminishes as

processing becomes more abstract. This enables the integration of different visual attributes

like edges, contours, shapes, and colors into coherent object representations. Figure 1.2

illustrates the processing streams of visual inputs in the macaque monkey, highlighting the

ventral and dorsal pathways as well as the different cortical regions in the visual cortex.
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(a) Schematic diagram of visual pathways in the macaque brain.

(b) fMRI representation of visual fields in the macaque brain, adapted from Conway (2018).

Fig. 1.2 (a) Schematic of visual pathways showing ventral and dorsal streams in the macaque
brain. The signals are further processed in higher-order mechanisms in distinct pathways:
the ventral and dorsal pathways. The ventral pathway, often referred to as "what" path-
way, processes visual information related to object recognition, such as color and shapes.
In contrast, the dorsal pathway, or where/how pathway, handles luminance information
and motor-related signals, supporting spatial resolution. Brain illustration adapted from
bioBlender (bioblender.eu). License: CC BY-NC-SA. (b) fMRI data illustrating early visual
field representations (V1, V2, V3, etc.) in the macaque cortex.

http://bioblender.eu
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1.4.2 Advances in Human Neuroimaging

Historically, research on visual processing relied on animal models, such as cats, mice,

and non-human primates (e.g., macaques), due to ethical considerations in human studies

(Hubel and Wiesel, 1977; Maunsell et al., 1999; Reinagel et al., 1999). While these animal

studies provided foundational insights, human studies were largely limited to observations of

brain injuries.

Recent advances in non-invasive brain imaging technologies— such as electroencephalog-

raphy (EEG), Magnetencephalography (MEG), and functional magnetic resonance imaging

(fMRI)—have enabled researchers to study the correspondence between cortical responses

and visual stimuli with minimal burden on human participants, unveiling the complexities of

human visual processing (Kastner et al., 2006; Mullen et al., 2010).

EEG measures the brain’s electrical activity by detecting voltage changes at the scalp,

primarily reflecting postsynaptic potentials generated by cortical pyramidal cells near the

scalp surface (Kirschstein and Köhling, 2009).

• Action Potentials are rapid voltage changes across a neuron’s membrane, enabling

direct communication between cells. However, their highly localized and transient

nature causes them to cancel out in adjacent neurons, making them undetectable by

EEG.

• Postsynaptic Potentials are graded voltage changes occurring in postsynaptic neurons

when neurotransmitters bind to receptors. These signals aggregate across populations

of neurons, creating electrical fields detectable by EEG.



12 Introduction to Human Color Vision—Rise of Trichromacy

EEG excels in capturing postsynaptic potentials with millisecond-scale temporal resolu-

tion. However, its spatial resolution is limited due to volume conduction, where electrical

signals spread through the surrounding tissue and scalp surface. Despite these constrains,

EEG is highly effective for investigating the timing and progression of neural processes

(Bucci and Galderisi, 2011; Luck, 2014).

1.4.3 EEG Studies on Color Perception

Temporal dynamics in EEG recordings are often analyzed through event-related potentials

(ERPs), which represent transient neural responses to stimulus perception. ERPs are com-

puted by averaging voltage changes from stimulus onset across multiple trials. This averaging

enhances the signal-to-noise ratio, isolating stimulus-related neural activity while minimiz-

ing unrelated fluctuations. Prominent waveforms in ERPs are interpreted as reflections of

underlying stimulus processing mechanisms (Gefen, 2004; Luck, 2014).

Color perception has been studied extensively using attention-based tasks (Hillyard and

Münte, 1984; Kuniecki et al., 2015). Harter and Aine (1984) proposed a model of selective

attention, suggesting that attending to specific stimulus features modulates the neural activity

of populations specialized in processing those features. For example, attention to color stimuli

activates neurons concentrated in V4. Studies have identified characteristic ERP waveforms

in response to color stimuli using discrimination or detection tasks. For example, a larger

positive peak is observed between 120 to 230 ms post-stimulus at frontal to centro-parietal

electrodes (Aine and Harter, 1986; Eimer, 1997) , followed by a negative peak between 200

to 320 ms post-stimulus. This negative peak is often interpreted as an attention-orienting

process toward relevant stimulus features (Näätänen and Gaillard, 1983). Beyond these early

components, a large positive peak, known as P3, emerges beyond 300 ms post-stimulus,

reflecting attentional effects during post-perceptual processing (Eimer, 1997).
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Studies on categorical color perception have revealed faster sensory processing for

between-category stimuli. This is evidenced by shorter latencies in early components (e.g.,

P1 and N1) and larger amplitudes in later components (e.g., P2 and P3), suggesting enhanced

processing for stimuli with categorical differences (Holmes et al., 2009). Steady-state visual

evoked potentials (SSVEPs) further highlight early-stage preferences for intermediate hues

(e.g., lime and magenta), indicating the complexity of early cortical color processing mecha-

nisms (Kaneko et al., 2020). These findings underscore the utility of EEG in exploring both

the temporal dynamics and cortical mechanisms of color vision, advancing our understanding

of human perception. It is important to note that these studies are based on participants with

typical trichromatic color vision.

1.5 Currently Known Perception of Minority Phenotypes

Despite the known limitations in red-green sensitivity, predicting discrimination sensitiv-

ity in minority phenotypes based solely on cone sensitivities remains a challenge. Current

estimates of discrimination sensitivity often fail to align with experimental findings. For

example, higher-than-expected red-green sensitivity has been reported in a range of studies,

including psychophysical color-matching experiments and color-naming tasks involving

cognitive components (Bosten, 2019; Moreira et al., 2021). For instance, dichromats have

demonstrated color categorization abilities similar to typical trichromats when stimuli are

presented with sufficient size and time for identification (Montag, 1994).

Various studies have attempted to explain this supra-threshold sensitivity. Some have

suggested that rod cells may provide an alternative signal, contributing to color perception

under certain conditions (Montag and Boynton, 1987; Nagy and Boynton, 1979; Smith

and Pokorny, 1977). Other studies suggested that enhanced S-cone sensitivity in the long-

wavelength region may serve as an alternative signal (Kurtenbach et al., 1999; Scheibner and
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Boynton, 1968), or that variations in optical density could account for improved sensitivity

(Neitz et al., 1999; Thomas et al., 2011).

Recent research also pointed to post-receptoral neural modulation as contributor to the

perceptual enhancement in anomalous color vision types. For instance, a psychophysical

study has suggested that post-receptoral enhancement plays a key role in boosting discrimina-

tion sensitivity (Boehm et al., 2021). Additionally, amplification of visually evoked potentials

was recorded for binocular conditions (Rabin et al., 2018) and fMRI studies have documented

amplified neural activity in the early visual cortex (V2) in cases of anomalous trichromacy,

even during simple fixation tasks (Tregillus et al., 2021).

Overall, the prevailing evidence implies that a variety of mechanisms contribute to the

extended sensitivity observed in both anomalous trichromacy and dichromacy. Nevertheless,

a comprehensive understanding of this phenomenon remains elusive. Particularly, research

linking perceptual and cognitive diversity with neural diversity is still scarce, highlighting a

gap in the understanding of how neural mechanisms support these perceptual variations.

1.6 Experimental Design intent

The task design for this study was guided by the need to balance difficulty across typical

trichromats and anomalous trichromats while using chromatically consistent stimuli and

addressing the unique demands of ERP experiments on color vision phenotypes.

1. Balanced Task Difficulty:

The goal of this study is to design tasks with varying levels of saliency for both color

vision groups: typical trichromats and anomalous trichromats. Both more and less
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salient targets were introduced to balance task difficulty and enable the assessment of

neural and behavioral responses across groups using identical stimuli. This approach

minimizes group-specific biases and allows for meaningful comparisons.

2. Rationale for Using an Oddball Task:

The oddball task, widely-used paradigm in EEG studies, was selected to analyze

attention effects. This is particularly relevant because ERP studies on color vision

phenotypes are limited, and a straightforward paradigm aids in interpreting neural re-

sponses to saliency differences. By focusing on responses to infrequent deviant stimuli,

the design helps uncover saliency-related neural mechanisms in color perception.

To reduce confounding variables, the task was kept simple, with two target conditions

presented in separate blocks and requiring a single response button. This simplicity

ensured that:

• Participants, particularly anomalous trichromats, could fully engage with the task

without undue difficulty.

• Attention remained centered on the stimuli rather than on task complexity, such

as multi-button responses.

3. Ensuring Comparable Difficulty Across Groups:

A key challenge was maintaining comparable task difficulty for both groups using

identical chromatic stimuli. Adjusting stimuli based on individual chromatic sensi-

tivities was avoided to prevent introducing extrinsic individual variability that could

complicate group comparisons. Instead, the design prioritized consistent chromatic

conditions, allowing analysis of how individual differences in sensitivity manifest in

neural and behavioral performance.

4. Task Simplicity and Fairness:

The target conditions were designed to be sufficiently detectable to ensure participants
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could perceive the stimuli, while maintaining a level of difficulty necessary to elicit

neural activity reflective of attentional load. Undetectable stimuli would have prevented

the evaluation of neural and behavioral performance, defeating the study’s purpose.

By ensuring that both target conditions were within a detectable range, the study

minimized task-related frustration and allowed for fair participation by all groups,

regardless of color vision phenotype.

5. Consideration for Minority Phenotypes:

Participants with minority phenotypes, such as anomalous trichromats, may approach

color detection tasks with heightened caution due to their unique color perception

experiences. To accommodate this, the task was designed to be fair and accessible to

all participants without favoring one group over another. Conditions were created to

ensure that each group had both easier and more difficult tasks, balancing performance

expectations and avoiding biased interpretations.

6. Avoiding Bias in Stimulus Design:

Care was taken to avoid conditions that might inherently favor one group over the

other. For example:

• Studies indicate that anomalous trichromats exhibit faster reaction times (RT)

with blue-green stimuli compared to typical trichromats, reflecting higher saliency

for this color range (Sunaga et al., 2013).

• Conversely, during oddball tasks, early-phase ERP components and RTs show

longer latencies for blue-green stimuli among typical trichromats, indicating

lower saliency for such stimuli (Holmes et al., 2009).

Based on these findings, blue-green stimuli were chosen as relatively more salient

for anomalous trichromats and less salient for typical trichromats. This design aimed

to balance task conditions while maintaining fairness and validity in performance

evaluations.
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1.7 Chromatic Space and Stimulus Selection

In this study, the stimuli were chosen based on the color space. The CIE (Commission

Internationale de l’Éclairage) is an international standardization body specializing in light,

lighting, vision, and colorimetry. This section reviews the historical development of the CIE

color system and introduces the foundational concepts of uniform color space (Schanda,

2007).

1.7.1 Historical Basis: Color Matching Experiments

The CIE color system is built upon the additive color model (RGB color model) (Figure

Figure 1.3 ), where any color light can be reproduced by combining red, green, and blue

light in varying intensities. This principle, known as the color matching principle, forms the

foundation for today’s colorimetry. It can be expressed mathematically as:

C = R + G + B

Here, C represents the test light, which R,G, and B are the red, green, and blue primaries,

also known as primary colors or primary stimuli and = indicates color matching between the

test light and the mixed lights.

The definition of RGB primaries originates from independent color matching experi-

ments conducted by William David Wright and John Guild in 1920s. In these experiments,

participants were shown a test light and asked to adjust the intensities of three primary lights
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(red, green, and blue) to match its color. A critical criterion for these primary colors was

independence, meaning that no primary lights could be reproduced by mixing the other two.

The CIE adopted the results of these experiments, averaging the outcomes to define

the concept of "the CIE standard observer", a theoretical model representing human color

perception. This standard observer became a foundation for the CIE 1931 color space

(Fairman et al., 1997; Hunt and Pointer, 1985; Shaw and Fairchild, 2002).

Fig. 1.3 Additive color mixture model, which forms the basis of colorimetry in the CIE color
system. It explains how colors are perceived by combining different primary colors of light,
which are red, green, and blue.
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Fig. 1.4 CIE1931 RGB tristimulus values.

Fig. 1.5 CIE1931 XYZ tristimulus values.
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1.7.2 Addressing Subtractive Adjustments

During the color matching experiments, some test colors required participants to subtract

light from one of the primaries (e.g., red) to achieve a match (Figure 1.4). This subtraction

was accomplished by adding one primary to test light to cancel out the excess intensity. This

subtractive adjustment arose because the RGB primaries used in the experiments were highly

saturated, making it impossible to represent all colors purely through additive combinations

(Smith and Guild, 1931).

While this approach worked in the experimental setting, it introduced computational

challenges, as negative light intensities are not physically meaningful. To overcome this, the

CIE introduced a new set of mathematically transformed primaries, known as the X, Y, and

Z values. These are linear combinations of the original RGB values, ensuring that all colors

can be represented through additive combinations with only positive values (Figure 1.5).

1.7.3 Transition to Chromaticity Coordinates

Building on the X, Y, and Z system, the CIE derived xy chromaticity coordinates, which

describe colors in terms of chromaticity (hue and saturation) independent of luminance

(Figure 1.6). These chromaticity coordinates are calculated as follows:

x =
X

X +Y +Z

y =
Y

X +Y +Z
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Note that Y value represents brightness value, though it is not equivalent to luminance,

whereas x and y represents the chromaticity of the color.

The x and y coordinates provide a two-dimensional representation of the visible color

spectrum, simplifying the visualization and comparison of color relationships (Ohno, 2000).

1.7.4 Uniform Color Space: CIE1976 u’,v’ uniform chromaticity scale

diagram

While XYZ color space and xy chromaticity coordinates provide a framework for de-

scribing colors, they do not account for perceptual uniformity. In other words, the distances

in these spaces do not correspond to the chromatic differences perceived by human observers.

To address this limitation, CIE1976 u’, v’ uniform chromaticity scale coordinates were

developed (Isbell, 1964; Mahy et al., 1994), based on the work of David L. MacAdam.

David L. MacAdam, a researcher at Eastman Kodak, conducted extensive color matching

experiments to study perceptual differences in color represented in xy coordinates. Using

25 reference colors, a single participant was asked to indicate the range of color indistin-

guishable from reference color. These ranges were represented as ellipses, now known as

MacAdam ellipses, centered on each reference point. The study, repeated over 25,000 trials,

demonstrated that the size and shape of these ellipses vary across the color space, highlighting

perceptual non-uniformity (Kaarna et al., 2002; MacAdam, 1942; Wundheiler, 1945).

To create a more uniform color space, the u’v’ chromaticity coordinates were derived by

transforming the xy chromaticity diagram (Figure 1.6). This transformation standardized

the sizes of the MacAdam ellipses, making them more circular and equal in size. The u’v’

coordinates are calculated as follows:
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u′=
4x

−2x+12y+3
=

4X
X +15Y +3Z

, v′=
9y

−2x+12y+3
=

9Y
X +15Y +3Z

The u’v’ uniform color space provides a more perceptually accurate representation of

chromatic differences, making it a valuable tool for studies involving human color perception

(Melgosa et al., 1994; Pointer, 1981). However, it is important to note that while the

inconsistency in the sizes of ellipses were reduced, they were not perfectly consistent.

Variables in ellipse size remain particularly in the peripheral region of the color space, which

must be considered carefully when using it.
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Fig. 1.6 CIE1931 x,y chromaticity diagram plotted with MacAdam ellipses. The CIE1931
x,y chromaticity diagram (commonly known as the CIE1931 xy diagram or color space)
is a foundational chromaticity diagram representing human perceptual color space. Figure
adapted from Mokrzycki and Tatol (2011).
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Fig. 1.7 CIE1976 u’,v’ uniform chromaticity scale diagram with MacAdam ellipses. The
CIE1976 u’,v’ uniform chromaticity scale diagram (commonly referred to as the CIE1976
u’,v’ diagram or color space) is one of the uniform color spaces standardized by the CIE. It
is a perceptually uniform color space based on Wundheiler (1945). The size of the ellipses
becomes more inconsistent as saturation increases, indicating reduced uniformity in the color
space. Figure adapted from Schanda (2016).
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1.8 Equiluminance Among Stimuli

In this study, all the color stimuli were adjusted to have equal luminance to the back-

ground to avoid luminance difference from serving as alternative cues during the detection

task. Equiluminance was measured using flicker photometry (or heterochromatic flicker

photometry), a standard psychophysical method for quantitively adjusting differences in

photopic luminance, which relies on inputs from cone cells. This section explains the basis

of the method and the neural mechanisms behind its use for achieving luminance equality.

In flicker photometry, two colored lights (a test color and reference color) are alternated

rapidly, typically at 10 to 20 Hz (Lee et al., 1988; Pokorny et al., 1989). Participants adjust

the luminance of the test light, either increasing or decreasing its intensity, to identify the

point where the sensation of flicker is minimized. At this point, the luminance of the test

light is considered to match that of the reference light.

1.8.1 Visual Pathways and Contrast Sensitivity

The effectiveness of flicker photometry relies on differences in the processing charac-

teristics of luminance and motion contrast compared to chromatic contrast. Luminance

and motion contrast exhibit high temporal and spatial sensitivity, while chromatic contrast

is relatively low in both temporal and spatial resolution. These differences arise from the

distinct neural pathways that process these visual features (Denison et al., 2014; Kastner

et al., 2006).

Motion-related spatial features rely on luminance contrast, primarily derived from inputs

from L- and M-cones. This information is processed through the magnocellular layers of the
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lateral geniculate nucleus (LGN), which are highly sensitive to rapid changes in luminance

contrast across adjacent visual field. This sensitivity underlies the perception of motion,

where temporal sensitivity is critical. On the other hand, chromatic signals are relayed to

separate layer called parvocellular layers, which exhibit lower temporal resolution compared

to the magnocellular layers.

Motion-related visual features are subsequently processed along the dorsal pathway,

while chromatic contrasts are processed in the ventral pathway. This reflects their functional

specialization for motion and color perception, respectively.

1.8.2 Luminance Detection in Flicker Photometry

In flicker photometry, the luminance levels of two colors are adjusted to achieve luminance

equality. When the luminance levels of two colors are mismatched, participants perceive a

strong flicker due to the high temporal sensitivity. When the luminance levels are matched, the

flicker sensation diminishes because the magnocellular system no longer detects differences

in luminance contrast.

1.9 Research purpose and Scope

The primary objective of this research is to deepen our understanding of how variations in

cone sensitivity influence neural activity and behavioral responses in individuals with different

color vision phenotypes. While it is known that inherent diversity in cone sensitivities leads

to variations in color perception, the mechanism that bridges these differences–—particularly

at the neural level–—remain elusive. Existing research suggests that the perceptual gap
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between individuals with typical and anomalous color vision is not solely a function of cone

sensitivity but driven by a combination of perceptual enhancement mechanisms, presumably

both at receptoral and post-receptoral stages. However, how these broader mechanisms

interact and are reflected in neural signals has not been fully explored.

This study aims to identify both the distinguishing and shared spatiotemporal characteris-

tics of neural activity among different color vision phenotypes during attention-demanding

tasks. Using EEG to record event-related potentials (ERPs), the research examines how

attentional resources are modulated by differences in color saliency among individuals with

different color vision types. Through this investigation, the study seeks to provide more

comprehensive insights into the neural process underlying color perception diversity, with a

particular focus on the modulation of attention in response to chromatic stimuli.

1.10 Novelty of This Research

A main novelty of this research lies in the use of chromatically identical stimuli across all

participants, regardless of their varying chromatic sensitivities. Instead of adjusting stimuli

to ensure consistent perceived saliency differences for each participant, the same chromatic

conditions were used. This approach allowed for the analysis of how neural activity reflects

spatiotemporal characteristics of ERPs and behavioral responses in a manner that reflects

real-world conditions, where the physical properties of light remain fixed despite individual

differences in color perception. However, the luminance of the stimuli was individually

adjusted to ensure that stimulus detection was based on chromatic differences rather than

luminance cues.

Another unique feature of this study is the use of an attention-demanding paradigm

to evoke saliency-related neural activity across a broad spatiotemporal scale. Attentional



28 Introduction to Human Color Vision—Rise of Trichromacy

mechanisms enhance the processing of critical visual features, such as chromatic contrasts,

which serve as key cues for efficient and timely action planning in daily tasks. By adopting

an attention-driven approach, the influence of attentional modulation on perceptual and cog-

nitive performance could be effectively examined across individuals with varying chromatic

sensitivities. This method not only enables the investigation for early visual areas but also

extends to other cortical regions potentially involved in the extended perceptual sensitivity

observed in minority color vision phenotypes, an area where knowledge remains limited.

This highlights the dynamic neural and behavioral variation across different color vision

types.

A further novel approach lies in the symemetrically reversed saliency relationships within

the stimuli, where a stimulus that is more salient to typical trichromats is less salient to

individuals with minority color vision phenotypes and vice versa. This design enabled us to

capture how attentional modulation and neural processing differ across color vision types

without adjusting chromatic conditions.

Moreover, our study considers not only categorical differences between color vision

types (e.g., typical trichromats vs. anomalous trichromats) but also accounts for continuous

variability in color sensitivity within participants, particularly among those with minority

color vision phenotypes. When focusing solely on categorical distinctions, the variability

within the category often becomes noise in the data. To address this, a linear mixed-effect

model was used to account for continuous sensitivity differences, providing a more nuanced

understanding of how these variations influence neural and behavioral responses.
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1.11 Overview of the dissertation structure

This dissertation is organized into four main chapters, followed by an appendix that

includes additional results:

• Chapter 2: Materials and Methods This chapter provides a detailed description of

the study design and methodology. It includes sections on participant profiles, stimulus

design, task procedures, and experimental apparatus. Additionally, it outlines the

behavioral and EEG data analysis methods, including the linear mixed-effect models

used for both behavioral and ERP analyses.

• Chapter 3: Results The third chapter presents the findings from the study. It be-

gins with the results of the flicker photometry task, followed by behavioral results

derived from the linear mixed-effect model analysis. The chapter also covers the ERP

results, including both the model-based analysis on P3 component and exploratory

spatiotemporal examination of neural activity using the cluster-based permutation

analysis.

• Chapter 4: Discussion and Conclusion This chapter interprets the findings presented

in Chapter 3, connecting them with existing literature and theoretical frameworks. The

broader implications of the results are discussed, particularly with respect to the neural

and perceptual mechanisms underlying color vision differences. The chapter concludes

by summarizing key findings and offering potential directions for future research.

• Appendix The appendix contains supplementary results, focusing on individual-level

analyses that provide additional insights into variability across participants.





Chapter 2

Materials and Methods

2.1 Participants

This study involves 19 male participants, all with normal or corrected-to-normal visual

acuity. The majority were undergraduate and graduate students at Kyushu University School

of Design (mean age ± standard deviation: 23.32 ± 2.68 years).

Males were exclusively selected in the study because approximately 12% of females

carry variant red and green visual pigment genes, which can alter cone sensitivity. To prevent

any unintended influence on color perception, females were excluded from participation

(Jameson et al., 2014; Jordan et al., 2010).

To assess each participant’s color vision type, four color vision tests were conducted:

the Ishihara pseudoisochromatic plate test, the Color Assessment and Diagnosis (CAD)

test (Barbur et al., 2021), the HMC anomaloscope (Oculus) (Melamud et al., 2004), and



32 Materials and Methods

the Farnsworth–Munsell 100 Hue Test (Verriest et al., 1982). Different color vision tests

provide slightly different aspects of color perception due to different measurement methods,

thus, color vision type was determined based on the combined results. Five participants

were classified as deuteranomalous trichromats (with altered M-cone sensitivity), one as a

deuteranope (lacking the M-cone), and the rest as typical trichromats.

All participants received financial compensation for their involvement. The study protocol

was conducted in accordance with the Declaration of Helsinki and was approved by the

Ethics Committee of the Graduate School of Design at Kyushu University (Approval No.

316). Written informed consent was obtained from each participant prior to the experiment.

Individual variations can be observed among typical trichromats, however, perceptual

variation is particularly pronounced among minority color vision phenotypes. In order to

account for these variations comprehensively beyond categorical differentiation of color

vision types, red-green sensitivity was evaluated using the CAD test. Table 2.1 presents the

red-green sensitivity thresholds of the deuteranomalous and deuteranope participants. These

thresholds indicate the amount of saturation required to distinguish colors from a neutral

gray point along the red-green axis, where a value of 1 represents the average discrimination

ability of typical trichromats (Barbur and Rodriguez-Carmona, 2017; Barbur et al., 2021).

For graphical images of individual results, see Appendix B.

In this study, the mean threshold for typical trichromats was 1.1 ± 0.2, while the mean

threshold for anomalous trichromats was 13.1 ± 7.9.
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Participant code Red-green threshold Color vision type

Participant 14 21.63 Deuteranomalous trichromacy

Participant 07 19.36 Deuteranopia

Participant 02 19.35 Deuteranomalous trichromacy

Participant 18 13.34 Deuteranomalous trichromacy

Participant 03 9.07 Deuteranomalous trichromacy

Participant 16 2.19 Deuteranomalous trichromacy

Table 2.1 Red-green thresholds assessed using the CAD test and identified color vision
types based on the anomaloscope test for participants with minority color vision phenotypes.
Participants are listed in descending order according to their red-green threshold.
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Participant code Red-green threshold Color vision type

Participant 01 0.70 Typical trichromacy

Participant 04 1.20 Typical trichromacy

Participant 05 1.17 Typical trichromacy

Participant 06 1.02 Typical trichromacy

Participant 08 0.96 Typical trichromacy

Participant 09 1.21 Typical trichromacy

Participant 10 1.24 Typical trichromacy

Participant 11 0.89 Typical trichromacy

Participant 12 1.19 Typical trichromacy

Participant 13 1.15 Typical trichromacy

Participant 15 1.06 Typical trichromacy

Participant 17 0.93 Typical trichromacy

Participant 19 1.19 Typical trichromacy

Table 2.2 Red-green thresholds assessed using the CAD test and identified color vision types
based on the anomaloscope test for typical trichromats. Participants are listed in ascending
order according to the participant code.
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2.1.1 CAD test

The CAD test is a relatively new color vision assessment tool, chosen for its ability

to quantitatively and conveniently evaluate chromatic sensitivity. This facilitates direct

comparisons of chromatic sensitivity among participants. Details on how the CAD test

evaluates chromatic sensitivity are provided below.

The CAD test measures chromatic sensitivity along the cardinal color axes of the red-

green and blue-yellow, assessing deviations in sensitivity involving L-cone, M-cone, and

S-cone cells. Individuals with high chromatic contrast sensitivity can detect color differences

with smaller contrasts, while those with deviations in sensitivity, such as dichromacy and

anomalous trichromacy, require larger chromatic contrasts to perceive the color differences.

The test uses chromatic stimuli from the red-green and blue-yellow axes to determine discrim-

ination thresholds relative to the D65 neutral gray point, a standard illuminant representing

daylight standardized by the CIE. This gray point marks the convergence of the two cardinal

axes in CIE xy color space. In the CAD test, a threshold of 1 is defined as the mean chro-

matic sensitivity of typical trichromats, while higher thresholds indicate reduced chromatic

sensitivity, requiring greater saturation for color perception.

During the assessment, participants detect a chromatic stimulus that moves diagonally

and respond to which direction the stimulus moved in a four alternative forced-choice task.

To ensure that participants rely on color differences rather than brightness cues during the

detection task, the luminance of both the background and the stimulus is varied randomly as

the stimulus moves across the display, resembling a mosaic. Figure 2.1 (a) and (b) shows a

schematic display of the CAD test and candidate test stimuli, and Figure 2.1 (c) provides an

example of CAD test results.
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(a) CAD Test Display (b) CAD Stimulus Samples

(c) Example outputs of the test

Fig. 2.1 (a) Stimulus image of the CAD test, showing a square-shaped stimulus moving
from the top left to the bottom right. The stimulus window is filled with pixelated squares
where luminance varies randomly, masking luminance effects during the detection task. (b)
Sample stimulus candidates used in the test. Stimuli are randomly selected to test sensitivity
along the red-green or blue-yellow axes during the test. The images are adopted from Barbur
et al. (2021). (c) Example output of the test results. The left and middle panels show
cases of deuteranomalous trichromacy with varying red-green sensitivities, while the right
panel shows a typical trichromat result, where all dots, representing detection thresholds,
are clustered around the inner circle, indicating average detection thresholds for typical
trichromacy.
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2.2 Stimulus

2.2.1 Stimulus Selection

The task involved three different chromatic stimuli, which were either assigned as target

or non-target stimulus. These stimuli were selected to achieve varying levels of chromatic

contrast when each stimulus was paired with a shared standard stimulus. The chromaticities of

the stimuli were carefully chosen based on the u’,v’ diagram, which allows for the estimation

of perceptual chromatic differences as Euclidean distances for individuals with typical

trichromacy (Pointer, 1981). This color space represents perceptual chromatic differences

geometrically, allowing a direct comparison between stimuli (Ohno, 2000).

Three specific colors—blue-green, red (with an orange tint), green—were selected, all

equidistant from the D65 neutral gray in the u’, v’ diagram (Figure 2.2). Their specific

coordinates were (0.1679, 0.4670) for blue-green, (0.2278, 0.4696) for red, and (0.1817,

0.4936) for green. Each was positioned uniformly 0.03 units from D65 (0.1978, 0.4683),

ensuring consistent saturation relative to the neutral point. In the attention task, blue-green

and red served as target (or deviant) stimuli, while green functioned as the standard (non-

target).

In this uniform color space, perceptual differences between colors can be quantified

through Euclidean distance (Ohno, 2000). The greater the distance between two points, the

larger the perceptual difference. The Euclidean distances between blue-green and red from

green were 0.03 and 0.052, respectively. Given that red is farther from green in this color

space, it was expected to be more perceptually salient than blue-green. This is also reflected

in categorical color distinctions: blue-green is categorically more similar to green than red

is, which enhances the perceptual salience of red when contrasted with green. Studies on
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color categories and their psychophysical effects indicate that categorical differences can

lead to faster behavioral responses and earlier neural activations (Holmes et al., 2009; Witzel

and Gegenfurtner, 2015). Hence, this chromatic arrangement was designed to evoke distinct

levels of saliency, amplified by these categorical differences.

Fig. 2.2 The coordinates of stimuli in the CIE 1976 u’, v’ uniform chromaticity scale diagram,
in which perceptual distance is represented as Euclidean distance for typical trichromats. The
expected chromatic contrasts between the standard and deviant stimuli are represented as
line lengths: black dotted lines represent typical trichromacy, and black solid lines represent
deuteranopia.



2.2 Stimulus 39

2.2.2 Stimulus Comprehension for Minority Color Vision Phenotypes

Understanding chromatic differences in minority color vision phenotypes, such as deuter-

anopia, requires a careful approach due to their reduced two-dimensional color space, which

results from the absence of specific cone sensitivities. In dichromacy, colors along the

same confusion line—where all colors appear identical—are indistinguishable. These lines,

originating from a single point called the "copunctal point", are unique to each type of

minority color vision phenotype, depending on which cone cells deviate from those of typical

trichromats.

Although the exact cardinal color axis for minority color vision phenotypes is still debated,

it is generally estimated as perpendicular to the confusion line that intersects the D65 neutral

gray (Broackes, 2010). As Pridmore (2014) notes, in dichromats, the empirical color axis is

orthogonal to the confusion line, passing through the neutral gray point. Thus, chromatic

distances for deuteranopia can be represented by the distance along this orthogonal axis

(Figure 2.2).

Based on this assumption, the relative chromatic contrasts for deuteranopia were estimated

from the perpendicular distances of the stimuli to the deuteranopic confusion line. These

contrasts were 0.0290 for blue-green and 0.0134 for red, calculated from distances of 0.0212

for green, 0.0078 for blue-green, and 0.0078 for red. The confusion line intersecting D65

also serves as a categorical boundary (Broackes, 2010), where chromatic differences are

calculated by summing or subtracting the orthogonal distances, depending on whether the

stimuli are on opposite or the same sides of the line.

This predicts that for deuteranopes, blue-green would be more salient than red when

contrasted with green, reversing the typical trichromat ratio (0.03/0.052 = 0.57 for trichromats

vs. 0.029/0.0134 = 2.16 for deuteranopia). Despite variability in red-green thresholds among
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individuals with anomalous trichromacy, the same chromatic stimuli were used for all

participants to explore neural diversity under consistent visual input. Luminance contrast

was controlled by adjusting all stimuli to 20 D65 using flicker photometry (see section 2.5

for the details).

2.3 Task Design

To investigate attentional response to chromatic contrasts, an oddball paradigm was

employed, a widely used approach to elicit evoked potentials associated with attentional

processing (Picton et al., 1992; Sutton et al., 1965). This paradigm presents a series of

stimuli, with a frequently appearing standard stimulus interspersed with a rarely presented

deviant stimulus in a pseudo-random order. Participants were instructed to detect the deviant

and press a button as quickly as possible following its appearance (Figure 2.3).

A response button, which was a rectangular-shaped box that could be held in the hand,

was connected to a trigger box, which in turn was directly linked to the EEG amplifier.

Participants held the button during the task and submitted their response by pressing it with

their thumb. This setup ensured precise recording of participant reactions and allowed for

real-time synchronization with the neural data being recorded. For further details of the

experimental setup, see section 2.4.

In this experiment, the standard stimulus was green hue, while two deviant stimuli—blue-

green and red—were presented in separate blocks as deviant 1 (blue-green) and deviant

2 (red). The selection of these particular colors was based on their estimated chromatic

contrasts relative to the standard stimulus, which were designed to create varying levels of

perceptual saliency, thus requiring different degrees of attentional engagement (see section

2.2 for details on stimuli selection). Notably, the chromatic contrasts were expected to evoke
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distinct patterns of neural and behavioral responses, particularly between participants with

typical trichromacy and those with deuteranopia, where the perceptual saliency of deviant

stimuli would theoretically reverse.

The experimental design aimed to exploit these differences in chromatic perception across

different color vision phenotypes, allowing for investigation of both individual variation in

color processing and its influence on attentional influence. The random presentation order

was adjusted to ensure that the ratio of standard to deviant stimuli remained constant across

session, which is ten consecutive blocks, thus preventing potential learning effects.

Fig. 2.3 Schematics of the oddball task. Three distinct colors were used: two deviant
stimuli (presented rarely) and one standard stimulus (presented frequently). Each stimulus
was presented for a duration of 400 ms , with an inter-trial interval of 1,200–1,600 ms.
Participants were instructed to press a button immediately upon detecting a deviant stimulus.
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2.4 Apparatus

The experimental stimuli were presented on a calibrated 32-inch Full HD LCD monitor

(Display++, Cambridge Research Systems Ltd.), linearized to ensure accurate color rendering.

Paired with an image processor (Bits#, Cambridge Research Systems Ltd.), the display was

capable of presenting colors at a 14-bit resolution with a refresh rate of 120 Hz. The high

resolution allowed for precise chromatic and luminance control, which was essential for

manipulation of color contrasts in the experiment.

A spectroradiometer (SR-LEDW-5N, Topcon Technohouse) was used prior to the exper-

iment, ensuring that the colors matched their intended coordinates in the CIE 1976 u’, v’

uniform chromaticity space (see section 2.2 for further details). All experimental procedures

were implemented and controlled using a custom program developed in MATLAB (Math-

Works Inc.), utilizing the Psychotoolbox-3 extension for accurate visual and timing control

(Brainard and Vision, 1997; Kleiner et al., 2007; Pelli and Vision, 1997).

EEG signals were recorded using a 64-channel amplifier (ActiChamp Plus, Brain Products

GmbH), with active electrodes placed according to the modified international 10-20 system

(Oostenveld and Praamstra, 2001). An electrode cap (actiCap slim, Brain Product GmbH), of

either 56 or 58 cm head circumference, was fitted to each participant. To improve contact and

minimize noise, electrode gel (V16 SuperVisc High-Viscosity Gel, NEUROSPEC AG) was

applied between electrodes and scalp surface. Impedance was measured for each electrode to

ensure it was below 10 kΩ before recording. The signals were digitized and processed at a

1,000 Hz sampling rate to capture neural responses with high temporal resolution.

Precise synchronization between the stimulus presentation, EEG data collection, and

behavioral responses was critical for the oddball task. A trigger box, connected via a parallel

port to the EEG amplifier, recorded both the onset of stimuli and participants’ button press



2.5 Procedure 43

responses. Additionally, small photoelectric sensors (MaP1180PS2A, NIHON SANTEKU

Co., Ltd) were positioned at the edges of the monitor, detecting binary luminance modulations

in real-time during the task, ensuring the exact timing of stimulus presentation could be

captured and logged for each trial. Participants’ responses were recorded via a manual button

press, linked directly to the trigger box.

2.5 Procedure

Participants were seated 57 cm from the display in a dark, windowless room with the

lights turned off to eliminate external light. They were given time to adjust to the darkness

during the instruction and practice sessions. Each participant wore an electrode cap, and their

gaze was directed at the screen’s center.

2.5.1 Flicker Photometry

Before the oddball task, the luminance of the stimuli (blue-green, red, and green) was

equalized to 20 cd/m2 (D65) using flicker photometry. In this process, participants identified

the point at which flickering between the stimulus and the D65 background, alternating at 15

Hz, was no longer perceivable, indicating equiluminance. Participants adjusted the stimulus

luminance with arrow keys (0.1 cd/m2 per press), combining the up-down method with the

method of limits to fine-tune the adjustment until the flicker disappeared.

The equiluminance adjustment was repeated six times for each stimulus (blue-green, red,

and green), starting from either 23 cd/m2 or 17 cd/m2. The averaged luminance values for
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each stimulus were then applied individually to the corresponding stimuli during the main

oddball experiment.

Details of the instructions given to participants are presented in Appendix F. For further

information on flicker photometry as a luminance equality measurement method and its

physiological background, see section 1.8.

2.5.2 Main Task

In each trial, a disk-shaped stimulus was presented at the center of the screen for 400 ms,

with random inter-trial intervals between 1,200 – 1,600 ms. The stimuli had a visual angle of

2◦ with edges blended into the neutral gray (D65) background. Standard and deviant stimuli

followed an 8:2 ratio (Luck, 2014; Potts, 2004), with equal representation of the two deviant

stimuli (blue-green and red). Ten trials formed a block, and 40 blocks were presented per

session, with breaks between blocks. Only one type of deviant stimulus appeared per block

to avoid confusion, and some blocks contained more than one deviant stimulus. For detail of

the intentions behind the task design, see section 1.6 for more information.

Instructions did not use color names; instead, participants were shown stimulus sequences.

After completing three practice blocks, participants were asked if they understood the task.

Additional practice was provided if necessary.

Each session consisted of 40 blocks, repeated twice with a 10-minute break, for a total of

800 trials (640 standard, 80 deviant 1, and 80 deviant 2 trials). Participants responded by

pressing a button as quickly as possible upon detecting a deviant stimulus. The monitor was

turned on at least 30 minutes before the experiment to ensure consistent output.
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The details of the instruction given for participants are presented in Appendix F.

2.6 Behavioral Analysis

Reaction times (RTs) were analyzed using linear mixed-effects (LME) models (Harrison

et al., 2018) to examine the effects of chromatic sensitivity variations, stimulus conditions,

and their interactions while accounting for individual variability. LME models are an

extension of simple linear models which allows for inclusion of both fixed and random

effects, making them suitable for capturing the influence of participant-specific differences

on RTs.

A key objective of this analysis was to examine the effects of individual chromatic

sensitivity differences, as measured by red-green thresholds, along with traditional categorical

distinctions of color vision types (typical vs. anomalous trichromats). By incorporating

continuous chromatic sensitivity variations in the red-green threshold model, it was aimed

to assess how these continuous variations might impact RTs, offering a more nuanced

understanding compared to the conventional categorical approach.

The analysis proceeded with the comparisons of these LME models. The simple model

included only stimulus conditions (deviant 1 or deviant 2) as a fixed effect. The color vision

model introduced a categorical variable for color vision type (typical or anomalous trichro-

mats), and the red-green threshold model incorporated continuous variations in chromatic

sensitivity (measured by red-green threshold by the CAD test). These models are specified

as follows:



46 Materials and Methods

• Simple: Trial-based RTs ∼ Condition + (1 | Participants)

• Color vision: Trial-based RTs ∼ ColorVision * Condition + (1 | Participants)

• Red-green threshold: Trial-based RTs ∼ RGthreshold * Condition + (1 |
Participants)

Here, ColorVision represents the participant’s categorical color vision type, while RGth-

reshold represents the red-green threshold, and Condition refers to stimulus condition. The

inclusion of participants as random intercepts (1 | Participants) accounted for random effects

related to individual differences.

The model comparisons were conducted using likelihood ratio tests to evaluate whether

the addition of color vision type or red-green threshold significantly improved model fit

comparatively from the simple model. Standard model fit criteria (AIC , BIC , and log-

likelihood) were assessed whether inclusion of color vision type or red-green thresholds

improved the model’s explanatory power from the baseline simple model.

To assess the validity of the LME model, residual analysis was conducted (Darlington

and Hayes, 2016). Residuals, calculated as the difference between the log-transformed RTs

(observed values) and the predicted values from the model’s fixed and random effects, were

examined. A positive residual indicates that the model overestimated RT (i.e., predicted a

faster response), while a negative residual indicates underestimation (i.e., predicted a slower

response). Residual analysis is essential for ensuring the model assumptions hold, including

the independence of errors and unbiased predictions. A violation of constant independence

or randomness in the residuals against the prediction would suggest bias in the model’s

prediction. To diagnose the validity of the model, a histogram of the residuals was inspected

to assess normality, which supports the reliability of the model and confirms that the linearity

assumption was not violated (Altman and Krzywinski, 2016). Additionally, Cook’s distance
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(Cook, 1979) was calculated to check for any influential outliers that might disproportionately

affect the model’s predictions. All data points fell below the threshold (4 / number of data

points), indicating the absence of major outliers that could interfere with the model.

To visualize individual performance, mean log-transformed RTs were calculated for each

stimulus condition. Although the deuteranopic participant was excluded from group-based

analyses due to sample size limitations (n = 1), a paired t-test was conducted using the

log-transformed data to assess differences between conditions.

For overall behavioral performance, group mean hit rates were computed for deviant

stimuli (1 and 2), and false alarm rates were calculated for standard stimuli. RTs exceeding

900 ms were treated as outliers and excluded from the analysis. All statistical analyses were

performed using MATLAB 2023a (MathWorks, Inc.), with the LME models fitted using the

fitlme function.

2.7 EEG recording and data analysis

2.7.1 Data Preprocessing

EEG data were recorded with a sampling rate of 1000 Hz and processed using EEGLAB

(version 2022.0; Delorme and Makeig 2004) in MATLAB (MathWorks, Inc.). The dataset

was organized according to the Brain Imaging Data Structure (BIDS; Gorgolewski et al.

2016) with extensions for EEG data (Pernet et al., 2019). Preprocessing began with bandpass

filtering the data between 0.5 Hz and 30 Hz. This bandpass range was chosen to focus on

ERPs, which are known to be linked to brain activity engaged in cognitive tasks (Luck, 2014;

Picton et al., 1995).
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To improve the clarity and quality of the data, two EEGLAB plugins were applied:

ICLabel (Pion-Tonachini et al., 2019) and CleanRawdata (Delorme, 2021; Miyakoshi and

Makeig, 2022). ICLabel was used to differentiate independent components (IC) associated

with brain activity (labeled as Brain) from non-neural sources (labeled as: Muscle, Eye,

Heart, Line Noise, Channel Noise, and Other) based on spatiotemporal features of EEG

(Zapata-Saldarriaga et al., 2023). Components related to eye movements, muscle activity, or

channel noise were rejected if they had a probability of 90% or higher of being a non-brain

source. CleanRawdata further refined the data by detecting and removing noisy channels

and artifact-laden data segments, such as low-frequency drifts and flatlines, using thresholds

based on signal amplitude and variance. These processes followed preprocessing guidelines

proposed by Delorme (2023), with interpolation for rejected channels was conducted by

estimating data from neighboring electrodes to maintain data integrity.

An epoch of 1,000 ms was extracted for each trial, and baseline correction was applied by

subtracting the average activity of the 100 ms pre-stimulus period. This procedure establishes

a 0 µV baseline, ensuring that recorded activity is consistently relative to the pre-stimulus

period (Keil et al., 2014; Luck, 2014; Murray et al., 2008).

Electrode impedance was monitored throughout the experiment to ensure it remained

below 10 kΩ, as higher impedance can introduce noise into the recordings. During inter-block

breaks, electrode placement was checked, and any necessary adjustments were made in cases

where significant noise was detected.

2.7.2 Data Analysis

The EEG data were segmented into 1,000 ms epochs following stimulus onset. These

epochs were averaged for each participant and then grand-averaged across all participants to
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generate the event-related potentials (ERPs) for each stimulus condition within the two color

vision groups: typical and anomalous trichromats. In addition, 95% confidence intervals

(CIs) were calculated to represent variability among participants.

The analysis focused on the P3 component, a late positive deflection typically observed at

centroparietal electrodes (Cz, CPz, and Pz) (Potts, 2004; Romero and Polich, 1996), which is

closely linked to attentional processing in visual oddball tasks. Although the P3 component

can be further divided into subcomponents P3a and P3b (Comerchero and Polich, 1999;

Mccarthy et al., 1997), their temporal and spatial overlap often makes them difficult to

distinguish in practice. P3a is associated with frontal activity linked to attentional switching,

whereas P3b reflects context-updating and memory processes, typically observed at parietal

sites (Comerchero and Polich, 1999; Donchin and Coles, 1988; Donchin et al., 1997). Given

these challenges and the characteristics of our experimental paradigm, the component is

referred to as P3, aligning with prior research in similar contexts (Holmes et al., 2009).

The P3 component, peaking around 400 ms post-stimulus, is elicited by rare or unexpected

stimuli and reflects attentional resource allocation (Alho et al., 1992; Polich, 1987; Potts,

2004). Larger P3 amplitudes are associated with stimuli that demand greater perceptual

and cognitive effort, reflecting increased allocation of attentional resources (Alho et al.,

1992; Grasso et al., 2009; Isreal et al., 1980; Polich, 1987; Potts, 2004). In this study, P3

amplitude was interpreted as an index of neural sensitivity to task difficulty, with chromatic

sensitivity expected to influence the level of challenge for each group. Specifically, deviant

1 (blue-green) was hypothesized to be more challenging for typical trichromats, whereas

deviant 2 (red) was expected to pose greater challenges for anomalous trichromats.

To evaluate the relationship between stimulus conditions and P3 amplitude, linear mixed-

effects (LME) models were employed, as in the RT analysis. This model choice allowed

us to examine whether neural sensitivity to chromatic variation diverged from or remained

consistent with behavioral responses. A simple model, which did not account for chromatic
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sensitivity differences, was compared to models that included color vision type or red-green

threshold as predictors of P3 amplitude. These models were formulated as follows:

• Simple: P3 ∼ Condition + (1 | Participants)

• Color vision: P3 ∼ ColorVision * Condition + (1 | Participants)

• Red-green threshold: P3 ∼ RGthreshold * Condition + (1 | Participants)

P3 amplitude (P3) was defined as the maximum positive activity occurring between

301 ms and 600 ms (Glazer et al., 2018), derived from averaged signals at Cz, CPz, and

Pz. In these models, P3 served as the dependent variable, with Condition representing

the stimulus type (deviant 1 or deviant 2) and ColorVision or RGthreshold representing

chromatic sensitivity as fixed effects. Participants were treated as a random effect to account

for inter-individual variability.

Residual analysis was performed to validate the LME model for P3 amplitude data.

Residuals, calculated as the difference between observed P3 amplitudes and the model’s

predicted values, were inspected to ensure the model’s assumptions were met. A histogram

of residuals was examined to check for normal distribution, confirming the reliability of the

model’s predictions.

In addition, Cook’s distance was calculated to identify any influential outliers that could

disproportionately impact the model. All data points were below the threshold (4/number

of data points), indicating no significant outliers were present to interfere with the model’s

predictions.
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ERPs at frontal (AF3, AFz, AF4) and occipital (PO7, O1, O2, and PO8) electrodes are

visually inspected to verify the spatiotemporal evolution of neural responses across scalp

regions.

To further investigate the spatiotemporal dynamics of neural activity, a cluster-based

permutation test was applied. This nonparametric, data-driven approach evaluates statistical

differences across time points and electrode locations without the need for predefined assump-

tions, while controlling for Type I error rates (Maris and Oostenveld, 2007; Sassenhagen and

Draschkow, 2019). The permutation test assessed whether neural responses from different

stimulus conditions or color vision groups were sampled from the same distribution.

The cluster-based permutation test compared i) stimulus color conditions within each

color vision type and ii) color vision groups under the same stimulus conditions. This analysis

was conducted using the FieldTrip toolbox (Oostenveld et al., 2011). The mean ERPs from

64 electrodes during the 600 ms following stimulus onset were analyzed to capture both

perceptual and cognitive processes, including the P3 component.

The time window was selected based on prior evidence that the P3 component typically

occurs between 300 ms and 600 ms after stimulus onset (Glazer et al., 2018; Romero and

Polich, 1996). Importantly, limiting the time window enhances the sensitivity of the cluster-

based permutation test, as extending the analysis over longer intervals can dilute the statistical

power of detecting localized effects (Oostenveld et al., 2011).

Clusters were formed when neighboring electrodes or consecutive time points exhibited

statistically significant t-values (p < 0.05). The size of a cluster was defined as the sum

of t-values across the spatial and temporal dimensions. Positive or negative clusters were

determined based on the sign of the sum of t-values. A Monte Carlo simulation (10,000

iterations) was used to generate a null distribution, and cluster significance was set by



52 Materials and Methods

comparing observed cluster sizes against the 2.5% critical value (Bonferroni corrected to

0.625% for four comparisons). Clusters exceeding this threshold were considered significant.
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Results

3.1 Flicker Photometry

Prior to the oddball task, the luminance of the stimuli was individually adjusted to match

the gray background using flicker photometry. The average luminance values for deviant 1

(blue-green), deviant 2 (red), and the standard stimulus (green) were 20.49 ± 0.36, 19.74 ±

0.37, and 20.11 ± 0.12 cd/m2 for typical trichromats (n = 13), respectively; 21.27 ± 0.086,

18.96 ± 0.12, and 20.60 ± 0.095 cd/m2 for anomalous trichromats (n = 5); and 21.43 ±

0.30, 19.04 ± 0.32, and 20.77 ± 0.58 cd/m2 for the deuteranope (n = 1) (Table 3.1).

Independent t-tests revealed statistically significant differences between color vision

types (typical and anomalous trichromats) for each stimulus condition: deviant 1 (t(16) =

-4.68, p = 0.0003, Cohen’s d = 2.35), deviant 2 (t(16) = 4.55, p = 0.0003, Cohen’s d = 2.30),

and the standard stimulus (t(16) = -2.50, p = 0.024, Cohen’s d = 1.25) (Figure 3.1).
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The luminance levels identified for each participant are presented in Appendix A for

further details.

Fig. 3.1 Comparison of stimulus luminance adjusted to match 20cd/m2 D65 between color
vision groups (typical trichromats: n = 13, anomalous trichromats: n = 5), using the flicker
photometry method. Error bars indicate the standard deviation. Significant differences are
marked with ** (p < 0.0005) and * (p = 0.05).
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Color vision type
Mean luminance ± Standard deviantion (cd/m2)

Deviant 1 Deviant 2 Standard

Typical trichromats 20.49 ± 0.36 19.74 ± 0.37 20.11 ± 0.43

Deteranomalous trichromats 21.27 ± 0.09 18.96 ± 0.12 20.60 ± 0.10

Deuteranope 21.43 ± 0.30 19.04 ± 0.32 20.78 ± 0.58

Table 3.1 Mean stimulus luminance adjusted to match an equivalent of 20 cd/m2 D65 for
each color vision type, as measured using the flicker photometry method. Actual luminance
used in the experiment was determined based on each participant’s individual adjustment
rather than group-averaged values (see appendix A for the details). Note that the deuteranopia
result represents the mean for a single participant due to limited sample size. The stimulus
colors are identified as blue-green for deviant 1, red for deviant 2, and green for the standard
condition.

3.2 Behavioral Result

3.2.1 Behavioral Performance

Several reaction time (RT) records were identified as outliers and excluded from the

analysis. For typical trichromats, one RT from deviant 1 (919 ms) and two from deviant 2

(1,588 and 1,069 ms) were identified as outliers values, all belonging to the same participant.

Similarly, anomalous trichromats showed three outliers: one RT from deviant 1 (986 ms) and

two from deviant 2 (1,051 and 981 ms), all from a single participant.

Hit rates, representing correct responses to target stimuli, were consistently high across

all color vision groups. Typical trichromats achieved hit rates of 99.71% for deviant 1 and

99.42% for deviant 2. Anomalous trichromats reached 100% and 99.50%, respectively,
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while the deuteranope participant achieved a hit rate of 100% for both deviants. False alarm

rates, reflecting incorrect responses to the non-target standard stimulus, were notably low.

Typical trichromats had a false alarm rate of 0.1%, anomalous trichromats had 0.05%, and

the deuteranope participant had 0.17%. Due to the small number of false alarms and the

experiment design, it was not possible to determine which deviant stimuli were more prone

to false detection.

Figure 3.2 presents the log-transformed individual mean RTs in separate plots for typical

trichromats and for anomalous trichromats along with the deuteranope participant.

The deuteranope participant demonstrated significantly faster RTs to deviant 2 (red) (2.57

± 0.06) compared to deviant 1 (blue-green) (2.59 ± 0.06), indicating a quicker response to

the stimulus predicted to be less salient for them (t(158) = 2.18, p = 0.03, Cohen’s d = 0.34).

This result was unexpected, as based on the participant’s color vision type and measured

red-green sensitivity, red was predicted to be less salient than blue-green.
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Fig. 3.2 Individual mean reaction times (RTs) for each participant, along with group mean
RTs for typical trichromats (n = 13) and anomalous trichromats (n = 5) for deviant stimuli
1 (blue-green) and 2 (red). For anomalous trichromats, symbol colors correspond to the
participant identifiers in Table 1, listed in descending order by red-green threshold (where a
larger red-green threshold indicates reduced red-green sensitivity) and matching the order in
the legend of the right panel. Stars represent the deuteranope’s individual mean RTs (n = 1),
while circles indicate individual mean RTs for typical and anomalous trichromats.

3.2.2 Comparative Analysis with LME Models

The impact of chromatic sensitivity on behavioral performance was evaluated using a

likelihood ratio test, alongside model fit indices such as AIC, BIC, and Log-Likelihood values

from the mixed linear effect (LME) models. A comparison was made between a simple

model, which included only stimulus condition as a fixed effect, and two more complex
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models: the color vision type model (which included color vision type as an additional

fixed effect) and the red-green threshold model (which incorporated red-green threshold as a

fixed effect). Both of the complex models showed a significantly better fit compared to the

simple model, suggesting that chromatic sensitivity is a crucial factor in predicting behavioral

performance. Specifically, the color vision type model resulted in a significant improvement

over the simple model (p = 0.007), while the red-green threshold model provided a slightly

superior fit compared to the color vision type model (p = 0.006), as summarized in Table 3.2.

This marginal improvement in fit for the red-green threshold model was further evidenced

by slightly better AIC, BIC, and Log-Likelihood values: the red-green threshold model had

an AIC of −7,218.415, BIC of −7,182.676, and Log-Likelihood of 3,615.207, while the color

vision type model had an AIC of −7,218.213, BIC of −7,182.474, and Log-Likelihood of

3,615.107 (see Table 3.2). Despite the models having comparable statistics, the red-green

threshold model provided a marginally more precise estimate of behavioral performance,

potentially due to its finer representation of chromatic sensitivity variation.

Within the red-green threshold model, a significant interaction was observed between red-

green threshold and stimulus condition (p = 0.008), along with a significant main effect for

stimulus condition (p = 0.001) (see Table 3.3). The interaction indicates that as the red-green

threshold increased (reflecting lower chromatic sensitivity), the difference in reaction times

(RTs) between deviant 1 and deviant 2 became smaller. The main effect of -0.008 suggests

that, at an average red-green threshold level (standardized as zero after z-scoring), RTs were

generally faster for deviant 2 than for deviant 1.

To further validate the significance of the interaction between red-green threshold and

stimulus condition, a likelihood ratio test was performed comparing the interaction model

with a model excluding the interaction term. The test showed a significant improvement in

fit for the interaction model (p = 0.008), as indicated by a lower AIC (interaction model:

−7,218.415, without interaction model: −7,213.323) and higher Log-Likelihood (interaction
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model: 3,615.208, without interaction model: 3,611.661) (see Table 3.4). This suggests that

the interaction term enhances the model’s ability to predict behavioral performance across

varying levels of chromatic sensitivity.

As shown in Figure 3.3, Residuals from the red-green threshold model were examined

to ensure the assumptions of the LME models were met. A histogram of residuals showed

a normal distribution, confirming the reliability of the model predictions and indicating no

significant bias. Additionally, Cook’s distance was calculated, and all values fell below

the threshold, indicating no major outliers that could disproportionately affect the model’s

predictions.

1. Simple: Trial-based RTs ∼ Condition + (1 | Participants)

2. Color vision: Trial-based RTs ∼ ColorVision * Condition + (1 | Participants)

3. RG threshold: Trial-based RTs ∼ RGthreshold * Condition + (1 | Participants)

Model DF AIC BIC
Log-

Likelihood
LRStat deltaDF p-value

Model 1 4 −7,212.238 −7,188.412 3,610.119

Model 1 vs 2 6 −7,218.213 −7,182.474 3,615.107 9.976 2 0.007*

Model 1 vs 3 6 −7,218.415 −7,182.676 3,615.207 10.177 2 0.006*

Table 3.2 Results of the likelihood ratio tests comparing the simple LME model on reaction
times (RTs) with two more complex models: Model 2, which includes categorical color
vision type as a fixed effect, and Model 3, which includes continuous red-green threshold as
a fixed effect. A single asterisk (*) indicates p < 0.05.
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LME model Trial-based RTs ∼ RGthreshold * Condition + (1 | Participants)

Fixed Effect Estimate SE tStat DF p-value 95% CI
Lower

95% CI
Upper

Red-green threshold 0.016 0.010 1.501 2,850 0.133 -0.005 0.036
Stimulus Condition -0.008 0.003 -3.276 2,850 0.001* -0.013 -0.003
Red-green threshold:
Stimulus Condition 0.007 0.003 2.665 2,850 0.008* 0.002 0.012

Table 3.3 Summary of trial-based reaction times (RTs) analyzed using an LME model with
red-green threshold added as a fixed effect. This model demonstrated a better fit to the data
compared to the model including only color vision type. A significant interaction was found
between color vision type and stimulus condition. A single asterisk (*) indicates p < 0.05.

1. Without interaction: Trial-based RTs ∼ Condition + RGthreshold + (1 | Participants)

2. With interaction: Trial-based RTs ∼ Condition * RGthreshold + (1 | Participants)

Model DF AIC BIC
Log-

Likelihood
LRStat deltaDF p-value

Model 1 5 -7213.323 -7183.540 3611.661

Model 2 6 -7218.415 -7182.676 3615.208 7.092 1 0.008*

Table 3.4 Results of the likelihood ratio test assessing the effect of an interaction term in the
LME model on reaction times (RTs), with the model incorporating the red-green threshold.
A single asterisk (*) indicates p < 0.05.
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Fig. 3.3 Residual analysis for the red-green threshold model in the trial-based RT LME
model. The histogram of residuals (left) shows a normal distribution, supporting the validity
of the model assumptions. Cook’s distance (right) indicates that all data points fall below the
threshold, suggesting no significant outliers that could influence the model.
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3.3 Electrophysiological Results

3.3.1 ERPs and LME Model Analysis

Figure 3.4 illustrates the ERPs for each color vision group across three distinct scalp

regions. The central column highlights the ERPs in the parietal region, averaged across

electrodes Cz, CPz, and Pz. In both color vision groups, the P3 component was clearly

visible in response to the deviant stimuli, while the response to the standard condition was

notably suppressed. Notably, the 95% confidence intervals for anomalous trichromats (n = 5)

were wider than those for typical trichromats (n = 13), reflecting greater variability in the

former group’s neural responses.
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Fig. 3.4 Mean ERPs for each color vision type across three scalp regions: frontal, parietal,
and occipital. From left to right, the plots display ERPs for each region, with corresponding
electrode positions marked as black dots on the electrode layout. The top row represents
typical trichromats (n = 13), while the bottom row shows anomalous trichromats (n = 5).
In each plot, blue and red lines indicate the mean ERPs across participants for deviants 1
(blue-green) and 2 (red), respectively, with shaded areas showing 95% confidence intervals
(CIs). A dotted green line represents the mean potential for the standard stimulus, and
horizontal black lines at the bottom of each plot denote stimulus duration.

A comparative analysis of LME models revealed that the addition of chromatic sensitivity,

whether as a categorical (color vision type) or continuous (red-green threshold) predictor

variable, did not significantly improve the model fit compared to the simple model (simple

model vs. color vision type model: p = 0.067; simple model vs. red-green threshold model: p

= 0.081). Although neither model reached statistical significance, the color vision type model

provided the best overall fit, as indicated by lower AIC, BIC, and Log-Likelihood values.

However, this model did not show any significant main effects or interactions, suggesting

limited influence of chromatic sensitivity on P3 amplitude (see Table 3.5).
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Figure 3.5 presents the individual mean P3 amplitude for each stimulus condition across

the color vision groups.

Although either the color vision model nor red-green threshold model contributed signifi-

cantly to explaining the P3 amplitude, validity of the models were assessed through residual

analysis. A histogram of the residuals suggested an approximately normal distribution,

though the small sample size made it difficult to clearly discern the shape of the histogram.

This analysis confirmed that the model assumptions were not violated. This supports the

reliability of the model’s predictions, despite the lack of significant findings (see Figure 3.6

left column).

Additionally, Cook’s distance was calculated to identify any influence of outliers. While

some data points were scattered above zero, all remained well below the threshold, indicating

no major outliers that could have disproportionately impacted the model see Figure 3.6 right

column.
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1. Simple: P3 ∼ Condition + (1 | Participants)

2. Color vision: P3 ∼ ColorVision * Condition + (1 | Participants)

3. Red-green threshold: P3 ∼ RGthreshold * Condition + (1 | Participants)

Model DF AIC BIC
Log-

Likelihood
LRStat deltaDF p-value

Model 1 4 145.540 151.874 -68.77

Model 1 vs 2 6 144.125 153.627 -66.063 5.415 2 0.067

Model 1 vs 3 6 144.510 154.012 -66.255 5.030 2 0.081

Table 3.5 Results of likelihood ratio tests comparing a simple LME model (Model 1) for P3
amplitude against two more complex models: Model 2, which includes categorical color
vision type as a fixed effect, and Model 3, which includes continuous red-green threshold as
a fixed effect.

LME Model: P3 ∼ ColorVision * Condition + (1 | Participants)

Fixed Effect Estimate SE tStat DF p-value 95% CI
Lower

95% CI
Upper

Color vision type 2.286 1.364 1.676 32 0.103 -0.492 5.064

Stimulus condition 0.281 0.403 0.697 32 0.491 -0.540 1.101

Color vision type:
Stimuli condition -0.960 0.474 -2.024 32 0.051 -1.925 0.006

Table 3.6 Summary of LME model on P3 amplitude with color vision type included as a
fixed effect. The model incorporating color vision type provided a better fit than the model
with red-green threshold; however, neither the color vision type model nor the red-green
threshold model showed a significant improvement over the simple model.
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Fig. 3.5 Individual P3 amplitudes across stimulus conditions and color vision types (typical
trichromats: n = 13, anomalous trichromats: n = 5). P3 amplitude was computed as the
maximum positive activity within the 301–500 ms window, averaged across centroparietal
electrodes (Cz, CPz, and Pz). Deviant 1 and Deviant 2 correspond to the stimulus conditions
of blue-green and red, respectively. Error bars represent standard error (SE).



3.3 Electrophysiological Results 67

(a) The color vision type model

(b) The red-green threshold type model

Fig. 3.6 Residual analysis for P3 amplitude LME models for both (a) the color vision model
(top row) and (b) the red-green model (bottom row). The histogram of residuals (left column)
shows a normal distribution, supporting the validity of the model assumptions. Cook’s
distance (right column) indicates that all data points fall below the threshold, suggesting no
significant outliers that could influence the model.
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3.3.2 Exploratory Analysis of ERPs

The cluster-based permutation analysis identified a significant difference between the

two deviant conditions (blue-green and red) in typical trichromats (n = 13) (Figure 3.7). The

largest negative cluster exceeded the adjusted threshold (pad j = 0.003), while the largest

positive cluster was slightly below the adjusted threshold (pad j = 0.035) (Figure 3.7a). The

negative cluster, mapped on scalp topographies, showed that the amplitude for deviant 2 (red)

was higher than that for deviant 1 (blue-green), extending from around 200 ms to 350 ms

post-stimulus. This cluster was initially localized in the occipital region up to about 240

ms, then gradually expanded toward the parietal area, with the largest amplitude difference

observed at approximately 300 ms (Figure 3.8a).

Further comparisons of each deviant stimulus (blue-green and red) with the standard

(green) revealed significant differences in typical trichromats (Figure 3.7b, c for temporal

distribution and cluster size; Figure 3.8b, c for scalp topographies). For the deviant 1 (blue-

green) versus standard (green) comparison, the largest positive cluster, indicating a higher

amplitude for deviant 1, was concentrated around occipital and parietal areas (pad j = 0.0004),

while the largest negative cluster, indicating a lower amplitude for deviant 1, emerged in

frontal regions (pad j = 0.0008). Similarly, when comparing deviant 2 (red) with the standard

stimulus, significant positive and negative clusters were observed (positive cluster: pad j =

0.0004; negative cluster: pad j = 0.004), starting around 250 ms post-stimulus and lasting

until the end of the analysis window.

In anomalous trichromats (n = 5), no significant differences between the deviant condi-

tions (blue-green and red) were found, as none of the clusters exceeded the adjusted thresholds

(positive cluster: pad j = 0.12; negative cluster: pad j= 0.88) (Figure 3.9a). However, signifi-

cant differences emerged when comparing deviant 1 (blue-green) with the standard (green)

stimulus (Figure 3.9b). A positive cluster, indicating a higher amplitude for deviant 1, was
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observed in the occipital and parietal regions approximately 350 ms post-stimulus, persisting

through the remainder of the analysis window (positive cluster: pad j = 0.0004; negative

cluster: pad j = 0.13) (Figure 3.10a). A similar pattern was found when comparing deviant 2

(red) with the standard (green) stimulus (Figure 3.9c), with a positive cluster appearing in

the occipital and parietal regions from 400 to 500 ms post-stimulus (positive cluster: pad j =

0.0004; negative cluster: pad j = 0.12) (Figure 3.10b).
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Fig. 3.7 Results of the cluster-based permutation analysis for typical trichromats (n = 13)
showing cluster distributions as a function of time and space. Each panel, (a) to (c), consists
of two sub-figures. The top sub-figure shows positive and negative clusters that showed
the largest absolute cluster size in each sign. Colors of clusters indicate significance of the
cluster size. The bottom sub-figure shows topographical image of t-value distribution. (a)
Comparison between deviant 1 (blue-green) and deviant 2 (red) conditions. (b) Comparison
between deviant 1 and standard (green) conditions. (c) Comparison between deviant 2 and
standard (green) conditions.
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Fig. 3.8 Results of the cluster-based permutation test for typical trichromats (n = 13), pre-
sented as scalp topographies. (a) Comparison between deviant 1 (blue-green) and deviant
2 (red) conditions. (b) Comparison between deviant 1 and standard (green) conditions. (c)
Comparison between deviant 2 and standard conditions. The distribution of t-values is
topographically plotted, with electrodes highlighted by white asterisks indicating clusters
that exceeded the cluster size threshold. Results are shown in 50 ms intervals within the 600
ms analysis window following stimulus onset.
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Fig. 3.9 Results of the cluster-based permutation analysis for anomalous trichromats (n = 5)
showing cluster distributions as a function of time and space. Each panel, (a) to (c), consists of
two sub-figures. The top sub-figure shows largest positive and negative clusters that showed
the largest absolute cluster size in each sign. Colors of clusters indicate significance of the
cluster size. The bottom sub-figure shows topographical image of t-value distribution. (a)
Comparison between deviant 1 (blue-green) and deviant 2 (red) conditions. (b) Comparison
between deviant 1 and standard (green) conditions. (c) Comparison between deviant 2 and
standard (green) conditions.
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Fig. 3.10 Results of the cluster-based permutation test for anomalous trichromats presented
as scalp topography. (a) Comparison between deviant 1 (blue-green) and standard (green)
conditions. (b) Comparison between deviant 2 (red) and standard conditions. The distribution
of t-values are topographically plotted, with electrodes highlighted with white asterisks to
indicate locations of the clusters that exceeded the cluster size threshold. Results are shown
in 50 ms intervals within the 600 ms analysis window following stimulus onset.
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Comparing typical and anomalous trichromats using the cluster-based permutation test

did not reveal any significant differences for either deviant condition (deviant 1: positive

cluster pad j = 1, negative cluster pad j = 1; deviant 2: positive cluster pad j = 0.14, negative

cluster pad j = 0.66) (Figure 3.11).

Fig. 3.11 Results of the cluster-based permutation test comparing typical trichromats and
anomalous trichromats. Each panel consists of two sub-figures. The top sub-figure shows
largest positive and negative clusters that showed the largest absolute cluster size in each
sign. Colors of clusters indicate significance of the cluster size. The bottom sub-figure shows
topographical image of t-value distribution. (a) Comparison of deviant 1 (blue-green). (b)
Comparison of deviant 2 (red).



Chapter 4

Discussion and Conclusion

4.1 Restatement of Research Purpose and Aim

The primary purpose of this study was to investigate how neural responses vary or

overlap between different color vision types—particularly between typical and anomalous

trichromats—during the observation of colors with varying saliency. The focus was on iden-

tifying attentional differences that might reflect broader spatiotemporal variations modulated

by color saliency. By incorporating both categorical distinctions between color vision types

and continuous chromatic sensitivity along red-green axis, it was aimed to provide a more nu-

anced understanding on how individuals process color. Given existing research highlighting

gaps between cone sensitivity and actual discrimination abilities, especially among minority

color vision phenotypes, both shared and distinct neural patterns were anticipated, potentially

shaped by post-receptoral mechanisms.
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4.2 Key Findings

4.2.1 Behavioral Findings

The LME models revealed that continuous chromatic sensitivity (quantified as the red-

green threshold) explained the RTs better than the categorical model based on the color vision

type. Specifically, a significant interaction between stimulus condition and the red-green

threshold highlighted that variations in chromatic sensitivity influenced RT patterns.

The main effect showed that RTs were generally faster for deviant 2 (red) compared

to deviant 1 (blue-green), particularly among typical trichromats, the majority group in

this study. As this group has a consistent and relatively small red-green threshold (higher

discrimination sensitivity), the main effect primarily reflects their RT pattern. This confirms

effective stimulus control for these participants.

In contrast, anomalous trichromats demonstrated more variable RT patterns. The interac-

tion term revealed that larger red-green thresholds—indicating reduced chromatic sensitivity—

diminished RT differences between the two deviant stimuli. This result contrasts with the

expectation of faster RTs to the more salient blue-green deviant for participants with reduced

red-green sensitivity.

Individual differences among color vision phenotypes added further complexity. For

example, one anomalous trichromat with the largest red-green threshold demonstrated RTs

comparable to the fastest typical trichromats. Moreover, a deuteranopic participant demon-

strated unexpectedly faster RTs to the red deviant, despite the absence of red-green opponency

mechanism according to the color vision test (see Appendix C ). This finding is particularly
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notable, as it contradicts the expectations based on the participant’s color vision profile,

instead more closely aligning with the RT patterns observed in typical trichromats.

These suggest that chromatic sensitivity alone does not always predict behavioral perfor-

mance consistently. For further details on RTs in relation to the red-green threshold, refer to

Appendix D.

4.2.2 ERP Findings

P3 amplitude analysis, using LME models, did not reveal significant modulation by either

categorical or continuous chromatic sensitivity. However, spatiotemporal analysis using the

cluster-based permutation method identified distinct neural patterns in response to saliency

difference among typical trichromats. Specifically, the red deviant (more salient for typical

trichromats) evoked stronger and faster neural responses, forming a cluster beginning in the

occipital region and spreading to the parietal areas, compared to the blue-green stimulus.

Additionally, when each was compared to the common green standard, the red deviant

showed faster onset than the blue-green stimulus, which supported the experimental design.

In contrast, anomalous trichromats did not show clear saliency-oriented neural clusters

when the two deviants were directly compared. However, when the deviants were compared

to the standard stimulus, a faster neural response to the blue-green deviant was observed, pre-

dominantly in the occipital region to parietal region, with a timing difference approximately

50 ms.

Although the cluster-based analysis does not pinpoint the exact timing or regions (Sassen-

hagen and Draschkow, 2019), this temporal difference is consistent with previously reported

faster behavioral response to blue-green stimulus in visual search task involving anomalous
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trichromacy (Sunaga et al., 2013). This provides indirect evidence for saliency-related neural

responses in this group, aligning with the expectations and validating stimulus design for

saliency modulation.

4.3 Novelty and Contribution

4.3.1 Stimulus Control

One of the strengths of this study was the use of chromatically identical stimuli across

participants, regardless of their color vision type or sensitivity variation. This design reflects

real-world conditions, where the physical properties of light remain constant across individu-

als. The exception to this was the adjustment of luminance across all stimuli to match the

gray background, ensuring that saliency differences were not confounded by luminance cues.

In anomalous trichromats, individual differences in chromatic sensitivity were a critical

consideration, as inconsistent perceived saliency may have impacted both RTs and neural

responses. Despite these variations, the cluster-based permutation analysis revealed faster

neural responses for the more salient stimulus, validating the overall saliency differences

observed in this group. Flicker photometry, used to calibrate luminance, also confirmed that

anomalous trichromats exhibited reduced sensitivity to middle-wavelength light, providing

further validation for color vision type classification.
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4.3.2 Continuous Chromatic Sensitivity

By incorporating variations in continuous chromatic sensitivity, a more nuanced under-

standing of individual differences in color perception was achieved. The behavioral analysis

highlighted the impact of continuous sensitivity variation on RTs, while P3 amplitude was

less sensitive to these differences. This suggests that behavioral measures may offer a more

reliable indicator of individual differences in chromatic sensitivity, whereas neural measures

may require further refinement by considering extra factors or larger samples to detect subtle

effects.

4.4 Comparison to the Expectations

4.4.1 Behavioral Results

For typical trichromats, the observed RT patterns aligned well with the expectations,

demonstrating faster responses to the more salient red deviant. This reflects their heightened

chromatic sensitivity to red-green contrasts. In contrast, anomalous trichromats demonstrated

less pronounced RT differences between deviants. This outcome may partly reflect the

smaller sample size compared to typical trichromats. Additionally, the high hit rates and low

false alarm rates may indicate a ceiling effect, suggesting that both stimuli may not have been

challenging enough to reveal more nuanced gradations in chromatic sensitivity. Alternatively,

this ambivalence in RTs could reflect a potential post-receptoral enhancement, which may

have mitigated the expected RT differences, particularly by facilitating RTs for red deviant to

catch up with those for blue-green.
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4.4.2 ERP Results

P3 amplitudes were expected to differ between stimulus conditions, reflecting attentional

modulation driven by saliency differences. However, the LME model analysis did not

reveal significant effects of chromatic sensitivity among participants. This may partly due

to limited sample size, which was further impacted by the averaging process inherent in

ERP analysis. Additionally, P3 reflects complex cognitive processes beyond saliency-driven

attention modulation, introducing larger individual variations that obscured the expected

effects.

Cluster-based permutation analysis provided further insights. For Typical trichromats,

saliency-related neural differences were evident, with stronger and faster responses to the red

deviant in the occipital to centro-parietal regions compared to the blue-green deviant. This

aligns with the expectations based on their greater sensitivity to red-green contrast, compared

to the categorically much similar blue-green and green contrast.

For anomalous trichromats, the faster neural response to the blue-green deviant was

consistent with the expectation that this stimulus would be more salient for this group.

However, contrary to previous studies suggesting robust post-receptoral modulation or

clear neural compensation mechanisms (Rabin et al., 2018; Tregillus et al., 2021), no such

pronounced differences in neural enhancement were observed. This highlights the need for

further investigation into how perceptual processes differ across color vision types and how

these are reflected in neural activity.

While both typical and anomalous trichromats demonstrated saliency-driven neural

activity reflecting the reverse saliency relationship, the comparative analysis between color

vision types, using cluster-based permutation analysis, did not reveal a clear distinction

between the groups, contrary to the expectations.
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One possible explanation is that, unlike behavioral analysis, ERP data require an av-

eraging process, which can make the results more sensitive to random variation among

participants, particularly when sample size is limited. Additionally, the varying chromatic

sensitivity within each group may have introduced further individual variations, potentially

masking any underlying differences in neural signals between the color vision types.

Overall, the attention-demanding paradigm used in this study effectively evoked neural

activity across a broad spatiotemporal scale in different color vision types. In particular, the

paradigm’s ability to highlight temporal differences in perceived saliency among anomalous

trichromats supports its utility in investigating perceptual diversity.

4.5 Limitation of the Study

While typical trichromats demonstrated saliency-oriented behavioral and neural responses,

this effect was less clear in anomalous trichromats. This may be due to either insufficient

saliency contrast between conditions or post-receptoral mechanisms that diminish the per-

ceived contrast. Recent research (Lindsey et al., 2021) suggests that deuteranomalous

trichromats require greater red-green contrast for effective perceptual differentiation, which

supports the stimulus design based on red-green contrast. However, the stimuli may not

have fully captured the neural processes compensating for reduced chromatic sensitivity

in anomalous trichromats, limiting the ability to isolate clear neural markers for saliency

differences.

Several factors likely contributed to this limitation. First, the small sample size, particu-

larly for minority color vision phenotypes, reduced the statistical power, especially in ERP

analysis where averaging was necessary. The combination of larger chromatic sensitivity and

a small sample size made it more difficult to reflect this neural activity in statistical results.
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Second, large individual differences in ERP waveforms, observed in both typical and

anomalous trichromats, further complicated the interpretation of neural data. These waveform

variations can be attributed to physiological differences, such as skull thickness (Hakim

et al., 2021). Additionally, EEG primarily captures the activity of pyramidal neurons, while

interneuron activity contributes minimally to the signal (Luck, 2014), which limits the

signal’s ability to reflect certain neural processes. Furthermore, attention-related neural

signals are known to exhibit individual variability, contributing further complexities in

interpretation (Curran et al., 2001; Kane and Engle, 2002). These inherent limitations of EEG

may have obscured subtle neural differences related to chromatic sensitivity. To illustrate

these individual differences in ERP waveforms, detailed results for each participant are

provided in Appendix D.

Additionally, the study was unable to determine whether variations in red-green sensitivity

were due to genetic factors or neuroplastic changes. This may have limited the ability

to fully account for individual differences. Understanding these underlying factors—by

disentangling genetic influences, such as inherent cone sensitivity, from developmental

influences—and how these elements interact in individuals could help interpret neural signals

more comprehensively and enhance the understanding of the diversity in perceptual and

cognitive processes.

4.6 Concluding Remarks

This study aimed to provide insight into how variations in color vision types and chromatic

sensitivity influence both behavioral and neural responses to color saliency, particularly when

observing chromatically identical stimuli. While typical trichromats exhibited clear saliency-

related patterns, the results for anomalous trichromats suggest a more complex interplay

of factors, with potential involvement of compensatory mechanisms. By considering both
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categorical and continuous variations in chromatic sensitivity, a more comprehensive view

of individual differences in color perception was provided. However, further research with

larger samples is necessary to fully elucidate the underlying neural mechanisms driving these

variations.
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Participant code Color vision type
Mean luminance (cd/m2)

Deviant 1 Deviant 2 Standard

Participant 01 Typical trichromacy 20.93 19.78 20.54
Participant 04 Typical trichromacy 20.93 19.23 19.23
Participant 05 Typical trichromacy 20.34 19.65 20.18
Participant 06 Typical trichromacy 20.46 20.15 19.96
Participant 08 Typical trichromacy 20.61 19.70 20.43
Participant 09 Typical trichromacy 20.04 20.28 20.13
Participant 10 Typical trichromacy 21.13 19.59 20.54
Participant 11 Typical trichromacy 20.45 19.70 20.24
Participant 12 Tyical trichromacy 20.28 20.17 20.19
Participant 13 Typical trichromacy 20.39 19.54 20.33
Participant 15 Typical trichromacy 20.47 20.18 20.09
Participant 17 Typical trichromacy 19.83 19.09 19.23
Participant 19 Typical trichromacy 20.57 19.55 20.29

Table A.1 Individual stimuli luminance equated to 20 cd/m2, as measured using the flicker
photometry method, for participants with typical trichromacy. These luminance values were
used during the oddball experiment.

Participant code Color vision type
Mean luminance (cd/m2)

Deviant 1 Deviant 2 Standard

Participant 02 Deuteranomalous trichromacy 21.28 18.93 20.67
Participant 03 Deuteranomalous trichromacy 21.17 19.08 20.60
Participant 07 Deuteranopia 21.43 19.04 20.77
Participant 14 Deuteranomalous trichromacy 21.34 18.90 20.66
Participant 16 Deuteranomalous trichromacy 21.35 19.08 20.43
Participant 18 Deuteranomalous trichromacy 21.18 18.83 20.62

Table A.2 Individual stimuli luminance equated to 20 cd/m2, as measured using the flicker
photometry method, for participants with minority color vision phenotypes (deuteranomalous
trichromacy and deuteranopia). These luminance values were used during the oddball
experiment.
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(a) CAD Test - Participant 02 (b) CAD Test - Participant 03

(c) CAD Test - Participant 07 (d) CAD Test - Participant 14
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(e) CAD Test - Participant 16 (f) CAD Test - Participant 18

Fig. B.1 Individual results of the CAD test for participants with minority color vision pheno-
types. Each dot plotted in the CIE1931xy diagram corresponds to the discrimination threshold
for the test stimuli. The inner circle in the gray area indicates the average discrimination
threshold for typical trichromats, while the outer circle represents two standard deviations
away from the average. Colored lines define the tested color axes within the diagram.
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(a) Participant 02

(b) Participant 03
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(c) Participant 07

(d) Participant 14
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(e) Participant 16

(f) Participant 18

Fig. C.1 Anomaloscope test results for individual participants with minority phenotypes
(right eye results). The anomaloscope was used to differentiate color vision types between
trichromacy and dichromacy in this study. For example, as shown for Participant 07 in (c),
dichromats perceive a color match to monochromatic yellow at any red-green mixing ratio,
indicating an absence or minimal function of the red-green opponency mechanism. This
suggests that either the L or M cone is missing in the retina.
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Fig. D.1 RT distribution relative to red-green threshold (RGtrheshold), representing chromatic
sensitivity, for both deviant stimulus conditions (deviant 1: blue-green, deviant 2: red) across
color vision types. RTs and RGtheshold are log-transformed.



Chapter E

Individual ERP plots



108 Individual ERP plots



109

Fig. E.1 Individual ERPs from typical trichromats (TT). Post-preprocessed EEG data from
the frontal, parietal, and occipital regions were averaged over trials for each individual.
Averaged electrodes for each region correspond to AF3, AFz, AF4 in the frontal region, Cz,
CPz, Pz in the parietal region, and PO7, O1, O2, PO8 in the occipital region. The mean and
standard deviation of the RTs for each deviant stimulus are indicated as text inside the plot.
Stimulus colors correspond as follows: Deviant 1: blue-green, Deviant 2: red, and Standard:
green. The thick black line at the bottom indicates the stimuli presentation period.
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Fig. E.2 Individual ERPs from anomalous trichromats (AT) and deuteranopic dichromats (D).
Post-preprocessed EEG data from the frontal, parietal, and occipital regions were averaged
over trials for each individual. The averaged electrodes for each region correspond to AF3,
AFz, AF4 in the frontal region, Cz, CPz, Pz in the parietal region, and PO7, O1, O2, PO8 in
the occipital region. The mean and standard deviation of the RTs for each deviant stimulus
are indicated as text inside the plot. Stimulus colors correspond as follows: Deviant 1:
blue-green, Deviant 2: red, and Standard: green. The thick black line at the bottom indicates
stimuli presentation period. Participant number 07 had deuteranopic dichromacy, while the
rest had anomalous trichromacy (all are deuteranomalous trichromacy).
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オドボール実験 教示 

 

ディスプレイの中央にいくつかの色相をもつ、円盤状の刺激が呈示されます。 

 

刺激の色相は、3 種類あります。色相よって、呈示される頻度が異なり、高頻度で呈示され

るものと、低頻度で呈示されるものがあります。ディスプレイに低頻度で出現する色相の刺

激が呈示されたら、できるだけ素早く、ボタンを押して応答してください。 

 

実験は 10 回の連続した刺激呈示を 1 セッションとし、全部で 40 セッション行う実験を 2

度行います。時折呈示される低頻度の刺激は、1 セッション中、1 種類以上は含まれません。 

 

セッション間には、休憩を挟みます。目が疲れた時など、適宜十分な休憩を取ってください。

取り付けた電極に注意しながら、ストレッチをしても構いません。1 セッション中の 20 秒

ほどは、ディスプレイ中央に視線を向け、集中して取り組むことが、重要となっています。 

 

実験の刺激に慣れるため、本試行と同じ刺激を使った練習試行を行います。練習試行では刺

激を観察して頂き、本番同様に低頻度の刺激に対してボタンを押す操作を行ってください。

刺激とボタンの操作に十分慣れた後、本実験に移ります。 

 



2021/09/13 作成 

フリッカーフォトメトリー教示 

 

画面の中央に 2 色の円盤が交互に表れる刺激が呈示されます。キーボードの 8（または、上

矢印）を押すと、一つの色相の円盤の色が明るくなり、２（または、下矢印）を押すと暗く

なります。キーボードを操作して、明るさ（暗さ）を調整すると、交互に表れる刺激のちら

つきが小さくなっていきます。 

 

ちらつきが最小になるところを見つけたら、エンターキーを押してちらつきが最小になる

明るさを決定してください。 

 

刺激は全部で 3 種類あり、各刺激、6 回ずつ行っていただきます。 

 

※この実験では脳波は計測しません。 
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