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Abstract

The development of light emitting diodes (LEDs) technology has enabled inexpen-
sive ways to create colored and dynamic light effects. However, current knowledge
on human perception of dynamic colored light is still insufficient to provide guide-
lines for comfortable and attractive implementations. A uniform color space for
dynamic light is needed for this goal, and chromatic flicker is a useful paradigm to
study the sensitivity of human observers to color differences in the temporal do-
main. The ability to detect chromatic flicker depends on the temporal frequency
(i.e. the temporal contrast sensitivity function, TCSF). Three experiments were
carried out to measure TCSFs for isoluminant chromatic flicker stimuli at fifteen
base colors, four modulation directions (in CIE 1976 UCS color space) and three
frequencies. In Experiment 1, isoluminant settings, which were expressed as lumi-
nance ratios, for chromatic flicker were measured for 15 participants. The results
showed inter-individual differences in luminance ratios and main effects of base
color and modulation direction. In Experiment 2, TCSFs were measured (and
modelled) for three participants using their individual luminance ratios for iso-
luminant stimuli. The results confirmed that TCSFs for chromatic flicker can be
modelled with an exponential function. Besides, there were significant main ef-
fects of participant, base color, modulation direction and some interaction effects
on the intercept and slope of the TCSFs. Specifically, the main effects of base color
were driven primarily by the L- and S-cone activations. Experiment 3 replicated ex-
periment 2 for a subset of base colors using the average luminance ratios across the
fifteen participants from Experiment 1. No significant difference between visibil-
ity thresholds from both experiments was found, indicating that average luminance
ratios can be used to measure and model TCSFs for chromatic flicker.
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Introduction

The visual system is one of the most complex and fascinating sensory systems of
the human body and plays a crucial role in the perception of the world around
us. An important feature with regards to perception, is the ability to discriminate
between light of different monochromatic wavelengths or light with different spec-
tral distributions. The colors that are perceived for these different light spectraare a
purely perceptual phenomenon caused by electromagnetic radiation entering the
eye, which is converted by photoreceptors to neuronal signals and subsequently
processed in the brain. Colors can be strong perceptual cues, providing informa-
tion about characteristics of the objects in our world. Furthermore, it is widely
thought that colored light can elicit a range of biological and emotional responses
(Birren, 1978).

The invention and advancement of artificial lighting has created a vast space of
new possibilities and allowed the creation of light spectra and spatiotemporal light
patterns not present in nature. With the continuous development of new, more
versatile artificial light sources, and their ever increasing presence in our environ-
ment, it becomes necessary to take into account the characteristics of the human
visual system. The current study aims to contribute to this by investigating the vi-

sual system’s ability to resolve temporally modulated chromatic stimuli.

Currently, Light Emitting Diodes (LEDs) are replacing much of the more tra-
ditional lighting technologies. LEDs are relatively cost-effective, durable and effi-
cient, and can produce a wide range of colors with high precision (Steele, 2007). An
important feature of LEDs is that they make it possible to create dynamic colored

lighting. However, current knowledge of how the human visual system resolves
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temporally modulated light stimuli is limited. Therefore, guidelines for the im-
plementation of attractive and comfortable dynamic colored lighting applications,
based on a scientific understanding of dynamic light perception are missing. In or-
der to make dynamic lighting applications attractive and comfortable for the users,
the perceived smoothness of color transitions is of major importance. However,
previous studies have found that in current applications temporal color transition
can be perceived as unsmooth because the human visual system resolves changes in
light intensity and chromaticity at different speeds (Sekulovski, Vogels, van Beur-
den, and Clout, 2007). Specifically, Sekulovski et al. (2007) demonstrated that the
visibility thresholds for a flicker stimulus were lower than the thresholds for per-
ceived smoothness, highlighting the need for a temporal color model that takes
into account the sensitivity of the human visual system for temporally modulated

light stimuli.

In order to build such a model, it is necessary to understand the sensitivity of
the visual system to temporal color contrasts at different modulation frequencies.
As a step towards the development of a temporal color model, a recent study by
Bueno Perez et al. (2017) examined the temporal contrast sensitivity functions
(TCSFs, for a more detailed description see section 1.3) for for nine different base
colors. They demonstrated that TCSFs cannot be described by a single function but
are affected by chromaticity of the stimuli and individual differences between sub-
jects. Furthermore, they confirmed previous findings that the luminous efficiency
function is not sufficient to account for equal brightness of the stimuli (Kim, Man-
tiuk, and Lee, 2013), which had to be adjusted accordingly.

The present study replicates and extends the experimental paradigm employed
by Bueno Perez et al. (2017) in order to measure TCSFs for a wide range of base
colors. Furthermore, it is examined how the flicker stimuli have to be adjusted for
equal brightness due to inaccuracies of the luminous efficiency function and how
individual participants differ in the required adjustment. Finally, it is explored
whether an average isoluminance function can be used to measure TCSFs for chro-
matic flicker, in order to increase the time efficiency of the experimental paradigm.

In the following, the luminous efficiency function and concepts related to color



1.1 The Luminous Efficiency Function

perception will be discussed on the basis of previous literature. Next, empirical
work examining the perception of flicker, and in specific chromatic flicker, will be
reviewed, and the aims of this study are elaborated in more detail. Then, three ex-
periments will be presented: Experiment 1 measures individual luminance ratios
to adjust for isoluminant stimuli. In Experiment 2 visibility thresholds for isolu-
minant chromatic flicker stimuli are measured and modelled as TCSFs. In Experi-
ment 3 visibility thresholds are measured using an average isoluminance function

and compared to the visibility thresholds obtained in Experiment 2.

1.1 The Luminous Efficiency Function

The retina of the human eye accommodates three separate types of photoreceptor
cells; the rods, the cones, and the intrinsically photosensitive retinal ganglion cells
(Thoreson, 2008). Only the former two, the rods and cones, are involved in vision.
Rods and cones are sensitive to low and high luminance levels, respectively. Fur-
thermore, the populations of rods and cones also differ in terms of their spectral
sensitivity. Because of this, the spectral sensitivity for a human observer is differ-

ent for photopic and scotopic vision.

In order to provide a perceptual analog of radiance (i.e. luminance), the In-
ternational Lighting Commision (Commision Internationale de I'Eclairage, CIE)
(1926) determined two spectral efficiency functions for a standard observer, CIE
1924 V() for the photopic vision regime and CIE 1951 V’()) for the scotopic vi-
sion regime (see Figure 1.1). The V(]) is called the luminosity or luminous effi-
ciency curve, which represents the sensitivity with respect to the brightness for dif-
ferent wavelengths for a 2° field of view. Although, the luminosity function V() is
the current standard for photometric measures, its validity is severely constrained
by large differences in spectral sensitivity between different observers. This inter-
individual variation is mostly due to variations in the retinal connectivity and the
contribution of the different cone-photoreceptor types (Sharpe, Stockman, Jagla,
and Jégle, 2005). In addition, the V(\) is composed as a hybrid function, artifi-
cially smoothed and matched by data for various different procedures at different

laboratories. The matching of data from various procedures led to large inaccu-
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racies that were mostly neglected, especially at short wavelengths (Sharpe et al.,
2005). Moreover, the luminous efficiency differs when measured for different sizes
of the visual field, with 2° and 10° most commonly used. The inaccuracies in the
luminous efficiency function thus heavily confound photometric measurements
and the measurement of perceptual phenomena such as flicker (Kim et al., 2013).
Furthermore, the inaccuracies in the luminous efficiency function V() have also
impacted colorimetry. Specifically, the widely used CIE 1931 XYZ color space is
based on V(\), severely constraining its validity (Stockman, 2015). Thus in order
to study color perception, color spaces can be expressed in terms of the contribu-
tions of individual cone photoreceptors (i.e. cone fundamentals; see Stockman and
Sharpe, 2000), which are based on direct measurements and are not confounded

by the inaccuracies in the luminous efficiency function.

100% —
: —Scotopic V()
‘ . Photopic V(A)
80% |-
& 60%|
S
o
B ao%f
20% |
0% ’ AR i M IR B 1 |
400 450 500 550 600 650 700
Wavelength A (nm)
Blue Green Yellow Red

Figure 1.1: The luminous efficiency curves for photopic and scotopic vision (retrieved from
Bueno Perez et al., 2017)



1.2 Color Perception

1.2 Color Perception

From a physiological viewpoint, the eye contains three types of cone-photoreceptors,
often referred to as the L-, M-, and S-cones. The L-cones are mainly sensitive to
the longer wavelengths (with a peak at 575 nm), the M-cones to the middle wave-
lengths (with a peak at 535 nm) and the S-cones to the shorter wavelengths (with
a peak at 440 nm) (Marc and Sperling, 1977). The visual perception of color is
formed by a combined activation of the three cone types relative to their spectral
sensitivities upon the reception of light at a certain wavelength. These cone sen-
sitivities or cone fundamentals have been derived from color matching functions
(CMF) obtained from experiments where observers mixed and adjusted monochro-
matic lights to match the color of a defined target light. The most widely used CMFs
are based on the work of Wright (1929) and Guild (1932), which were adopted by
the CIE to create the CIE 1931 RGB color space. These CMFs were later trans-
formed such that a linear combination of the CMFs equals the CIE 1924 V() lu-
minosity function, resulting in the CIE 1931 XYZ color space. However, due to
the inaccuracies of V() the validity of these transformed CMFs is severely con-
strained (Stockman, 2015). Furthermore, these CMFs are based on a 2° field of
view, which does not appropriately capture normal viewing conditions. The most
comprehensive set of directly measured CMFs is formed by the 10°-CMFs of Stiles
and Burch (1959). These CMFs were taken as the basis of the Stockman and Sharpe
(2000) cone fundamentals, which were adopted by the CIE in 2006 and form the

current standard in vision research.

On the basis of CMFs several color spaces were developed. As mentioned be-
fore, a widely used color space is the CIE 1931 XYZ color space. Since this color
space is not uniform other spatially uniform color spaces such as the CIE 1976
UCS color space were developed, that allow Euclidean calculations. However, as
previous research has shown, current color spaces do not allow for the creation of
smooth color transitions in dynamic lighting applications (Sekulovski et al., 2007).
In order to create a temporally uniform color space, the human sensitivity to tem-

poral modulations of colored light has to be investigated.
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1.3 The Temporal Contrast Sensitivity Function

An important advantage of LEDs is the ability to create dynamic colored light.
However, the temporal light modulations in dynamic lighting can result in visual
artifacts, such as flicker. The sensitivity of the human visual system to flicker has
been found to depend on the frequency of the modulation (De Lange, 1958a;De
Lange, 1958b;Kelly, 1961). Above a certain critical frequency (i.e. the critical fu-
sion frequency, CFF) the flicker stimulus fuses and is not perceived anymore, inde-
pendent of its modulation size. Below the CFF, the perception of flicker depends
on the modulation contrast of the stimulus as a function of the modulation fre-
quency. This relation between contrast sensitivity and frequency is described by

the temporal contrast sensitivity function (TCSF).

Flicker can be caused by a temporal modulation in luminance (luminance flicker)
or in color (chromatic flicker) (Kelly, 1975). An increasing number of evidence
suggests that the human visual system resolves luminance and chromatic flicker
separately (e.g. Lee, Pokorny, Martin, Valbergt, and Smith, 1990; Shady, MacLeod,
and Fisher, 2004; Swanson, Ueno, Smith, and Pokorny, 1987; van der Horst and
Bouman, 1969). The TCSFs for luminance flicker have been found to have a band-
pass characteristic (Shady et al., 2004; Swanson et al., 1987), while the TCSFs of
chromatic flicker generally show a low-pass characteristic, with sensitivity decreas-
ing for higher frequencies (Dobkins, Lia, and Teller, 1997; Granger and Heurtley,
1973; van der Horst and Bouman, 1969). Additionally, the CFF for chromatic
flicker has been shown to be lower than for luminance flicker (25 Hz vs. 50 Hz; see
Jiang, Zhou, and He, 2007). Both the the CFF and the TCSF are affected by stimu-
lus features, such as stimulus size and average luminance (Bodrogi and Khan, 2012;
De Valois, 2000; Kim et al., 2013; Swanson et al., 1987; Wooten, Renzi, Moore, and
Hammond, 2010). For example, it was found that peak sensitivity and filter char-
acteristics for chromatic and luminance flicker are differently affected by different

mean luminance levels up to 31.83 cd/m? (Swanson et al., 1987).
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Figure 1.2: Modulation sensitivity as a function of frequency (Hz) for luminance (left) and
chromatic (right) flicker. The luminance levels were measured in trolands (td) that corre-
spond to 0.31 cd/m? (Swanson et al., 1987)

1.4 Chromatic Flicker

The findings mentioned before highlight the importance to investigate sensitivity
to luminance and chromatic flicker separately. However, in order to measure chro-
matic flicker, the luminance of the flicker stimulus needs to be kept constant. In
some studies a small decrease in sensitivity for low frequencies was found for the
TCSFs of chromatic flicker (Lou, 2016; Shady et al., 2004). This band-pass char-
acteristic could be explained by stimuli not being equal in brightness, resulting
in visible luminance flicker (Kim et al., 2013). Previous research has shown that
the luminous efficiency function V(\) used in photometric measurements does
not accurately capture the sensitivity of individual observers, especially for short
wavelengths (e.g. Kim et al., 2013; Sharpe et al., 2005). This can lead to a dif-
ferent brightness for two colored lights with the same luminance within and be-
tween different observers. When chromatic stimuli are adjusted such that they
have the same brightness they are referred to as being isoluminant. Due to the
inter-individual differences between observes, isoluminant stimuli have to be de-
fined for each observer individually (Metha and Mullen, 1996). To adjust the chro-
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matic flicker stimuli for isoluminance, heterochromatic flicker photometry (HFP)
can be used. With this method, the luminance ratio between two alternating lights
is adjusted until a minimum amount of luminance flicker is perceived. Since the
CFF for luminance flicker is higher than for chromatic flicker (Jiang et al., 2007),
the effect of luminance flicker can be isolated by choosing a frequency above the
CFF for chromatic flicker (Bone and Landrum, 2004).

Using HFP thus allows to study the sensitivity to chromatic flicker in isolation,
without any confounding effects of luminance flicker. While the sensitivity to lu-
minance flicker has been studied extensively, only some work on modelling the
TCSFs for chromatic flicker has been done. For example, Dobkins et al. (1997)
found that an exponential function was sufficient to describe the TCSF for chro-
matic flicker. Other studies focussed on modelling the TCSFs for flicker stimuli
that address only some part of the visual system, for example, red-green opponency
(Eskew, Stromeyer, and Kronauer, 1994). Most of the studies that have investigated
chromatic flicker only studied stimuli limited in chromaticity (e.g. red-green chro-
matic flicker), due to technical limitations at the time. Moreover, only a few studies
that measured chromatic flicker have controlled for isoluminant stimuli (Mullen,
1985).

One recent study investigating chromatic flicker perception while adjusting for
isoluminance was that of Bueno Perez et al. (2017). They measured the detection
threshold of chromatic flicker for nine base colors (in the CIE 1976 UCS diagram),
four modulation directions, and seven flicker frequencies using the method of ad-
justment, for a 10° field of view. Special care was taken to minimize confounding
effects of luminance flicker using HFP. In the first experiment, each flicker stimu-
lus was modulated using a sinusoidal wave between two colors with a distance of
0.05 A(u’,v’) (centered around a specific base color) at a frequency of 25 Hz. Partici-
pants were instructed to adjust the luminance ratio between the two extreme colors
of the stimulus until flicker was no longer perceived or minimized. In the next ex-
periment, participants were presented with chromatic flicker stimuli adjusted for
isolumiance (with the participant-specific luminance ratios obtained from HFP).

Participants had to adjust the chromatic modulation amplitude until flicker was
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just not perceivable anymore. Based on the indicated detection thresholds of each
participant, TCSFs were calculated and analyzed for the different conditions. The
results showed that the luminance ratios required for isoluminance were signifi-
cantly different from 1 for some conditions. Moreover, luminance ratios differed
substantially between participants. In line with Dobkins et al. (1997), the TCSFs
could be modelled as an exponential function, that is, contrast sensitivity exponen-
tially decreased with increasing frequency. Moreover, significant effects of partici-
pant, base color, modulation direction, and the interaction between base color and

direction on the slopes and intercepts of the models the were found.

The study of Bueno Perez et al. (2017) has two important implications for the
research of chromatic flicker perception, which were addressed in the present study.
First, the study’s results show that human sensitivity to chromatic flicker cannot be
described by one single function but depends on the chromaticity of the base color
and the modulation direction. Thus, it is necessary to identify the TCSFs of a wide
range of base colors. Second, it demonstrated that for isoluminance, the luminance
ratios between color stimuli are significantly different from one in some cases. This
implies that V() does not accurately capture the human spectral sensitivity and
needs to be corrected to ensure chromatic isoluminance. As mentioned earlier, this
is in line with previous studies yielding similar conclusions (e.g. Kim et al., 2013;
Sharpe et al., 2005). The research goals, hypotheses and research questions of the

present study will be outlined in more detail in the next section.

1.5 Research Goals

Measuring TCSFs for a Wide Range of Base Colors

The major research goal of the present study was to measure individual TCSFs for a
wide range of base colors. In order to measure a large amount of data, the efficiency
(e.g., the time needed for measuring a certain number of data) of the experiment is
crucial. Based on the findings of Bueno Perez et al. (2017), the relation of visibility
thresholds and frequency can be accurately described by an exponential function

(linear on a log-scale), meaning that only a limited number of frequencies should
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be sufficient to determine the relationship. Thus, more efforts could be made for
exploring more base colors. Based on previous findings we expected that the TCSFs

can be described by an exponential model for a wide range of base colors.

Inter-Individual Variance for Isoluminance

A second research goal was investigate individual differences in the luminance ra-
tios needed to adjust for isoluminant flicker stimuli. A new function, D(\), which
reflects for each wavelength how the the (relative) luminance needed to be adjusted
for isoluminance using HFP for individual participants, was proposed by Bueno
Perez et al. (2017). It was found that most adjustments occurred in the short and
long wavelengths regions. Interestingly, this distribution varied between partici-
pants to some extent. However, given the small sample size (N = 3), no conclusive
statements about the between-subject variance of this function and which base col-
ors contribute most to the variance can be made. Findings of comparable previ-
ous research in flicker perception (e.g., Perz, Sekulovski, Vogels, and Heynderickx,
2017; Perz et al., 2014; Sharpe et al., 2005) have indicated that the visibility thresh-
olds of different flicker measures generally vary between participants. It can there-
fore be expected that D(\) will show inter-individual variance. To our knowledge,
no efforts have been made to address this issue in chromatic flicker research. In the
present study, the inter-individual variance in luminance ratios and the resulting
D()\) is investigated for a larger sample size (N = 15). Based on previous research,

we hypothesized that these measures would vary between participants.

Using an Average Isoluminance Function to Measure Chromatic
Flicker

A third aim of the study was to test whether an average isoluminance function
can be used to measure individual TCSFs, in order to improve the efficiency of
the experimental procedure. As mentioned above, due to individual differences,
measuring luminance ratios for each participant is necessary, which reduces the
efficiency of the chromatic flicker experiment significantly. Previous research has
shown that despite inter-individual variation, average visibility thresholds can be

used to accurately model thresholds as a function of frequency for the stroboscopic
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effect (Perzetal., 2014) and for periodic luminance flicker (Perz et al., 2017). There-
fore, it would be advantageous and interesting to explore whether an average iso-

luminance function is good enough to ensure isoluminance for all participants.






Method

The present study measures the TCSF for isoluminant chromatic flicker stimuli. In

this section the three experiments and procedures that were used in this study will
be described.

2.1 Experimental Setup

The flicker stimuli were generated by a customized LED flicker system. The system
consisted of a large wooden cuboid box with 36 XP-E LEDs (12 red, 8 green, 16
blue LEDs) mounted at the back side of the front panel. The stimuli were displayed
through a circular hole with a diameter of 26.4 cm, covering a 10° field-of-view for
participants when seated at a distance of 150 cm in a fixed position (i.e. by means
of a chin rest). To ensure diffuse reflection of the light inside the box, the interior of
the box was painted in matte white color. By this, a homogenous distribution of the
light emitted by the LEDs could be obtained. The LEDs in the apparatus were con-
trolled using an Arduino Due microcontroller to generate high-frequency Pulse
Width Modulated (PWM) signals with high precision (2 kHz driving frequency
and 16-bit dimming). The target stimuli were defined in the CIE 1976 UCS color
space and were transformed to device dependent RGB color space of the LEDs. A
standard keyboard was provided for participants to enter their responses. The en-

tire setup is displayed in Figure 2.1.

Before the experiment, the system was calibrated using a JETI Specbos 1201
measuring device for a 10° circular field. The JETT spectrometer was put in front
of the LED system at a distance of 150 cm and a height of 131.5 cm, pointed to the

center of the stimulus field. Note that the system had to warm up for at least one
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Figure 2.1: Experiment Setup

hour to reach a stable output of the LEDs before calibration. During warm-up the
PWM values of the LEDs were set to their maximum. After calibration the spectral
power distributions measured by the spectrometer and the distributions calculated
based on the calibration file were compared. Figure 2.2 depicts the measured and
calculated spectral distributions for each stimulus base color used in the present
study (for a more detailed description of the stimuli see section 2.2: General Stim-
uli), indicating a nearly perfect match. From the calibration file three chromaticity
points in the CIE 1931 XYZ color plane corresponding to the system gamut for red,
green and blue were obtained. These values were subsequently transformed into
the CIE 1976 UCS color space to define the range of possible stimuli.

2.2 General Stimuli

Each flicker stimulus consisted of a sinusoidal temporal modulation around a base
color specified in the CIE 1976 UCS (u’,v’) diagram in a specified modulation direc-

tion, with a certain modulation amplitude and at a specified frequency (see Figure
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Figure 2.2: Calculated vs. measured spectral power distributions for all fifteen base colors

2.3). The luminance of the stimuli varied at the same frequency in order to make
the stimuli isoluminant for the observer, with an average average luminance of 37.5

cd/m?.

Fifteen base colors (BC; to BC;;) were chosen to cover as much of the color
space as possible without overlap and staying within the gamut of the device (see
Figure 2.4 ). The colors were equally distributed across a triangle with its endpoints
in the green, blue and red region of the color space. Note that the blue and red end-
points were chosen to be less saturated, due to the complications reported by Bueno
Perez et al. (2017) for the flicker perception and adjustment for more saturated col-
ors. The spectral distribution of the fifteen base colors can be seen in Figure 2.2,
where base colors BC;5, BC;, and BC;; correspond to the maximum red, green, and
blue endpoints of the triangle. All other base colors in between this triangle are a

combination of these three primaries.

Four modulation directions were selected, that is, Direction 0° (corresponding
to a modulation parallel to the u’-axis), Direction 90° (corresponding to a modula-

tion parallel to the v’-axis), Direction 45° and Direction 135°. In Experiment 1 the
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Figure 2.3: Schematic overview of the sinusoidal stimulus modulation (taken from Bueno
Perez et al., 2017)

modulation amplitude was fixed at 0.05 A(u’,v’) and the frequency was fixed at 25
Hz. In Experiment 2 and 3 the modulation amplitude could vary between 0.0003
A(u’,v’) up to 0.06 A(u’,v’). For different modulation amplitudes, the luminance
ratio was calculated by means of a simple exponential function (Bueno Perez et al.,

2017). Three values for the frequency were selected as explained below.

2.2.1 Frequency Selection

Previous studies suggested that the sensitivity function for isoluminant chromatic
flicker can be modelled as an exponential function of frequency (Bueno Perez et
al., 2017). Since this exponential relationship can be expressed as linear on a log-
arithmic scale, two frequencies can be used to accurately measure the TCSFs. In
order to include a measure of error to test the goodness-of-fit of the models, at
least three frequencies are needed. To determine which frequencies to use, lin-
ear regression models were fitted to the data from the study of Bueno Perez et al.
(2017) for all possible three and four frequency combinations of the seven frequen-
cies (ie., 2, 4, 8, 10, 15, 20, 25 Hz) and compared to the model using all seven
frequencies. Similar to their study, the TCSFs were modelled with the reciprocal
of the contrast sensitivities expressed as ALMS, since the TCSFs with this contrast
measure were reported to result in the highest goodness-of-fit. The performance

of the fitted models was analyzed by comparing them with the model for seven
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Figure 2.4: Distribution of the fifteen base colors in the CIE 1976 UCS diagram

frequencies to obtain goodness-of-fit statistics (R?). The R? of each model were
then averaged across conditions in order to compare the overall performance of
the models. Suitable frequency combinations were identified by selecting the best
performing model for all participants. Initially a four frequency model with 2 Hz,
8 Hz, 15 Hz and 25 Hz was chosen as it resulted in the best fit. However, during
a short pilot experiment testing the selected frequencies on the stimuli used in the
present study, it was found that for 25 Hz in some conditions no flicker could be
observed at the highest possible modulation amplitude. We therefore decided to
use the next best fitting model with 20 Hz as the maximum frequency and three
frequencies due to time limitations. The final frequencies chosen for the present
study were 2 Hz, 8 Hz, and 20 Hz. The final stimulus parameters are displayed in
Table 2.1. An overview of the parameters used the three experiments is provided
in Table 2.2.
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Base Colors u v Modulation Direction ~ Frequency
1 0.1273  0.5213
5 0.1553  0.4512
3 0.1929  0.5039
4 0.1833  0.3811
5 0.2209 0.4338 0°
6 0.2586  0.4865 2Hz
7 0.2113  0.3110 45°
8 0.2489  0.3637 8 Hz
9 0.2866 0.4164 90°
10 0.3242  0.4691 20 Hz
11 0.2393  0.2409 135°
12 0.2769  0.2936
13 0.3146 0.3463
14 0.3522  0.3990
15 0.3899 0.4517

Table 2.1: General stimulus parameters

Base Colors Mod. Directions Frequencies Mod. Amplitudes
Exp.1 BC;—BCys 0, 45, 90, 135° 25 Hz 05 A(u' ')
Exp. 2 BC;—BCys 0, 45, 90, 135° 2,8,20Hz  .0003—.06 A(u',v")

BC7, BC13, © ;7
Exp. 3 BCys, BCys 0, 45, 90, 135 2,8,20Hz .0003—.06 A(u',v")

Table 2.2: The stimulus parameters for each experiment
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2.3 Experiment1

In this experiment the luminance ratio between the extreme colors of the chromatic
modulation at which minimal luminance flicker is perceived was measured for all
combinations of base color and modulation direction. The luminance ratios were
measured to ensure isoluminant stimuli in the second experiment and to analyze

the inter-individual variance in luminance ratios between participants.

2.3.1 Design

A within-subject design was employed to measure the luminance ratios at which
minimal flicker is perceived for 120 different conditions: 15 base colors x 4 mod-
ulation directions X 2 starting luminance ratios x 1 modulation amplitude x 1

frequency.

2.3.2 Participants

Fifteen participants (5 female and 10 male), who were all students from Eindhoven
University of Technology, participated in the experiment. Among those, three
were researchers of this study and the other twelve were recruited through the uni-
versity participant database or face-to-face contact. All participants had normal
color vision, as indicated by the Ishihara test for color blindness. Besides, no par-

ticipant had a prior history of migraine or epilepsy.

The participants were aged from 21 to 27 years old, with an average age of 23.3
years (SD = 1.79). Five of the participants had corrected vision and wore contact
lenses or glasses during the experiment. The three researchers of this study are all
male, with the age of 23, 23 and 24 years old. One of the three had corrected vision

and was wearing contact lenses during the experiment.

2.3.3 Stimuli

The flicker stimuli consisted of the base colors modulated at a fixed amplitude of
0.05 A(u’,v’) and frequency of 25 Hz, with luminance ratios adjusted by the partic-

ipants. For all conditions stimuli were presented once with a low and once with a
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high starting luminance ratio of 0.8195 and 1.2201, corresponding to values where

flicker is clearly visible, in order to minimize anticipation effects.

2.3.4 Procedure

Before the start of the experiment, participants received an introduction to the pro-
cedure and any unclarities were resolved. They were asked for a prior history of
epilepsy and the Ishihara test was administered. Eligible participants proceeded to
perform a few practice trials to get familiar with the procedure. After the practice

phase the experiment started.

During the experiment, participants were presented with a flicker stimulus at a
specific base color with either a high or low starting luminance ratio. For each base
color a two-minute adaptation period at the chromaticity of the base color was in-
cluded before the flicker stimuli were presented. In order to measure the luminance
ratios at which no or minimal flicker was perceived, the method of adjustment was
used. It has been found to be an efficient and reliable method for measuring visi-
bility thresholds for chromatic flicker (Kong, Vogels, Sekulovski, and Heynderickx,
2018) and was used by Bueno Perez et al. (2017). The method of adjustment al-
lowed the participants to regulate the luminance ratio and alter it to a point of
minimal flicker. The ratio could be adjusted in either a large step or a small step
corresponding to an approximate change of 5% and 1%, respectively, using the ar-
row keys on a standard keyboard. The point of minimal flicker was determined
when participants pressed the Enter-key on the keyboard and the following stimu-

lus condition was presented.

The experiment was divided in four blocks of measurement (ca. 15-20 min per
block) with rest in a daylit environment in between (ca. 5-15 min, as preferred by
the participant), in order to minimize fatigue and eye-strain. In the first block three
base colors and in the remaining blocks four base colors were presented. The or-
der of base colors was counterbalanced between participants using a Latin-square
design and the order of modulation directions and starting luminance ratios was

randomized within participants.
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2.4 Experiment 2 and Experiment 3

2.4.1 Design

In both experiments a within-subject design was employed to measure the visibility
thresholds at which chromatic flicker is just perceived. In Experiment 2 individual
luminance ratios and in Experiment 3 averaged luminance ratios were used. There
were 360 different conditions (15 base colors x 4 modulation directions x 3 fre-
quencies x 2 starting modulation amplitudes) in Experiment 2 and 96 conditions
(4 base colors x 4 directions X 3 frequencies x 2 starting amplitudes) in Experi-

ment 3.

2.4.2 Stimuli

The stimuli consisted of the base colors modulated at three different frequencies
(i.e. 2 Hz, 8 Hz, and 20 Hz). In Experiment 2 all base colors were included, while
in Experiment 3 only four base were used. These were selected based on the largest
standard deviation of the corresponding luminance ratios across all 15 participants
from Experiment 1. Furthermore, in Experiment 2 the luminance of the two ex-
treme colors of a stimulus was adjusted for isoluminance with the corresponding
luminance ratio for each participant, whereas in Experiment 3 the average lumi-
nance ratio across all participants from Experiment 1 was used. For the adjustment
procedure, stimuli were presented with two starting amplitudes where chromatic
flicker is not perceivable or clearly visible (i.e. 0.0005 A(x’,v’) and 0.05 A(u’,v’),

respectively).

2.4.3 Procedure

In both experiments only the three researchers of the study participated, due to
time limitations. Because the participants were the researchers of this study no
practice phase or pre-testing was required. During the experiments, participants
were presented with flicker stimuli for all base colors in Experiment 2 and for four
selected base colors in Experiment 3. For each base color a two-minute adaptation

period was included before the flicker stimuli were presented. In order to measure



22

Method

the visibility thresholds for each stimulus, the method of adjustment was used. This
allowed participants to regulate the modulation amplitude and alter it to the point
at which flicker was just not visible. The point of just noticeable difference was
documented and taken as a measure of sensitivity. Participants adjusted the mod-
ulation amplitude using the arrow keys on a keyboard. The amplitude could be ad-
justed in either a large step or a small step corresponding to an approximate change
of 5% and 1%, respectively. The threshold value was determined when participants
pressed the ‘Enter’-key on the keyboard and the following stimulus condition was

presented.

Experiment 2 was divided in eight blocks of measurement (ca. 15-30 min per
block) with rest in between or distributed over several days, in order to minimize
fatigue and eye-strain. In each block except for one, two base colors were presented.
Experiment 3 was divided in two blocks of measurement (ca. 30 min per block)
with rest in between. Due to the small number of participants no counterbalancing
of the order of base colors was applied. The order of modulation directions and

starting amplitudes was randomized within participants.



Analysis and Modelling

3.1 Experiment 1

The luminance ratios were averaged over the two starting luminance ratios for each
condition (i.e. base color and direction). Luminance ratios that were three scaled
median absolute deviations (MAD) away from the median were considered as out-
liers and removed from the data. The resulting luminance ratios were analyzed
for between-subject variance and the effect of Base Color and Modulation Direc-
tion on Luminance Ratio was tested using a repeated measures ANOVA, with the
within-subject factors Base Color (BC;-BC;5) and Modulation Direction (0°, 45°,
90°, 135°). Post-hoc analyses with Bonferroni correction were performed for the

significant effects wherever possible.

Furthermore, to examine how the L-, M-, and S-cone activations were adjusted
by the measured luminance ratios in order to yield equal brightness of the stimuli,
for each participant a D(\) function was calculated. It was defined as the sum of
the absolute difference in spectral power distributions ASPD of the two extreme
colors of the chromatic flicker modulation weighted by the logarithm of the corre-
sponding luminance ratio R over all conditions (see Equation 3.1). If the luminous
efficiency function V() was correct, no luminance ratio adjustment would be re-
quired (ratio = 1) and D(\) would be zero (log(1) = 0). Therefore, D(\ ) function
can be interpreted as the adjustment of the cone fundamentals necessary to match
equal luminance as defined by the V() luminous efficiency function. However, in
order to compare the how much the individual L-, M-, and S-cone activations are

adjusted relative to each other, D(\) had to be normalized by the unweighted sum
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of the differences S(\) (see Equation 3.2). This resulted in individual adjustment
ratios of the D(\) L-, M-, and S-cone activations. Specifically, the differences in
adjustment ratio between the D(\) L-, M-, and S-cone activations indicated which

cone activations were adjusted more by the luminance ratios relative to each other.

D(X) = Zlog(Ri) * |(SPDc1 — SPDes)| (3.1)

S(\) =Y " |(SPDcy — SPD)| (3.2)

3.2 Experiment 2 and Experiment 3

In both experiments detection thresholds for chromatic flicker were obtained. The
thresholds were transformed into a contrast sensitivity measure. The visibility
thresholds obtained were expressed in the CIE 1976 UCS color space, which had
to be transformed to a measure of contrast sensitivity in order to model the TCSFs.
Based on previous studies (Bueno Perez et al., 2017) the contrast sensitivity was
calculated as the reciprocal of the detection thresholds expressed as chromatic con-

trast using Equation (3.3).

ALMS = VAL? + AM? + AS? (3.3)

with A L, A M, and A S representing the difference in L-, M-, and S-cone
activations for the two extreme colors of the flicker stimulus modulation for the
corresponding condition, and the modulation amplitude is expressed as the detec-
tion threshold. The L-, M-, S- cone activations were calculated using the Stockman
and Sharpe (2000) cone fundamentals. In order to analyze the contrast sensitivities
on a linear scale, they were log-transformed with the natural logarithm. The con-
trast sensitivity thresholds were analyzed as a function of frequency to obtain the
TCSFs for each condition. To this end the log-transformed contrast sensitivities
were fitted with a linear model, resulting in 56 TCSFs (15 base colors x 4 modu-

lation directions). Mean goodness-of-fit statistics were calculated and compared
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between base colors and participants. Note that for the modelling of the TCSFs,
thresholds were not averaged between starting amplitudes. This was done in or-
der to avoid introducing a bias by the calculation of a standard average, given the

observed difference between thresholds for some conditions.






Results

4.1 Experiment 1

During this experiment, the luminance ratios at which minimal flicker was per-
ceived were measured for 60 conditions (15 base colors x 4 directions) and two
starting amplitudes, resulting in 120 luminance ratio measurements for each par-
ticipant. One extreme luminance ratio was identified as an outlier based on the
MAD (see section 3: Analysis and Modelling) and visual inspection of the data,

and was excluded for further analysis.

4.1.1 Luminance Ratios

Luminance ratios were analyzed for effects of participant, Base Color and Modula-
tion Direction. A repeated-measures ANOVA revealed significant main effects for
Base Color (Fi414 = 27.18; p < .001; 7 = .66), and Modulation Direction (Fy43 =
4.42; p < .001; ” = .0.24), as well as a significant interaction between Base Color
and Modulation Direction (Fi44, = 31.86; p < .001; ° = .70). Furthermore, the
between-subjects term was significant (F14;4 = 39.04; p <. 001; 1° = .86), indicat-
ing differences in luminance ratios between participants. Appendix A provides the
mean and standard deviation of luminance ratios for Base Color and Modulation

Direction.

To better understand the main effect of Base Color, the Luminance Ratio was
plotted as a function of Base Color (BC; - BC;5) and as a function of the L-, M-,
and S-cone activations corresponding to the base colors (see Figure 4.1). It can

be observed that Luminance Ratio decreases from BC; to BC;s. Post-hoc pairwise
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comparisons of the predicted margins confirm this trend with a significant differ-
ence between BC; and BC;; and between a majority of successive base colors. The
figure also shows that a negative effect of Base Color is mainly driven by the L- and
S-cone activations for each base color. This indicates that the luminance ratio of
a stimulus had to be adjusted more (relative to a ratio of one) for base colors with
higher L- and S-cone activations, in order to minimize luminance flicker. Further-
more, to test whether Base Color also had an effect on the magnitude of the vari-
ation between participants, the standard deviation was analyzed as a function of
base color. A linear regression shows that the standard deviation slightly increased
from BC; to BC;5 (8 = 0.0009; p < .001; R? = .44).

.97 .975 .98 .985 .99 .995
.97 .975 .98 .985 .99 .995

Mean Luminance Ratio
Mean Luminance Ratio

8 9101112131415 05 055 06 065 07

.97 .975 .98 .985 .99 .995
.97 .975 .98 .985 .99 .995

Mean Luminance Ratio
[ ]
Mean Luminance Ratio

Figure 4.1: Main effect of Base Color and the L-, M-, and S-cone activations for each base
color on the luminance ratios measured in Experiment 1

Post-hoc tests on the predicted margins for the main effect of Modulation Di-
rection show significant differences between all directions except for Direction 45°
and Direction 90°. The Luminance Ratio decreased from Direction 135° (Mean
= 0.989, SD = 0.025) to Direction 0° (Mean = 0.985, SD = 0.034), Direction 90°
(Mean = 0.973, SD = 0.017) and Direction 45° (Mean = 0.971, SD = 0.028).
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A visual inspection of the interaction effect between Base Color and Modu-
lation Direction shows that the main effect of Modulation Direction was mainly
driven by this interaction effect. Figure # shows the predicted margins for Base
Color and Modulation Direction. Four main observations can be made from this
graph: First, Direction 0° and Direction 45° follow a similar trend (i.e the lines
are roughly parallel) and these same holds for Direction 90° and Direction 135°.
However, both pairs follow an opposite jagged pattern, that is, high values for one
pair correspond to low values for the other and vice versa. Second, in line with
the main effect of Base Color, a decreasing trend towards BC;s can be observed.
Third, in line with the main effect of Modulation Direction, Direction 0° and Di-
rection 135° show the most extreme values, with the highest luminance ratio for
Direction 0° at BC; (1.017) and the highest luminance ratio for Direction 135° for
BCjs5 (1.027). Fourth, and most interestingly, both pairs, follow a jagged pattern
that corresponds to the triangular distribution of the base colors in the CIE 1976
UCS color space (see Figure 2.4). Specifically, for Direction 0° and Direction 45°
luminance ratios decreased for base colors towards the axis of the triangle from
BC, to BC;5 and increased for base colors towards the axis of the triangle from BC,
to BC;;, and vice versa for Direction 90° and Direction 135°. An analysis in LMS
color space shows that Direction 0° and Direction 135° show opposite patterns for
the difference in M- and S-cone activations (AM, AS) of the modulation for each
base color (see Figure 4.2), but show a similar pattern for difference in the L-cone
activations (AL). Specifically, AM is higher for Direction 0°, following the jagged
pattern corresponding to the triangular base color distribution, while AM is lower
for Direction 135° and stays nearly constant. The opposite pattern can be observed
for AS. Although these findings potentially underlie the main effect of Base Color,
they do not fully explain it. Because a more detailed analysis would have been

beyond the scope of this study no further analyses were conducted.

4.1.2 Deviation from the Luminous Efficiency Function: D()\)

In order to further investigate how the individual cone fundamentals were adjusted

by the luminance ratios, the D()\) function was calculated for each participant (see
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Figure 4.2: Top left: Interaction effect of Base Color x Modulation Direction on the lumi-
nance ratios measured in Experiment 1. Top right, bottom left, bottom right: AL, AM,
and AS as a function of base color for Direction 0° and Direction 135°

section 3: Analysis and Modelling). The D(\) function was then normalized by
S(A) (i.e. the unweighted sum of the differences in SPDs of the flicker modulation)
to obtain individual adjustment ratios for the D(\) L-, M-, and S-cone activations.
Figure 4.3 shows the D()\) and S(\) functions for one participant. The figure shows
that overall the stimulus modulations activated mostly the L- and S-cones (see S(\).
For this participant, the D(\) functions suggests that the S-cones were adjusted
more relative to the L- and M-cones. However, in order to obtain the relative ratio
of adjustment for each cone type, the normalized D(\) cone activations had to be
compared. Figure 4.3 shows the individual D()\) adjustment ratios averaged across
participants. It can be seen that the adjustment ratio for the S-cones (Mean = 0.030,
SD = 0.008) is slightly higher than for the L- (Mean = 0.027, SD = 0.008) and M-
cones (Mean = 0.027, SD = 0.007), however, this difference was not significant as

determined by Bonferroni corrected pairwise comparisons (all p > .912).
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Figure 4.3: Left: D()\) for one participant and the total sum of the differences in SPDs of
the flicker modulation S(\). Right: the D()\)-adjustment ratio averaged across participants

4.2 Experiment 2

In this experiment, the chromatic flicker detection thresholds were obtained for
360 conditions (15 base colors x 4 modulation directions x 3 frequencies x 2

starting amplitudes). The thresholds were expressed in the CIE 1976 UCS diagram.

Figure 4.4 shows the fitted regression models and their confidence intervals for
a single participant (for the TCSFs for all participants see Appendix B). The figure
shows that overall the linear fits are quite accurate. However, for some conditions
large distances between the threshold values for both starting amplitudes can be
observed. Moreover, for some conditions a band-pass shape can be observed, with
higher thresholds for 8Hz compared to 2Hz, suggesting some remaining luminance
flicker. In total, for 41 of the 540 (180 x 3 participants) conditions this band-pass
shape was observed, with more than half for BC;; (8), BC;5 (5) and BC;5 (10). This
is also reflected in the goodness-of-fit (R?) of the models, which is shown in Table
4.1 for each base color and all participants. While the average R* for participant
1 and 3 are higher than 0.69 for all base colors, some very low R-squares can be

observed for participant 2, with values lower than 0.57 for BC;, to BC;s.
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Figure 4.4: Fitted TCSFs measured in Experiment 2 for five base colors and the four mod-
ulation directions for one participant. Visibility thresholds are plotted for both starting
amplitudes

Regarding Intercept, main effects were found for Base Color (Fy14 = 4.03; p <
.001; n? = .67) and Modulation Direction (F,; = 49.68; p < .001; 1)° = .96), as well
as a significant interaction between Base Color and Modulation Direction (Fy 4, =
5.23; p < .001; n)? = .72). Furthermore the between-subjects term was significant
(F,, = 25.82; p <. 001; n* = .65), indicating differences in Intercept between par-
ticipants. A visual inspection of the effect of Base Color (see Figure 4.5) suggests a
relation between the intercepts and the relative location of the base colors in the tri-
angle spanned by the base colors BC;, BC;; and BC;5 in the CIE 1976 UCS diagram.
Specifically, intercepts decreased for base colors towards the axis from BC; to BC;5
and increased for base colors towards the axis from BC; to BC;;. Post-hoc tests
for the main effect of Modulation Direction show a significant difference between
all directions, except between Direction 45° and Direction 135°. Specifically, the
intercept decreases from Direction 0° (Mean = 4.64, SD = 0.57) to Direction 135°
(Mean = 3.56, SD = 0.68), Direction 45° (Mean = 3.56, SD = 0.63) and Direction
90° (Mean = 2.91, SD = 0.43). Due to the large amount of factor levels, the interac-

tion effect was very difficult to interpret and was not considered further.

Regarding slope, a main effect was found for Base Color (F,,4 = 5.83; p <.001;
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Base Color 1 2 3 Mean
BC; 0.75 0.92 0.92 0.86
BC; 0.93 0.96 0.95 0.95
BC,; 0.93 0.96 0.78 0.89
BC,; 0.92 0.94 0.95 0.94
BC; 0.95 0.92 0.93 0.93
BC; 0.93 0.89 0.95 0.92
BC; 0.91 0.84 0.94 0.90
BC; 0.87 0.64 0.87 0.79
BC,; 0.92 0.70 0.93 0.85
BC; 0.91 0.76 0.92 0.86
BC, 0.72 0.80 0.97 0.83
BC; 0.83 0.46 0.89 0.73
BC,; 0.71 0.58 0.86 0.72
BC, 0.86 0.34 0.83 0.68
BC, 0.81 0.52 0.69 0.67
Mean 0.86 0.75 0.89

Table 4.1: R? for each base color and participant of the TCSFs measured in Experiment 2

n? =.74), but not for Modulation Direction (F,3 = 0.15; p = .925; ? = .07). Specif-
ically, slope got shallower from BC; to BC;; in a linear fashion (see Figure 4.5). A
linear regression exploring this effect was significant but small (3 = 0.004, p <.001)
with an R? of 0.30. Furthermore, there was a marginally significant interaction of
Base Color and Modulation Direction (F,4, = 1.53; p = .051; n? = .43), but this in-

teraction was also very complex and difficult to interpret.

To understand the main effects of Base Color on the Intercept and Slope bet-
ter, the intercepts and slopes were analyzed for base colors in LMS space. A visual
inspection of the intercepts and slopes as a function of the L-, M-, S-, cone ac-
tivations indicated a logarithmic relationship with the S-cone activations, which
were then log-transformed for further analysis. Table 4.2 shows the Pearson cor-

relation coeflicient for Intercept and Slope, and the L-, M-, and log-transformed
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S-cone activations. It can be seen that Intercept most strongly correlates with the
log-S-activations (Pearson’s r = .33; p < .001) and the Slope with the L-activations
(Pearson’s r = .55; p <.001). These findings suggest that the main effects of Base
Color on Intercept and Slope are driven mainly by the log-S- and L-cone activations,

respectively, for each base color.

Mean Intercept

35
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Mean Slope
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Figure 4.5: Intercept (top) and Slope (bottom) as a function of Base Color for the TCSFs

measured in Experiment 2

Intercept Slope
IL .09 554
M 22706 =30
log-S 3300 3000+

*p <.05%p <.01 *p <.001

Table 4.2: Correlations (Pearson’s r) between the L-, M-, and log-transformed S- cone acti-
vations and the Intercept and Slope of the TCSFs measured in Experiment 2
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4.3 Experiment3

In this Experiment, detection thresholds were measured for a subset of four base
colors, corresponding to the base colors with the largest between-subject variance
in lumiance ratios (i.e. BC,, BC;3, BC}4, and BC;5). Furthermore, in contrast to Ex-
periment 2, for each participant the same average luminance ratios obtained from
Experiment 1 (see Table 4.3) were used to adjust the luminance of the flicker stim-
ulus modulations. To examine the effect of using average luminance ratios on the
TCSFs, the log-transformed contrast sensitivities measured in Experiment 2 were
compared with the log-transformed contrast sensitivities measured in Experiment
3. Note that in order to enable a meaningful comparison, for this analysis contrast

sensitivities averaged between starting amplitudes were used.

Modulation Direction

Base Color 0° 45° 90° 135°

BC, 1.0134 0.9779 0.9619 0.9693
BCy; 0.9608 0.9515 0.9692 0.9999
BCy, 0.9477 0.9540 0.9825 1.0129
BCy; 0.9382 0.9471 0.9858 1.0267

Table 4.3: Average luminance ratios used in Experiment 3

Figure 4.6 shows the contrast sensitivities from both experiments plotted against
each other. The sensitivities deviate from a perfect linear relationship with a root
mean squared error of 0.29. A four-way repeated-measures ANOVA with the within-
subject factors Base Color, Modulation Direction, Frequency, and Experiment shows
no significant main effect of Experiment (F,; = 0.84; p = .46 ; ° = .29) and only
one significant interaction effect between Experiment and any of the other factors,
namely between Experiment and Modulation Direction (F,3 = 2.82; p = .04; 1)? =
.05). Subsequent post-hoc tests show that this interaction was mainly driven by a
significant difference of Direction 135° and Direction 45° in Experiment 2 (t-test
(2.78 vs. 2.98): t = 4.01; p = .001) but not in Experiment 3 (t-test (2.82 vs. 2.93): t
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=2.38; p =.11), and a significant difference between Experiment 2 and Experiment
3 for 90° (¢-test (2.13 vs. 1.99): t = -3.09; p < .01) but not for any other direction.

Since the difference between contrast sensitivities could have been affected by
the magnitude of the difference between the luminance ratios, pairwise t-tests were
performed for contrast sensitivities where the absolute difference in luminance ra-
tios was larger than 0.02, for each participant separately. The results show no sig-
nificant effect of Experiment on contrast sensitivity for high luminance ratio differ-
ences for any of the participants (all p > .09). Similarly, a linear regression of the
differences in contrast sensitivities and differences in luminance ratios was not sig-
nificant (F; ;4 = 2.38; p = .12; R? = .02), indicating that the differences in contrast

sensitivities cannot be explained by the differences in luminance ratios.

5
1

4
1

In(1/ALMS) Experiment 2
2 3
1 1

0 1 2 3 4 5 6
In(1/ALMS) Experiment 3

Figure 4.6: The visibility thresholds from Experiment 2 plotted against the visibility thresh-
olds from Experiment 3



Discussion and Conclusion

The aim of this study was to further explore the effect of different base colors on
the TCSFs and to investigate inter-individual variance in adjustment for isolumi-
nance in order to test whether the efficiency of the experimental paradigm could
be improved by using average instead of individual isoluminance functions. There-
fore, first the luminance ratios were measured in Experiment 1, then the TCSFs for
a wide range of isoluminant stimuli were examined in Experiment 2, and finally
the contrast sensitivities for individual luminance ratios from Experiment 2 were
compared to the contrast sensitivities obtained for average luminance ratios in Ex-

periment 3.

The results of Experiment 1 indicate that luminance ratios deviated more from
a ratio of one, for base colors with higher L- and S- cone activations, in order to
minimize luminance flicker. The results of Experiment 2 show that the TCSFs can
be modelled with an exponential function. Interestingly, the intercepts and slopes
of the TCSF correlate with the L- and S-cone activations for base color. The results
of Experiment 3 indicate that when using luminance ratios averaged across partici-
pants for base colors with a high between-subject variance in luminance ratio, the
measured contrast sensitivities are not significantly different from the contrast sen-

sitivities obtained with individual luminance ratios during Experiment 2.

In the following, first the results of the present study are discussed on the basis

of previous literature. Then limitations of this study are examined.



38

Discussion and Conclusion

5.1 Discussion of Results

5.1.1 Modelling the TCSFs for Chromatic Flicker

The main purpose of the present study was to measure the TCSFs for chromatic
flicker for a wide range of base colors, based on the experimental paradigm of
Bueno Perez et al. (2017). Previous research on flicker perception has shown that
the human visual system resolves luminance and chromatic flicker separately (e.g.
Shady et al., 2004). Specifically, the TCSFs of chromatic flicker are characterized
by low-pass shape that can be sufficiently described by an exponential model (e.g.
Dobkins et al., 1997). Bueno Perez et al. (2017) found that the TCSFs can be de-
scribed by an exponential model for isoluminant stimuli over nine base colors spec-
ified in the CIE 1976 UCS diagram, using seven flicker frequencies. In the present
study efforts were made to measure TCSFs for an even wider range of base colors
covering a large space in the 1967 CIE UCS diagram. In order to increase the time
efficiency of the experiment, contrast sensitivities were only measured for three

frequencies.

In line with previous studies, the results of Experiment 2 show that for most
conditions an exponential model (linear on a log-scale) generally resulted in a high
goodness-of-fit. However, for BC;, to BC,5 the average R? were around or below
0.70. This was mainly driven by one participant who reached significantly lower
R? in these conditions than the other two participants. As discussed later on, this
effect might have been attributable to visual fatigue (see section 5.2: Discussion
of Limitations). In general, TCSFs with low goodness-of-fits were characterized
by large differences in the measured detection thresholds for the two starting am-
plitudes and/or contrast sensitivities that were higher for 8 Hz compared to 2 Hz.
Interestingly, for some conditions this was the case for detection thresholds that
were similar for both starting amplitudes, ruling out inaccuracy of the measure-
ment. This band-pass shape is typically a characteristic of the TCSFs for luminance
flicker (Swanson et al., 1987), suggesting that for some conditions residual lumi-
nance flicker may have been present (cf. Kim et al., 2013; Lou, 2016; Shady et al.,

2004). This may have been due to inaccurate luminance ratios that did not fully
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correct for isoluminant stimuli. What is especially striking is that these effects are
most prominent for base colors in the extreme red and blue region of the CIE 1976
UCS color space (i.e., BC;,-BCj5). This is in line with the observed effects of base
color on the luminance ratios (see discussion of Experiment 1 below), and with
findings of Bueno Perez et al. (2017) reporting difficulties in visibility threshold
adjustment for base colors in this region of the color space. An explanation for
residual luminance flicker for these chromaticities may be that brightness (i.e. lu-
minance) is mainly coded by the L- and M-cones in the visual system (Ripamonti,
Woo, Crowther, and Stockman, 2009). Additionally, it was found that for an ex-
citation of L- and M-cones above a certain criterion level, the S-cones contribute
to the luminance input (Ripamonti et al., 2009). Thus for base colors with high
L-cone activations sensitivity for luminance flicker may be higher, with additional
contribution of the S-cones. Moreover, this effect is likely to be influenced by in-
dividual differences in L:M cone ratios, that have been shown to vary considerably
between subjects (Danilova, Chan, and Mollon, 2013), and which could explain

the observed differences between participants.

In their study, Bueno Perez et al. (2017) reported that TCSFs cannot be de-
scribed by a single function, but depend on base color and modulation direction,
and differ between subjects. The results of the present study show similar effects.
That is, a main effect of base color was found for the slopes of the TCSFs, while
main effects for both base color and modulation direction were found for the in-
tercepts. Specifically, the TCSFs got more shallow towards base color BC;s (i.e.
towards base colors in the blue and red region of the CIE 1976 UCS color space).
Furthermore, the curves were generally higher for base colors with higher S-cone
activations. Also the curves were highest for Direction 0° and lowest for Direction
90°, and Direction 45° and Direction 135° being very similar. Additionally, there
were significant individual differences throughout the analysis. An important im-
plication of these results is that due to this complex relationship of TCSFs and base
colors, no generalizations can be made from experiments that only investigated

stimuli that activate a part of the visual system (e.g. red-green flicker).
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5.1.2 Individual Variation in Luminance Ratios and Improv-

ing the Efficiency of the Experimental Paradigm

The second purpose of the present study was to test whether the efficiency of the
experimental paradigm can be improved by using an average isolumiance function
compared to individual isoluminance functions per participant. In previous chro-
matic flicker studies, TCSFs with a decrease in sensitivity for low frequencies were
found. It has been argued that this band-pass characteristic could be explained by
stimuli not being equal in brightness, resulting in visible luminance flicker (Kim
etal., 2013). Thus, in order to adjust the chromatic flicker stimuli for isoluminance,
individual isoluminance ratios have to be measured. Since this additional measure
drastically increases the required time for chromatic flicker studies (Bueno Perez
et al., 2017), efforts have been made in this study to measure inter-individual vari-
ance in luminance ratios and to test whether average luminance ratios can be used

to measure the TCSFs for chromatic flicker.

As expected, the results of Experiment 1 indicate that overall there was a sub-
stantial variation in luminance ratios between participants. This is in line with
previous research showing large inter-individual differences for several functions
of the human visual system (e.g. Perz et al., 2014; Perz et al., 2017; Stockman and
Sharpe, 2000). Interestingly, the results show that the luminance ratios and their
variation between participants were different for different base colors and modula-
tion directions. Specifically, it could be observed that luminance ratios decreased
(relative to to a ratio of one) for base colors with higher L- and S-cone activations,
while inter-individual variance increased. This suggests that the CIE 1924 V(\) lu-
minous efficiency function needs to be adjusted more for base colors in the short
and long wavelength spectrum, which is consistent with the inaccuracies of V()),
especially for short wavelengths, highlighted in the previous literature (Kim et al.,
2013; Sharpe et al., 2005). Moreover, an increase in variance for these base colors
indicates that individuals differences may be more pronounced for the L- and S-
cone sensitivity compared to the M-cone sensitivity. In order to investigate this
effect further, the D()\) function was calculated for each participant, which reflects

for each wavelength how the the (relative) luminance needed to be adjusted for iso-
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luminance (Bueno Perez et al., 2017). To analyze which cones were adjusted the
most by the luminance ratios and to compare the D(\) between participants, the
D(\) was normalized by the unadjusted spectral distribution of the flicker stimuli
to obtain the adjustment ratios for each L-, M-, and S-cone activations individually.
Given the observed tendencies in luminance ratios discussed before, we expected
the L- and S-cone adjustment ratios to be higher than the M-cone adjustment ra-
tio. However, the results show that only the adjustment ratio for the S-cones was
slightly higher relative to the L- and M-cone ratios, although not statistically signif-
icant. Given these slightly inconsistent results, further research is needed to inves-
tigate the effect of different cone type sensitivities on the adjustment of chromatic
flicker stimuli for isoluminance. Moreover, the observed interaction effect of base
color and direction on the luminance ratios needs further investigation. While op-
posite patterns of A M and AS can be observed for Direction 0° and Direction
135°, they do not fully explain this interaction effect. It would be interesting for

future studies to explore this relation in more detail.

In Experiment 3 the detection thresholds for chromatic flicker were measured
with luminance ratios obtained from Experiment 1, averaged across participants
for each condition. Since the standard deviation of luminance ratios differed sig-
nificantly for different base colors, only the base colors with the highest variation
in luminance ratio across participants were tested. Previous research on TCSFs
for periodic luminance flicker and the stroboscopic effect has shown that despite
inter-individual variation, TCSFs can be accurately modeled using average visibil-
ity thresholds (Perz et al., 2014; Perz et al., 2017). Similarly, we explored whether
this also holds for luminance ratios. Indeed, the results show no significant differ-
ence between the visibility thresholds measured in Experiment 2 (using individual
luminance ratios) and the thresholds measured in Experiment 3 (using average lu-
minance ratios). Although the difference was not significant, absolute differences
were present. However, there was no effect of the size of the difference between the
luminance ratios used in Experiment 2 and the ratios used in Experiment 3 on the
size of the difference between the measured visibility thresholds. This means that
even for luminance ratios that were similar between both experiments the thresh-

olds measured in Experiment 2 could not be accurately replicated in Experiment
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3. Contrary to the findings of Kong et al (2018), these results indicate that partici-
pants may not be consistent across several measurements when using the method
of adjustment. Nevertheless, the results suggest that using an average isoluminance
function are sufficient to measure chromatic flicker for a large number of partici-
pants, especially if the accuracy of the models is of less importance. This is ad-
vantageous since the efficiency of time-consuming chromatic flicker experiments
could be increased substantially. Note however, that due to the small number of
participants, this effect should be verified in future studies using a larger number

of participants and base colors.

5.2 Discussion of Limitations

The presented study has several limitations that have to be acknowledged. Specifi-
cally, limitations concern the equipment and the methodology that was used, and
confounding factors that may have been present. In the following these limitations

are discussed and recommendations for future studies are given.

5.2.1 Limitations of Equipment

An important limitation was that due to the gamut of the system many colors could
not be included. That is, the system was not able to produce all colors defined in the
CIE 1976 UCS color space but was limited to a subset of the color space. Specifically,
colors in the green region of the color space could not be displayed by the system.
The base colors were therefore chosen to cover as much of the possible color space
that could be displayed. With more advanced LED cube systems, TCSFs for more

base colors could be examined.

5.2.2 Limitations of Methodology

In order to increase the efficiency of the experimental paradigm method of adjust-
ment was used. Previous research has found this a reliable and efficient method
to measure visibility thresholds for chromatic flicker (Kong et al., 2018). However,

the results of Experiment 3 indicate that method of adjustment may not be as reli-
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able as assumed. Given the consistent results of Bueno Perez et al. (2017), it could
be that in order to produce results that are consistent over repeated measurements
with the method of adjustment, a specific protocol needs to be followed. Further-
more, the method of adjustment may be more susceptible to confounding factors

such as fatigue.

Another limitation to the method of adjustment used in Experiment 2 is that
only the amplitude was adjusted, whereas the frequency values remained constant
at three fixed values. Therefore the TCSFs were constructed as an interpolation of
these three fixed values. From previous research it was expected that TCSFs can
be modelled as an exponential function (Bueno Perez et al., 2017). However, in
order to confirm this model, it should be examined whether different result can be

obtained when participants adjust the frequency at fixed amplitude values.

In this study special care was taken to minimize confounding effects of lu-
minance flicker using HFP. Previous research has shown HFP to be an effective
method to create isoluminant stimuli (van der Horst and Bouman, 1969; Kim et
al., 2013). For this method of HFP to be reliable, however, an optimal modulation
frequency needs to be chosen. In this study a frequency of 25 Hz was chosen based
on previous research (Bueno Perez et al. 2017), whereas in other research frequen-
cies around 10 and 20 Hz were used (Lee, Martin, and Valberg, 1988), correspond-
ing to frequencies where the sensitivity to luminance flicker is higher. Since it is
generally very difficult to select the right frequency for HFP, this might have in-
troduced some residual flicker that could not be adjusted for in Experiment 1 and
thus may have caused the bandpass characteristics observed for some conditions

in Experiment 2.

5.2.3 Confounding Factors

Apart from limitations of equipment and methodology, also confounding factors
have to be considered. First, as already earlier mentioned in the discussion, men-
tal and/or visual fatigue may have affected the measurements. Specifically, par-

ticipants noted that they felt significant fatigue and eye strain during Experiment
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2, despite the scheduled breaks between measurement blocks. Since the base col-
ors were not counterbalanced between participants and were presented in succes-
sive order from BC;to BC;s, increasing fatigue may have caused inaccuracies in
the measurement for later base colors. For optimal results, it would be advisable
to distribute the experiment session over several days and present conditions in a
counterbalanced order. In case of Experiment 2 this would entail that for a total of
8 sessions, a maximum of two sessions (roughly one hour) each day would be rec-
ommended. However, a major downside of this would be a considerable decrease
in time efficiency and impracticality for participants to come back for several ses-

sions.

Another confounding factor in this study may have been chromatic adaptation.
According to Fairchild and Reniff (Fairchild and Reniff, 1995) there are two phases
of adaptation n accelerated adaptation of a few seconds, and a slower adaptation of
roughly one minute. At a constant luminance the chromatic adaptation was found
to be 90% complete after roughly one minute. In the present study an adaptation
time of two minutes was used for each base color. While two minutes should thus
be enough time to adapt to a base color, individual differences or a lack of attention
to the stimulus during the adaptation time may have influenced the results of this
study. Furthermore, it can be hypothesized that chromatic adaptation might even
occur during the flicker presentation. However, to our knowledge no studies have

yet investigated this effect.

Additionally, also flicker adaptation might have been present. In this study the
contrast sensitivity thresholds were analysed as a function of frequency to obtain
the TCSFs for each condition. The resulting TCSFs, however, might be sensitive
to flicker adaptation. Specifically, Shady et al. (2004) found that the visibility of
chromatic flicker at higher frequencies depends on the adaptation status. That is,
without flicker adaptation, the slope of TCSFs decreased more rapidly, with a CFF
at 20 Hz, compared to the TCSFs when adapted, with visible flicker beyond 30
Hz. This phenomenon may also explain the results found during the frequency
selection procedure (see section 2.2.1: Frequency Selection). As described before,

initially a set of four frequencies (i.e. 2 Hz, 8 Hz, 15 Hz, and 25 Hz) was chosen to
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model the TCSFs. In order to provide insight into the range of frequencies where
chromatic flicker could be observed a pilot study was conducted. Based on previous

research it was expected that for the majority of base colors chromatic flicker could

be created with frequencies up to and higher than 25 Hz (Bueno Perez et al., 2017).

However, the results of the pilot study showed that for some of the selected base
colors chromatic flicker was not visible for a frequency of 25 Hz. While this effect
may be partly explained by the findings of Shady et al (Shady et al., 2004), the
fact that visibility depended on the displayed condition further complicates the
interpretation. It would be interesting for further research to investigate chromatic

flicker adaptation for stimuli of different chromaticities.
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Appendix A Mean and Standard Deviation of Lu-
minance Ratios

Modulation Direction

0° 45° 90° 135°
BaseColor M SD M SD M SD M SD
BC, 1.02 0.03 1.00 0.02 099 0.01 0.98 0.02
BC, 1.01 0.02 0.99 0.03 098 0.01 0.97 0.01
BC; 1.01 0.02 099 0.03 098 0.01 098 0.02
BC, 1.01 0.02 099 0.02 097 0.02 097 0.02
BC; 1.00 0.02 098 0.02 098 0.02 099 0.02
BCq 098 0.02 0.97 0.02 098 0.02 1.00 0.02
BC, 1.01 0.03 098 0.03 096 0.01 0.97 0.02
BCq 099 0.02 097 0.02 097 0.02 098 0.01
BCy 098 0.02 096 0.02 097 0.02 1.00 0.01
BC 096 0.02 096 0.02 098 0.01 1.01 0.02
BC; 099 0.03 0.97 0.03 095 0.01 0.97 0.02
BC, 098 0.03 095 0.02 096 0.01 0.99 0.02
BCy; 096 0.03 0.95 0.03 097 0.01 1.00 0.03
BCy, 095 0.03 095 003 098 0.02 1.01 0.02
BCi5 094 0.03 095 0.02 099 0.02 1.03 0.03

M = mean, SD = standard deviation

Mean and standard deviation of luminance ratios for Base Color and Modulation Direction
averaged across participants
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Appendix C Information and Consent Form

Technische Universiteit
e Eindhoven
University of Technology

Informed consent form

This document gives you information about the study Measuring the Temporal Chromatic
Contrast Sensitivity Function: An Extended Paradigm. Before the study begins, it is important
that you learn about the procedure followed in this study and that you give your informed
consent for voluntary participation. Please read this document carefully.

Aim and benefit of the study

The aim of this study is to measure the between-subject variance of the luminance adjusting
function. The data is used to build a model that describes the temporal chromatic contrast
sensitivity function of chromatic flicker.

This study is performed by R.M. Spieringhs, S.L. Hartmeyer, P. Wijsen, students under the
supervision of I. Vogels, and X. Kong of the Human-Technology Interaction group.

Procedure

In the experiment, you will evaluate luminance flicker stimuli for different base colors. Since
the study is about color, the Ishihara test for color deficiency will be carried out first. Then
the tasks are as follows:

Before the experiment you will receive a short training session to familiarize you with the
experiment setup and the adjustment task. During the training session, demo stimuli will be
shown and you have to follow the instructions of the experimenter.

During the experiment, two alternating colors with different luminance will be shown. Your
task is to iteratively adjust the luminance ratio between the two colors to find the point of
minimum flicker. You can use the four arrow keys on the keyboard to change the luminance
ratio: The Up-arrow key to increase the ratio with large steps; the Down-arrow key to
decrease the ratio with large steps; the Right-arrow key to increase the ratio with small
steps; the Left-arrow key to decrease the ratio with small steps. When you think the flicker
phenomenon is minimal, you can press the Enter key to continue to the next trial.

Risks

This study does involve risks for people who are overly sensitive to light, are susceptible to
migraine, and have a history of epilepsy. Therefore, we ask that you do NOT participate in
this study if the above applies to you! There are no other risks or detrimental side effects.

Duration

This study will last approximately 2 hours in total. The experiment will be divided into two
one-hour (with 20 minutes’ experiment, followed by 20 minutes’ rest and another 20
minutes’ experiment) sessions.

Participant’s paraph



C Information and Consent Form

Participants
You were selected because you agreed to participate the experiment after being contacted
through the JFS Participant database.

Voluntary

Your participation is completely voluntary. You can refuse to participate without giving any
reasons and you can stop your participation at any time during the study. You can also
withdraw your permission to use your data up to 24 hours after the study is finished. All this
will have no negative consequences whatsoever.

Compensation
You will be paid 10 euros per hour (€2.00 extra if you do not study or work at the TU/e or
Fontys Eindhoven).

Confidentiality
All research conducted at the Human-Technology Interaction Group adheres to the Code of
Ethics of the NIP (Nederlands Instituut voor Psychologen - Dutch Institute for
Psychologists).

We will not be sharing personal information about you to anyone outside of the research
team. No video or audio recordings are made that could identify you. The information that
we collect from this study is used for writing scientific publications and will only be reported
at group level. It will be completely anonymous and it cannot be traced back to you.

Further information

If you wish to receive more information about this study you can contact R.M. Spieringhs,
S.L. Hartmeyer or P. Wijsen (contact email: r.m.spieringhs@student.tue.nl,
s.Lhartmeyer@student.tue.nl, p.p.wijsen@student.tue.nl).

If you have any complaints about this study, please contact the supervisors, 1. Vogels,
(LM.L.C.Vogels@tue.nl) or X. Kong (x.kong@tue.nl).

Certificate of Consent

L (NAME) ... have read and understood this consent form and have
been given the opportunity to ask questions. I agree to voluntarily participate in this study
carried out by the research group Human Technology Interaction of the Eindhoven
University of Technology.

Participant’s Signature Date






References

Birren, F. (1978). Color & human response: aspects of light and color bearing on the
reactions of living things and the welfare of human beings. New York, NY: Van
Nostrand Reinhold.

Bodrogi, P. & Khan, T. Q. (2012). Illumination, color and imaging: evaluation and
optimization of visual displays. NYSE: John Wiley & Sons.

Bone, R. A. & Landrum, J. T. (2004). Heterochromatic flicker photometry. Archives
of Biochemistry and Biophysics, 430(2), 137-142. do0i:10.1016/j.abb.2004.04.
003

Bueno Perez, M., Vogels, 1., Kong, X., & Cuijpers, R. (2017). Measuring the temporal
contrast sensitivity function for isoluminant chromatic flicker stimuli (Master’s
thesis, Eindhoven University of Technology, Eindhoven, The Netherlands).

CIE. (1926). Commission internationale de leclairage proceedings, 1924. Cambridge,
MA: Cambridge University Press.

Danilova, M. V., Chan, C. H., & Mollon, J. D. (2013). Can spatial resolution re-
veal individual differences in the I:m cone ratio? Vision Research, 78, 26-38.
doi:https://doi.org/10.1016/j.visres.2012.12.006

De Lange, H. (1958a). Research into the dynamic nature of the human fovea - cor-
tex systems with intermittent and modulated light. i. attenuation characteris-
tics with white and colored light. Journal of the Optical Society of America A,
48(11), 777-784. doi:10.1364/JOSA.48.000777

De Lange, H. (1958b). Research into the dynamic nature of the human fovea - cor-
tex systems with intermittent and modulated light. ii. phase shift in bright-
ness and delay in color perception. Journal of the Optical Society of America
A, 48(11), 784-789. doi:10.1364/JOSA.48.000784

De Valois, K. K. (2000). Seeing. Cambridge, MA: Academic Press.

Dobkins, K. R., Lia, B., & Teller, D. Y. (1997). Infant color vision: temporal con-
trast sensitivity functions for chromatic (red/green) stimuli in 3-month-olds.
Vision Research, 37(19), 2699-2716. doi:https://doi.org/10.1016/S0042 -
6989(97)81180-7


http://dx.doi.org/10.1016/j.abb.2004.04.003
http://dx.doi.org/10.1016/j.abb.2004.04.003
http://dx.doi.org/https://doi.org/10.1016/j.visres.2012.12.006
http://dx.doi.org/10.1364/JOSA.48.000777
http://dx.doi.org/10.1364/JOSA.48.000784
http://dx.doi.org/https://doi.org/10.1016/S0042-6989(97)81180-7
http://dx.doi.org/https://doi.org/10.1016/S0042-6989(97)81180-7

56

References

Eskew, R. T., Stromeyer, C. F.,, & Kronauer, R. E. (1994). Temporal properties of the
red-green chromatic mechanism. Vision Research, 34(23),3127-3137. doi:https:
//doi.org/10.1016/0042-6989(94)90078-7

Fairchild, M. D. & Reniff, L. (1995). Time course of chromatic adaptation for color-
appearance judgments. Journal of the Optical Society of America A, 12(5), 824~
833. d0i:10.1364/JOSAA.12.000824

Granger, E. M. & Heurtley, J. C. (1973). Visual chromaticity-modulation transfer
function. Journal of the Optical Society of America A, 63(9), 1173-1174. doi:10.
1364/JOSA.63.001173

Guild, J. (1932). The colorimetric properties of the spectrum. Philosophical Trans-
actions of the Royal Society of London. Series A, Containing Papers of a Math-
ematical or Physical Character, 230, 149-187. doi:10.1098/rsta.1932.0005

Jiang, Y., Zhou, K., & He, S. (2007). Human visual cortex responds to invisible
chromatic flicker. Nature neuroscience, 10(5), 657-662. d0i:10.1038/nn1879

Kelly, D. H. (1961). Visual responses to time-dependent stimuli. i. amplitude sensi-
tivity measurements. Journal of the Optical Society of America A, 51(4), 422-
429. doi:10.1364/JOSA.51.000422

Kelly, D. H. (1975). Luminous and chromatic flickering patterns have opposite ef-
fects. Science, 188(4186), 371-372. d0i:10.1126/science.1118731

Kim, K. J., Mantiuk, R., & Lee, K. H. (2013, March). Measurements of achromatic
and chromatic contrast sensitivity functions for an extended range of adapta-
tion luminance, Human Vision and Electronic Imaging XVIII, 8651A. doi:10.
1117/12.2002178

Kong, X., Vogels, 1., Sekulovski, D., & Heynderickx, I. (2018). An experimental com-
parison of threshold methods for chromatic flicker detection: accuracy, precision
and efficiency. In preparation.

Lee, B. B, Martin, P. R., & Valberg, A. (1988). The physiological basis of heterochro-
matic flicker photometry demonstrated in the ganglion cells of the macaque
retina. The Journal of Physiology, 404(1), 323-347. doi:10.1113/jphysiol.1988.
sp017292

Lee, B. B., Pokorny, J., Martin, P. R., Valbergt, A., & Smith, V. C. (1990). Luminance
and chromatic modulation sensitivity of macaque ganglion cells and human
observers. Journal of the Optical Society of America A, 7(12), 2223. doi:10.
1364/josaa.7.002223

Lou, M. R. (Ed.). (2016). Encyclopedia of color science and technology. New York,
NY: Springer.

Marc, R. E. & Sperling, H. G. (1977). Chromatic organization of primate cones.
Science, 196(4288), 454-456. Retrieved from http://www.jstor.org/stable/
1743468

Metha, A. B. & Mullen, K. T. (1996). Temporal mechanisms underlying flicker de-
tection and identification for red-green and achromatic stimuli. Journal of


http://dx.doi.org/https://doi.org/10.1016/0042-6989(94)90078-7
http://dx.doi.org/https://doi.org/10.1016/0042-6989(94)90078-7
http://dx.doi.org/10.1364/JOSAA.12.000824
http://dx.doi.org/10.1364/JOSA.63.001173
http://dx.doi.org/10.1364/JOSA.63.001173
http://dx.doi.org/10.1098/rsta.1932.0005
http://dx.doi.org/10.1038/nn1879
http://dx.doi.org/10.1364/JOSA.51.000422
http://dx.doi.org/10.1126/science.1118731
http://dx.doi.org/10.1117/12.2002178
http://dx.doi.org/10.1117/12.2002178
http://dx.doi.org/10.1113/jphysiol.1988.sp017292
http://dx.doi.org/10.1113/jphysiol.1988.sp017292
http://dx.doi.org/10.1364/josaa.7.002223
http://dx.doi.org/10.1364/josaa.7.002223
http://www.jstor.org/stable/1743468
http://www.jstor.org/stable/1743468

REFERENCES

57

the Optical Society of America A, 13(10), 1969-1980. doi:10.1364/JOSAA.13.
001969

Mullen, K. T. (1985). The contrast sensitivity of human colour vision to red-green
and blue-yellow chromatic gratings. The Journal of physiology, 359, 381-400.
doi:10.1113/jphysiol.1985.sp015591

Perz, M., Sekulovski, D., Vogels, 1., & Heynderickx, I. (2017). Quantifying the vis-
ibility of periodic flicker. LEUKOS, 13(3), 127-142. doi:10.1080/15502724.
2016.1269607

Perz, M., Vogels, L., Sekulovski, D., Wang, L., Y., T., & Heynderickx, I. (2014). Mod-
eling the visibility of the stroboscopic effect occurring in temporally modu-
lated light systems. Lighting Research & Technology, 47(3), 281-300. doi:10.
1177/1477153514534945

Ripamonti, C., Woo, W. L., Crowther, E., & Stockman, A. (2009). The s-cone con-
tribution to luminance depends on the m- and I-cone adaptation levels: silent
surrounds? Journal of Vision, 9(3), 10. doi:10.1167/9.3.10

Sekulovski, D., Vogels, L., van Beurden, M., & Clout, R. (2007, January). Smooth-
ness and flicker perception of temporal color transitions, 112-117.

Shady, S., MacLeod, D. 1. A., & Fisher, H. S. (2004). Adaptation from invisible flicker.
Proceedings of the National Academy of Sciences, 101(14), 5170-5173. doi:10.
1073/pnas.0303452101

Sharpe, L. T., Stockman, A., Jagla, W., & Jagle, H. (2005). A luminous efficiency
function, v*(A), for daylight adaptation. Journal of Vision, 5(11), 3. doi:10.
1167/5.11.3

Steele, R. V. (2007). The story of a new light source. Nature Photonics, 1, 25-26.

Stiles, W. & Burch, J. (1959). N.p.l. colour-matching investigation: final report (1958).

Optica Acta: International Journal of Optics, 6(1), 1-26. d0i:10.1080/713826267

Stockman, A. (2015). Cie physiologically based color matching functions and chro-
maticity diagrams. In M. R. Lou (Ed.), Encyclopedia of color science and tech-
nology. Berlin, Heidelberg: Springer. doi:10.1007/978-3-642-27851-8_326-1

Stockman, A. & Sharpe, L. T. (2000). The spectral sensitivities of the middle- and
long-wavelength-sensitive cones derived from measurements in observers of
known genotype. Vision Research, 40(13), 1711-1737. doi:10.1016 /50042 -
6989(00)00021-3

Swanson, W. H., Ueno, T., Smith, V. C., & Pokorny, J. (1987). Temporal modula-
tion sensitivity and pulse-detection thresholds for chromatic and luminance
perturbations. Journal of the Optical Society of America A, 4(10), 1992. doi:10.
1364/josaa.4.001992

Thoreson, W. B. (2008). The vertebrate retina. In H. Gendelman & T. Ikezu (Eds.),
Neuroimmune pharmacology. Boston, MA: Springer.


http://dx.doi.org/10.1364/JOSAA.13.001969
http://dx.doi.org/10.1364/JOSAA.13.001969
http://dx.doi.org/10.1113/jphysiol.1985.sp015591
http://dx.doi.org/10.1080/15502724.2016.1269607
http://dx.doi.org/10.1080/15502724.2016.1269607
http://dx.doi.org/10.1177/1477153514534945
http://dx.doi.org/10.1177/1477153514534945
http://dx.doi.org/10.1167/9.3.10
http://dx.doi.org/10.1073/pnas.0303452101
http://dx.doi.org/10.1073/pnas.0303452101
http://dx.doi.org/10.1167/5.11.3
http://dx.doi.org/10.1167/5.11.3
http://dx.doi.org/10.1080/713826267
http://dx.doi.org/10.1007/978-3-642-27851-8_326-1
http://dx.doi.org/10.1016/s0042-6989(00)00021-3
http://dx.doi.org/10.1016/s0042-6989(00)00021-3
http://dx.doi.org/10.1364/josaa.4.001992
http://dx.doi.org/10.1364/josaa.4.001992

58

References

van der Horst, G. J. C. & Bouman, M. A. (1969). Spatiotemporal chromaticity dis-
crimination. Journal of the Optical Society of America A, 59(11), 1482-1488.
doi:10.1364/JOSA.59.001482

Wooten, B. R., Renzi, L. M., Moore, R., & Hammond, B. R. (2010). A practical
method of measuring the human temporal contrast sensitivity function. Biomed-
ical Optics Express, 1(1), 47-58. doi:10.1364/BOE.1.000047

Wright, W. D. (1929). A re-determination of the trichromatic coefficients of the
spectral colours. Transactions of the Optical Society, 30(4), 141.


http://dx.doi.org/10.1364/JOSA.59.001482
http://dx.doi.org/10.1364/BOE.1.000047

Acknowledgements

We wish to express our deepest gratitude to our supervisors, Ingrid Vogels and
Xiangzhen Kong, for providing us with this unique opportunity to carry out this
project and gather experience in the field of color vision research. Without their
friendly-yet-professional guidance and supervision this work would not have been
possible.

Additionally, we sincerely thank all our fellow students from the HTI depart-
ment at Eindhoven University of Technology, who helped and participated in this
project.

Last but not least, we thank Eindhoven University of Technology for providing
us with the opportunity to conduct this research at their renowned institution.



	List of Figures
	List of Tables
	Introduction
	The Luminous Efficiency Function
	Color Perception
	The Temporal Contrast Sensitivity Function
	Chromatic Flicker
	Research Goals

	Method
	Experimental Setup
	General Stimuli
	Frequency Selection

	Experiment 1
	Design
	Participants
	Stimuli
	Procedure

	Experiment 2 and Experiment 3
	Design
	Stimuli
	Procedure


	Analysis and Modelling
	Experiment 1
	Experiment 2 and Experiment 3

	Results
	Experiment 1
	Luminance Ratios
	Deviation from the Luminous Efficiency Function: D()

	Experiment 2
	Experiment 3

	Discussion and Conclusion
	Discussion of Results
	Modelling the TCSFs for Chromatic Flicker
	Individual Variation in Luminance Ratios and Improving the Efficiency of the Experimental Paradigm

	Discussion of Limitations
	Limitations of Equipment
	Limitations of Methodology
	Confounding Factors


	Appendices
	Appendix Mean and Standard Deviation of Luminance Ratios
	Appendix TCSFs from Experiment 2
	Appendix Information and Consent Form

	References
	Acknowledgements

