
 Eindhoven University of Technology

MASTER

Comparison of methodologies for measuring chromatic flicker perception

Veelenturf, H.J.M.

Award date:
2016

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/0939cc8f-b83f-48a9-a1e9-c0e33e92eca8


 Eindhoven, September 2016 
 
 
 
 
 
 
 

           
 

 
 
 

 
 
 
 
 
 
 
 

 
 

in partial fulfilment of the requirements for the degree of 
 

Master of Science 
in Human-Technology Interaction 

 
of the department of Industrial Engineering and Innovation Sciences 

Eindhoven University of Technology 
 

 
 

 
 
 
 
 
Supervisors: 
Dr. I.M.L.C. (Ingrid) Vogels | TU/e 
Dr. Ir. R.H. (Raymond) Cuijpers  | TU/e 
X. Kong BSc    | TU/e 
 
 
 

Comparison of methodologies for measuring 
chromatic flicker perception 

 
Jeroen Veelenturf 

0715255 
 



2 
 
 

Abstract - LEDs allow us to create dynamic light, and color and luminance 
transitions for these systems should be smooth. To be able to determine the 
perceived speed for these transitions a general model should be developed. 
However, before such a model can be developed the psychophysical methods 
used in chromatic temporal perception should be validated. In this study the 
chromatic flicker visibility thresholds are studied using three methodologies: a 
yes/no staircase, a two alternative forced choice (2AFC) staircase, and a 2AFC 
constant stimuli method, are compared to each other for several base color and 
frequency conditions. The amount of repetitions per condition was also 
analyzed for two the staircase methods. Results showed that the constant 
stimuli method has the lowest visibility of chromatic flicker thresholds, but a 
very large variance. The 2AFC staircase has thresholds that are almost as low, 
is quite stable after two repetitions per condition, and takes less time than the 
constant stimuli method. The yes/no-staircase doesn’t result in thresholds as 
low as the other methods but is very stable, even after only one repetition, has a 
small variance and is quite fast.  
 
Keywords: Chromatic flicker, visual perception, methodology, staircase 
methods, constant stimuli methods, decision criteria, 2-alternative forced 
choice. 
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1. Introduction 
 
LEDs, which offer a number of advantages compared to conventional lighting 
technologies, are considered as the next breakthrough technology for lighting 
applications. One of the largest differentiators of LED based lighting systems is 
their capability to create dynamic light. However, the dynamic light should 
have certain properties in order to be attractive to the observers. The light 
should change smoothly from one color to the other. Furthermore, the 
perceived speed of the color transition should correspond as much to the 
intended speed as possible.  
 
However, the state-of-the-art color models assume a static environment and 
these models are proven not to be valid to describe the perception of dynamic 
colored light. The CIELAB color space was developed to be perceptually 
uniform for spatial colors. However, Sekulovski, Vogels, van Beurden  & 
Clout (2007) found that sensitivity for temporal luminance changes (i.e. 
luminance flicker) is higher than sensitivity for temporal changes in chroma 
and hue (i.e. chromatic flicker), when expressed in the CIELAB color space, 
which indicates that the CIELAB color space is not perceptually uniform for 
temporal changes. To determine the required distances between colors that 
produce a smooth dynamic light effect at the desired speed, more knowledge 
about the human visual system is needed. More specifically, a temporal model 
of human color perception should be developed. Since new threshold values for 
temporal changes need to be determined, the first step of building such a model 
is to measure the visibility threshold of human observers to chromatic flicker. 
The average of the two colors that are alternating is called the base color. Since 
the effects of the base color, the direction in which the color changes and the 
frequency of the modulation on the visibility of chromatic flicker remain 
largely unexplored, it is therefore necessary to further investigate the effect of 
these parameters on the visibility of chromatic flicker.  
 
However, multiple psychophysical methods exist to measure visibility 
thresholds, which vary in the accuracy of the results and duration of the 
experiment. For chromatic flicker sensitivity, no comparisons between 
methodologies have been made. So, before the development of a new color 
model the best methodology, in terms of duration and accuracy, to measure the 
visibility threshold should be determined in an experiment. The purpose of this 
study is to compare three methods: (1) a yes-no task in combination with an 
adaptive staircase procedure, (2) a 2 alternative forced choice (2AFC) task in 
combination with an adaptive staircase procedure, and (3) a 2AFC task in 
combination with a constant stimuli procedure. Besides determining which 
method is the best in terms of duration and accuracy, the effects of several base 
colors and frequencies on the visual threshold will be studied as well. 
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In the following chapter a basis of color perception, color models, temporal 
vision and methodology theory will be set forth to give a theoretical 
background on the subject and introduce the research questions and hypothesis 
for this study. 
  
1.1. Color perception 
 
Describing color is difficult, as it is not a physical aspect of objects, but an 
interpretation of light in the brain. People can have different perceptions of 
color, but still have the same name for it. 
 
Humans and primates are more evolved in color vision than other mammals, 
because they needed to discern red and orange-like hues to be able to 
discriminate between fruits and berries and plants in the forest. Seeing more 
colors makes it easier to separate individual objects from a scene (see figure 1).  
 

 
Figure 1: A bush of berries with and without red color 

 
Color vision is dependent on three aspects. The first aspect is the emitter, 
which sends out a light signal composed of different wavelengths and 
intensities. The light then encounters the transmitter, or object, which partly 
absorbs and partly reflects the light and therefore changes the distribution of 
the reflected light. And finally the light enters the receiver, in our case the 
human eye, where the signal gets analyzed and color is perceived. In the 
following paragraphs the emitted light spectrum and the workings of the eye 
will be discussed in further detail. 
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1.1.1. The light spectrum  
 
All aspects of vision, including color, start with light.  Light can be described 
as electromagnetic waves. It consists of only a small part of the 
electromagnetic radiation spectrum, the part that stimulates the photosensitive 
cells in our eyes. The wavelength band of visible light ranges between 380 nm 
and 780 nm (see fig. 2). The corresponding colors range roughly from blue to 
green, yellow, orange and red.  
 

 
Figure 2: The distribution of visible light among electromagnetic waves 

 
 
The color of the light emitted by a light source is determined by the spectrum 
of wavelengths that the light contains. Light sources do not usually emit only 
one wavelength, but a combination of wavelengths with different levels of 
intensity. The most common way to describe this is through the spectral power 
distribution (SPD). The SPD is a distribution of the power of the light as a 
function of the wavelengths. An example of the SPD for a cool white LED can 
be found in figure 3. Looking at the SPD both the luminance and the color 
distribution of a source can be identified. 
 

 
Figure 3: The spectral power distribution of a cool white LED 
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1.1.2. The human eye 
 
To understand color perception we need to understand how the human eye 
works. Figure 4 shows a schematic diagram of the eye with some key features 
labeled. As light enters through the cornea, it hits the retina in the back of the 
eye. This is a light sensitive tissue where the photoreceptors are located. These 
photoreceptors transform light into chemical and electrical signals that are 
transmitted to the visual system of our brains.  
 
 

 
Figure 4: A schematic diagram of the eye 

 
There are two classes of photoreceptors in the human eye, the rods and the 
cones. The rods are functional at relatively low light levels, whereas the cones 
function at higher levels. This allows our eyes to be functional at a wide range 
of luminances. In dark conditions (< 0.03 cd/m2) only the rods are active. This 
is called scotopic vision. In well-lit conditions (> 10 cd/m2) only the cones are 
active. This is called photopic vision. Each type of vision has its own 
sensitivity to wavelengths, as shown in figure 5a.  
 
These sensitivity functions are called the CIE spectral luminous efficiency 
functions V( λ) (photopic vision), which has a peak sensitivity of 555 nm and 
V’(λ) (scotopic vision), which has a peak sensitivity of 507 nm. Conditions 
where both the rods and cones are active, between 0.03 and 10 cd/m2, are 
called mesopic vision. 
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                                               (a)                     (b) 

Figure 5: (a) V(λ) and V’(λ) (b) The spectral sensitivities of the rods (R) and S, M and L cones. 

 
The rods and cones each have their own spectral responsitivities, as is shown in 
figure 5 (Picture from Kalloniatis & Luu (2004)). Humans are a trichromatic 
species, meaning that we have three kinds of color receptors, often called S, M 
and L cones, for short-, middle-, and long-wavelength cones. The spectral 
sensitivity curves for these cones and the rods can be seen in figure 5b. The 
signals from each type of cone are combined to form three opposing color 
pairs: L + M create the ‘red-green’ pair and (L + M) – S creates a ‘yellow-blue’ 
pair. This is why we don’t have any colors that could be described as greenish 
red or yellowish blue. The final opposing color pair uses input from all types of 
cones to create an achromatic signal representing the brightness of the color. 
These color pairs are and their signals are shown in figure 6. 
 

 
Figure 6: The three opposing color pairs 

Since there is only one type of rod we are unable to distinguish colors during 
scotopic vision. Our peak sensitivity switches from around 555 nm during the 
day to around 507 nm during dark conditions. However, the rods are much 
more sensitive to low levels of illumination than the cones. They are able to 
react to even a single photon, whereas cones need 30-100 photons. This makes 
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our eye a very flexible instrument that is useable in almost all lighting 
conditions, but it can’t resolve the entire range of all light levels at once. The 
eye needs to adapt to conditions before the sensitivity is at its peak. 
 
Around the middle of the retina is an area called the fovea (See fig. 4). This 
area has the highest density of cone photoreceptors, making it the area where 
we have the best spatial and color vision at photopic light levels (Fairchild, 
2013). This means that we can focus our view on around two degrees of visual 
angle in our central field of vision, which is roughly the size of our thumbnail 
at arms length. 
 
1.1.3. Adaptation 
 
In our lives illumination levels can vary in ten orders of magnitude, but it is not 
always necessary to resolve this entire range. The eye is constantly adapting its 
sensitivity to light to optimize the visual response in a particular condition. 
However, the eye not only adapts to changes in light level, but also to other 
visual stimuli, such as chromaticity and flicker. 
 
Light adaptation 
Light adaptation happens when the light level increases. An example of this 
would be leaving a dark room to go outside. At first, the sun blinds you, but 
quite quickly you will be able to see details again. What happens is that the eye 
was very sensitive to a low light level, and has to adjust its sensitivity to avoid 
being overloaded. This process takes around five minutes, after which vision is 
optimal again (Fairchild, 2013). 
 
Dark adaptation 
Dark adaptation is the opposite of light adaptation and is used to describe the 
process when the light level decreases. Dark and light adaptation are 
asymmetric processes. The time needed for dark adaptation is longer than it is 
for light adaptation, around 30 minutes. This is because the rods have a longer 
recovery time than the cones. At first the cones become more sensitive, leading 
to a quick increase in sensitivity in the first few minutes, which then remains 
almost constant until the rods activate and take over after around 10 minutes. 
The rods then continue to improve sensitivity until it saturates after 30 minutes 
(Fairchild, 2013). 
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Chromatic adaptation 
Chromatic adaptation is the sensitivity control of the three cone spectral 
responsibility curves, which is largely independent of light and dark adaptation. 
Chromatic adaptation can be explained by imagining you are looking at a red 
object. If you then look at a white object it will appear green at first, then the 
eye adapts again and it will appear as a white object again. This can be 
explained as the sensitivity of the S, M and L cones changes depending on the 
lighting conditions the eye is in. The mechanisms of chromatic adaptation are 
about 90% adjusted after one minute. Therefore, sixty seconds can be 
considered a good general rule for the minimum duration observers should look 
at a given viewing environment prior to making critical decisions. 
 
Flicker adaptation 
The eye also adapts to flicker. Sensitivity to temporal changes of light is lower 
when people are adapted to a flickering stimulus than when they are when 
adapted to a constant light stimulus (Pantle, 1971). Shady, Macleod & Fisher 
(2004) state that humans are more sensitive to flicker adaptation for high 
temporal frequencies. Participants’ sensitivity even increased if participants 
had adapted to frequencies higher than are perceivable for both chromaticity 
and luminance flicker. 
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1.2. Color attributes 
 
So far, color has been described as the combination of wavelengths. However, 
this is rather unpractical if we want to describe the perceived color of light 
emitted by a light source or reflected by an object. Therefore the Commission 
Internationale d’Eclairage (CIE) has defined various attributes of colors in the 
International Lighting Vocabulary (CIE, 1987). In the following paragraphs 
these attributes will be discussed. 
 
1.2.1. Hue 
 
Hue is defined as the attribute of color to which an area appears to be similar to 
one of the primary colors (red, yellow, green, and blue) or a combination of 
two of them. An example of different hues, and the other color attributes, can 
be found in figure 7. It should be noted that hue is not a scale with a zero value, 
but can be easier described as a circle. Separate from this circle hue with an 
undefined value exist, which are achromatic colors, pure white, grays and pure 
black (Fairchild, 2013). 
 

 
Figure 7: An overview of the color attributes and their relation 
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1.2.2. Brightness & lightness 
 
Brightness is the attribute of a color according to which an area appears to emit 
more or less light. Lightness is this brightness judged relative to the brightness 
of a similarly illuminated area that appears to be white or highly transmitting. 
The distinction between these definitions is that brightness refers to an absolute 
level of perception and lightness can be described as relative brightness 
(Fairchild, 2013). An example of increasing brightness can also be seen below. 
 

 
Figure 8: A red color with increasing brightness 

1.2.3. Colorfulness, Saturation & Chroma 
 
Colorfulness is the attribute of a visual sensation according to which the 
perceived color of an area appears to be more or less chromatic. Chroma is 
defined as the colorfulness of an area judged as a proportion of the brightness 
of a similarly illuminated area that appears white, while saturation is the 
colorfulness of an area judged in proportion to its brightness. Saturation and 
chroma appear very similar, but in order for a stimulus to have chroma it must 
be judged in relation to other colors, whereas saturation can be judged on its 
own (Fairchild, 2013). An example of increasing saturation can be seen below.  
 

 
Figure 9: A red color with increasing saturation 
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1.3. Color models 
 
In the past, several color spaces and color appearance models have been 
developed to enable us to calculate the color attributes. Several of these will be 
discussed here. 
 
1.3.1. Color matching functions & Color spaces 
 
Based on the trichromatic nature of our visual system, the earliest models were 
based on the primary color values determined by our cones. First, three 
monochromatic primaries were defined, red (700 nm), green (546 nm), and 
blue (435 nm). Then, the three primaries were combined such that they 
matched the color of a monochromatic light. The amount of primaries needed 
is called the tristimulus values R, G, and B. This was repeated for all 
wavelengths and resulted in the color matching functions 𝑟 𝑥 ,𝑔 𝑥  and 𝑏(𝑥), 
which are shown in figure 10. The color matching functions can be used to 
calculate the tristimulus values for any spectral power distribution Φ (λ) using 
the following equations: 
 

𝑅 =  𝛷 𝜆 𝑟 𝜆 𝑑𝜆
 

!

          𝐺 =  𝛷 𝜆 𝑔 𝜆 𝑑𝜆
 

!

         𝐵 =  𝛷 𝜆 𝑏 𝜆 𝑑𝜆
 

!

 

 
These functions form the RGB color space developed by the CIE. (CIE, 1986) 
 
 

 
Figure 10: Tristimulus values for 𝒓,𝒈 𝐚𝐧𝐝 𝒃 𝐥𝐞𝐟𝐭  𝐚𝐧𝐝 𝒙,𝒚, 𝐚𝐧𝐝 𝒛 𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧𝐬 (𝐫𝐢𝐠𝐡𝐭) 

To eliminate the negative values of 𝑟 in the RGB model, and to force one of the 
primaries to be equal to the photopic luminous efficiency function, V(λ), a 
transformation to different primaries was developed by the CIE in 1931. These 
primaries were X, Y and Z and it is thus called the XYZ color space. X and Z 
produce no luminance response, leaving this all to the Y primary. The color-
matching functions of this color space are 𝑥(𝜆), 𝑦(𝜆), and 𝑧(𝜆), and are shown 
in figure 10 as well. The XYZ are calculated similar to the RGB tristimulus 
values, but a normalization factor k is added, resulting in the following 
equations: 
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𝑋 =  𝑘 𝛷 𝜆 𝑥 𝜆 𝑑𝜆
 

!

     𝑌 =  𝑘 𝛷 𝜆 𝑦 𝜆 𝑑𝜆
 

!

     𝑍 =  𝑘 𝛷 𝜆 𝑧 𝜆 𝑑𝜆
 

!

 

 
From the XYZ color space the CIE derived the xyY color space to be able to 
represent color in a more simple, two-dimensional, chromaticity diagram. Y 
represents the luminance and through a normalization of the XYZ values to xyz 
values only two coordinates (xy) are needed to depict the chromatic values, as 
xyz always sums up to 1. This is done using the following transformations 
 

𝑥 =  
𝑋

𝑋 + 𝑌 + 𝑍       𝑦 =  
𝑌

𝑋 + 𝑌 + 𝑍       𝑧 =  
𝑍

𝑋 + 𝑌 + 𝑍 
 
This resulted in the xyY color diagram, which can be seen in figure 11. The 
outer line shows the wavelengths of the monochromatic colors and the black 
line depicts the color that is emitted by a black body radiator at the specified 
temperature.  
 
 

 
Figure 11: The xyY color diagram 
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The CIE XYZ and CIE xyY spaces are useful to describe color in absolute and 
objective values, but it cannot be used to accurately describe the appearance of 
a color and the perception of color differences. Equal differences between two 
colors in these color spaces do not necessarily correspond to equal perceived 
differences. 
 
To provide a more perceptually uniform color space, the CIE developed the 
CIE 1976 Uniform Chromaticity Scales (UCS) diagram, providing the Yuv and 
Yu’v’ color spaces. In the CIE Yuv color space, the luminance channel is the 
same as in the CIE XYZ and CIE xyY color spaces, but the chromaticity 
coordinates are defined in a different way to achieve a more perceptually 
uniform chromaticity plane. This was further refined by introducing the CIE 
Yu’v’ color space. The only difference between these color spaces is that v’ = 
1.5v. Since both these color spaces are derived from the CIE XYZ space, they 
can be considered well-defined device-independent color spaces (Reinhard, 
Khan, Akyuz & Johnson, 2008). The coordinates of this color space (u’ and v’) 
can easily be calculated through the use of the following equations: 
 

𝑢! =  
4𝑥

−2𝑥 + 12𝑦 + 3  𝑣! =
9𝑦

−2𝑥 + 12𝑦 + 3 

 
This results in the u’v’ color diagram, which can be found in figure 12. 
 

 
Figure 12: The Yu’v’ color diagram, the red line represents the black body curve 
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1.3.2. Color appearance models 
 
In 1976 the CIE introduced color appearance models. According to the CIE a 
color appearance model is “any model that includes predictors of at least the 
relative color-appearance attributes of lightness, chroma and hue.” Two of 
these models are the CIELAB and CIELUV color space. 
 
1.3.2.1 CIELAB 
 
In 1976 the CIE L*a*b color space, or CIELAB, was developed (Fairchild, 
2013; Wyszecki & Stiles, 1982) which is derived from the XYZ color space. 
CIELAB is a relative color space, so colors are described in relation to their 
environment. L* represents the lightness, ranging from 0 for black to 100 for 
white. As explained earlier lightness describes the perceived brightness relative 
to the brightness of a similarly white area. The color of this white area is called 
the white point of the model. a* and b* represent the color along the red-green 
and blue-yellow axis respectively. When both values are 0, this corresponds to 
an achromatic stimulus. The L*, a* and b* values are combined as Cartesian 
co-ordinates to form a three-dimensional color space, which is shown in figure 
13  (Fairchild, 2013). The Euclidian distance between to points, defined as 
∆E*ab, can be taken as a measure of the perceived color difference. The data is 
transformed by normalizing the stimulus tristimulus values (X, Y, and Z) by 
those of the white (i.e. Xn, Yn, and Zn). The formulas used to calculate the 
CIELAB coordinates are as follows: 
 
 
 
 

𝐿∗ = 116𝑓
𝑌
𝑌!

− 16 

 

𝑎∗ = 500[𝑓
𝑋
𝑋!

− 𝑓
𝑌
𝑌!

] 

 

𝑏∗ = 200[𝑓
𝑌
𝑌!

− 𝑓
𝑍
𝑍!

] 

 

𝑓 𝜔 = (𝜔)!/!
7.787 𝜔 + 16/116

     𝜔 > 0.008856
    𝜔 ≥ 0.008856 
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Figure 13: A cylindrical representation of the CIELAB model 

1.3.2.2. CIELUV 
 
The XYZ color space can also be translated to L* u* and v*. It has many of the 
same properties as CIELAB, but incorporates a different form of 
transformation than CIELAB.  
 
As the terms redness or blueness are not common expressions of color, the 
CIELAB and CIELUV models can also be represented in a cylindrical manner. 
This allows the model to be defined in terms of lightness (L*), chroma (C*) 
and hue (h*). This model is commonly known as CIELCH.  C* is defined as 
the distance to the vertical L* axis and h* is defined as the angle around the 
vertical L* axis starting from 0˚ at the positive a* axis (see figure 13). Both 
values can be calculated by using the following formulas: 
 

𝐶!"∗ = (𝑎∗! + 𝑏∗!) 
 

ℎ!" = 𝑡𝑎𝑛!!(
𝑏∗

𝑎∗) 
 
According to these models is should be rather easy to define color in terms of 
hue, saturation (or chroma) and lightness, but in practice it is much more 
difficult. As of now there is not yet a universally accepted model for color 
science, as each model has its flaws. (Stalmeier & de Weert, 1994). Several 
perceptual effects cause shifts in perceived color, making it difficult to create 
one single correct color perception model. Examples of this are the Helmolz-
Kohlrausch effect, which describes that the perceived brightness depends on 
luminance and saturation and the Hunt effect, which states that the perceived 
saturation increases as the luminance increases (Fairchild, 2013). 
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1.4. Temporal vision 
 
The previously described color properties can be considered as static properties 
that do not vary over time. However, since the introduction of LED lights 
manufacturers can easily create dynamic lighting systems, making it important 
to also investigate the perception of colored light that changes over time. 
Temporal changes in luminance and chromaticity should be perceived as 
smooth and attractive. If the color difference between successive colors is too 
large or the time difference is too large, the light will be perceived as jerky. 
One of these effects is called flicker. When two intermittent stimuli are 
presented to the eye they are perceived separate if the rate at which they are 
alternated is below a certain value. Depending on the frequency the intermittent 
stimulation of the observer’s visual system results in the sensation of flicker 
(Johansson, 2004).  
 
1.4.1. Luminance Flicker 
 
Two types of flicker can be distinguished: luminance flicker and chromatic 
flicker. Luminance flicker is the most commonly studied flicker phenomenon. 
As the frequency at which two stimuli alternate increases, the perception of 
flicker disappears. The frequency at which flicker disappears is commonly 
called the critical flicker frequency (CFF). The phenomenon of the 
disappearance of flicker at that frequency is called flicker fusion (Wyszecki & 
Stiles, 1982). The maximum CFF under optimal conditions is around 80 Hz. 
The CFF is, however, dependent on several variables, such as luminance level, 
stimulus size, and retinal location. The CFF increases with increasing 
luminance up to around 300 cd/m2 (Valberg, 2007). Further increasing 
luminance does not increase the CFF (Kelly, 1961). Rovamo & Raninen (1984) 
state that the CFF is dependent of the visual field location if the size and 
luminance of the stimulus are kept constant. The sensitivity to flicker depends 
on the frequency, which peaks at frequencies around 10-20 Hz (Valberg, 
2007). Increasing retinal illumination from very low to the optimal point causes 
an increase in sensitivity to flicker (Kelly, 1974; de Lange, 1958). Swanson, 
Ueno, Smith & Pokorny (1987) found that both mean luminance and field size 
affect sensitivity. They also found that sensitivity to high temporal frequencies 
increases faster with mean luminance than low luminance and that the 
magnitude of the effect of field size is dependent on the mean luminance.  
 
Rovamo & Raninen (1988) found that the CFF increases as a linear function of 
the luminance level. However, they used different color filters to lower the 
luminance in this study, so the color of the luminance flicker was not equal. In 
a follow-up study they found that the relation between luminance and CFF was 
dependent on the color of the stimulus, suggesting an effect of color on the 
CFF (Raninen, Franssila & Rovamo, 1991). 
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Most early flicker studies used a 2˚ achromatic stimulus.  De Lange (1958) 
found that the flicker visibility thresholds for sinusoidal and non-sinusoidal 
waveforms, such as square and triangle waveforms were identical to each other 
when the amplitude of the Fourier component was the same for each 
waveform. Kelly (1961) showed that results using large stimuli (65˚) resulted 
in a lower threshold than using 2˚ stimuli. Both studies showed that for low 
frequencies the sensitivity to luminance flicker decreases, which is shown in 
figure 14. The horizontal axis represents the frequency of the flicker and the 
vertical axis represents the modulation sensitivity to the flicker. This effect can 
be explained by lateral inhibition, which increases for bigger field sizes (Kelly, 
1972).  

 

 
Figure 14:  Modulation sensitivity for luminance (left) and chromatic (right) flicker as a function of 
temporal frequency for various luminance intensities. Modulation sensitivity increases with mean 

luminance. (Swanson et al. 1987) 

 
1.4.2. Chromatic Flicker 
 
Chromatic flicker is studied using chromatic stimuli. Here, the stimuli do not 
vary in luminance, but they vary in chromaticity. Observers see two distinctly 
different colors when the repetition frequency is low, but as the frequency 
increases observers begin to also see intermediate colors in terms of hue, 
saturation, and brightness. Finally the colors will combine into a single color, 
which is the additive mixture of the two component stimuli (Wyszecki & 
Stiles, 1982).  Most chromatic flicker studies, however, were limited to red-
green light modulations due to technical limitations, generated by changing the 
luminance level of a red and green stimulus (e.g. Kelly & van Norren, 1977; 
Swanson, Ueno, Smith, & Pokorny, 1987). The development of colored LED 
technology now enables research on chromatic flicker in a more extensive way. 
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Moreover, studies on chromatic flicker have used different psychophysical 
methods to measure people’s sensitivity, which makes it difficult to compare 
studies and to draw general conclusions. 
 
People process chromaticity changes slower than they process changes in 
luminance (Bowen, 1981). Sekulovski, Vogels, van Beurden & Clout (2007) 
found that the base color does not have an effect on the luminance flicker 
sensitivity function, but it does have an effect on the sensitivity to chromatic 
flicker. In peripheral chromatic flicker people were found to be more sensitive 
to chroma changes in green compared to red and blue and people were most 
sensitive to hue changes for blue, then green and finally red stimuli. People are 
more sensitive to hue changes than they are to chroma changes in peripheral 
chromatic flicker. (Perz, Sekulovski & Seuntiëns, 2010; Murdoch, Sekulovski 
& Seuntiëns, 2011). 
 
It has been found that the same two channels that are used for human color 
processing process chromatic flicker as well. Metha & Mullen (1996) 
compared the underlying temporal flicker mechanisms for red-green and 
achromatic flicker for several temporal frequencies and found that humans are 
more sensitive to achromatic flicker identification than they are for red-green 
flicker identification. It should be noted that identification and detection 
thresholds are not the same, but the effects that increase and decrease both 
thresholds are the same. However, this also depends on the frequency of the 
stimulus, as the shape of the chromatic CSF is different from the luminance 
CSF, especially at very low frequencies, as can be seen in figure 14. Swanson 
et al. (1987) state that chromatic flicker sensitivity follows a band pass 
function, where luminance flicker shows a low-pass function at high 
intensities. Kelly & Van Norren (1977) state that sensitivity to chromatic 
flicker remains constant at low frequencies, whereas sensitivity to luminance 
flicker decreases below 8 Hz. People are more sensitive to chromatic flicker 
than to luminance flicker below 5 Hz. The sensitivity to chromatic flicker is the 
largest when the luminance of the component stimuli is identical and sensitivity 
decreases as the difference in luminance increases (Truss, 1957). The size of 
the stimulus and the mean luminance plays a large role in chromatic flicker 
sensitivity, suggesting that both luminance and chromatic mechanisms play a 
role in chromatic flicker sensitivity (Swanson et al., 1987).  
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1.5. Methodology 
 
There are several psychophysical methods used in literature to study the 
visibility of a given stimulus. The majority of studies focus on determining the 
detection or discrimination thresholds. Sensitivity is the inverse of a threshold, 
as a high sensitivity reflects a low threshold and vice versa. Most 
methodologies can be divided in three categories: method of adjustment, 
method of limits, and method of constant stimuli.  
The method of adjustment is the simplest method. Here, the participant can 
adjust the stimulus magnitude and adjust it to the point at which the stimulus 
can just be detected. It is the quickest and easiest kind of experiment, but it is 
also the least accurate and there can be bias in the results as the participant is in 
control of the stimuli (Fairchild, 2013). 
The method of limits is similar to the method of adjustment, but instead of 
giving the participant control over the stimulus magnitude, the stimuli are 
presented in decreasing and increasing intensity. The threshold will be between 
the points where the participant no longer detects the stimulus, or where he or 
she starts detecting it (See fig. 15). A special application of the method of 
limits is the staircase method, which will be explained further in the report. 
 

 
Figure 15: The method of limits 

 
 
In the method of constant stimuli a number of different stimulus intensities are 
presented in random order to the participants. All intensities are presented 
multiple times. This results in a set of stimulus intensities and corresponding 
correct responses. From this data a psychometric function can be fitted, 
containing the estimated amount of correct responses for a specific intensity. 
From the psychometric function the threshold can be derived, as is explained 
later. 
These descriptions are general and many modifications of these methodologies 
have been made to improve the speed and accuracy or to apply it to specific 
conditions. Since many studies use many different methods, it is difficult to 
compare methods from literature and to draw general conclusions about 
perception effects (Fairchild, 2013). 
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For each methodology, participants can have several tasks. For example: yes-
no tasks and forced choice tasks. In a yes-no task a single stimulus is presented, 
which may or may not contain the signal. Participants respond yes if they 
perceive the signal and no if they don’t. In a yes-no task the amplitude that has 
50% correct responses is regarded as the detection threshold. In a forced choice 
task the participants are presented with two stimuli, one of which contains a 
signal, and they have to select the stimulus, which they think contains the 
signal. If the signal is zero, the participant will guess correctly 50% of the time. 
Therefore the detection threshold is regarded as 75% correct answers. This task 
is more commonly known as a two-alternative forced choice task (2AFC) 
(Mather, 2009).  
 
Harvey (1986) argues that participants’ responses show lapses and sequential 
dependencies. Participants can have either a conservative or liberal decision 
criteria in their responses, influencing whether they will hold back or overreach 
their threshold (Fairchild, 2013). In other words, participants are often not 
constant in their response and the answers given are biased by previous 
responses. Personal differences and systematic effects cause variability in the 
estimated threshold (Treutwein, 1995). In general forced choice tasks are 
preferred, as they minimize the effects caused by the personal differences: their 
decision criteria and response bias (Fairchild, 2013; Harvey, 1986). 
 
1.5.1. The psychometric function and curve 
 
The psychometric function relates a physical measure of stimulus intensity, like 
the amplitude, to a performance measure of detection, like the percentage of 
correct responses (Torgerson, 1958). Typically it takes an S-shaped curve. Two 
types of result can be derived from a psychometric curve: the detection or 
discrimination thresholds, corresponding to 50% and 75% correct responses 
respectively, and the slope of the curve, which gives a measure of the change in 
performance with changing stimulus intensity (Wichmann & Hill, 2001). An 
example of a psychometric curve can be seen in figure 16. 
 

 
Figure 16: An example of the psychometric curve 
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There are various psychometric functions to describe the psychometric curve. 
One of the possible ways to describe the psychometric curves is by using a 
probit transformation. This transformation assumes a cumulative normal 
distribution where the probability data p is transformed into z-values by the 
inverse cumulative normal distribution N: 
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In N, 𝑥 ∈ −∞,+ ∞  is the definition range. µ ∈ −∞,+ ∞  is the mean of the 
fit and 𝜎 > 0 is the standard deviation. A linear function is fitted to the z-
values as a function of the stimulus level x (Treutwein, 1995). 
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1.5.2. Staircase methods 
 
One possible application of the method of limits is staircase methods. The 
stimulus intensity is dependent on the response to the previous stimulus: if the 
participant responds positively or correct, the intensity decreases and if the 
participant responds negatively or incorrect, the intensity increases. The 
increments in which the amplitude changes are known as steps. In most studies 
the step size decreases further during one staircase in order to determine the 
threshold more accurately. There exist many procedures to determine the step 
size, which are all fully applicable for experiments (Treutwein, 1995). The 
most notable methods for this study are the truncated staircase method, 
transformed up-down method, and the weighted up-down method. Every time a 
participant changes their answer (from yes to no or from no to yes) the 
direction of the staircase changes. These points are called reversal points. The 
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threshold value can then be calculated by averaging a number of reversal 
points. 
 
The truncated staircase method, also known as the simple up-down method is 
the simplest of staircase methods, where the step size is the same for both a 
correct and an incorrect answer. This method is restricted, because it converges 
only to a target probability of 50%. This makes it only suitable for yes-no 
tasks. An example of the truncated staircase method is found in figure 17a. 
 
In the transformed up-down method the responses are based on multiple 
previous answers. The amplitude is increased after one incorrect response, but 
decreased only after multiple correct responses. Levitt (1970) proposed this 
method, arguing that it has a higher efficiency and greater flexibility than 
simple up-down methods. Using a 1-up/2-down rule, where the amplitude is 
decreased only after two successive correct responses the convergence point of 
the staircase will be at 70.7%. 
 
The weighted up-down method was developed by Kaernbach (1991). Rather 
then depending on the amount of correct responses, it goes down one step 
when a correct answer is given, but up multiple steps when an incorrect answer 
is given. This method is simpler and more efficient in use than transformed up-
down methods (Kaernbach, 1991). To converge to the 75% point in a 2AFC 
task the ratio between step sizes needs to be 3. In other words, if a participant 
provides a correct response the amplitude will decrease one step, but if he or 
she gives an incorrect response the amplitude will increase by three times as 
much. The weighted up-down method should provide a decrease in duration of 
at least 10% over the transformed up-down method as it converges much faster 
(Kaernbach, 1991; Rammsayer, 1992). Both the transformed and weighted up-
down methods are suitable for 2AFC tasks. The weighted up-down staircase is 
shown in figure 17b. 
 
 

 

 

 

 

 

 

 
 

Figure 17: A visual comparison of the truncated staircase method (left) and the weighted up-down 
method (right) 
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1.5.3. Constant stimuli 
 
The advantage of the constant stimuli method is that it allows the experimenter 
to estimate the entire psychometric curve and not only the threshold, unlike the 
method of limits and staircase procedures. The downside to this is that this 
method is more difficult to set up, as estimates need to be made about the level 
of the threshold. Determining the right stimulus range can either be based on 
data of previous literature or on data from a pilot experiment. If previous 
literature is used, one should be very careful that the experimental set-up is 
very similar in both studies. If the threshold is to be estimated through a pilot 
experiment the problem is two-fold. The experimenter wants to estimate the 
threshold with the least amount of trials, and the trials should be placed 
optimally (Treutwein, 1995). The amount of repetitions used for individual 
amplitudes used also varies. Literature agrees that overall at least ten 
repetitions are needed per amplitude to get a proper estimate of the amplitude 
(Fairchild, 2013). 
 
1.5.4. Method comparison 
 
No comparisons between methods have been made in literature for measuring 
chromatic flicker thresholds. However, there have been comparisons on other 
perceptual subjects. Since the method of constant stimuli and the method of 
limits measure the same point on the psychometric function, there should be no 
difference in average threshold, but other aspects, like variability, could be 
different. Wise, Bien & Wysocki (2008) compared a method of constant 
stimuli to a staircase procedure and found that they indeed provided similar 
average thresholds, but the constant stimuli method gave more insight in 
individual differences. 
 
A downside to any staircase method is that it only gives a threshold value but it 
doesn’t provide the slope of the psychometric curve. It is possible to repeat the 
staircase multiple times and average the amount of correct responses for all 
encountered amplitudes to create a psychometric curve. According to Dai 
(1995) this gives equally accurate curves, while saving the time needed to 
create estimates, and automatically concentrating on the dynamic range of the 
psychometric function. However, Kaernbach (2001) has shown that this results 
in a bias of the slope for both constant step size procedures and decreasing step 
size procedures, resulting in a psychometric curve that is too steep. He states 
that two effects cause this: retest probability and test-at-all probability since not 
all amplitude levels are presented the same amount of times, or at all. If the 
slope value is of interest to the experimenter it can be determined by measuring 
two points on the psychometric curve, either by more advanced methods or by 
performing a staircase trial for each point. For most applied studies only the 
threshold value is of importance, so this issue won’t play a big role here.  
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The amount of repetitions needed for all individual amplitudes in a constant 
stimuli task has been suggested to have a minimum of ten repetitions per 
amplitude (i.e. Fairchild, 2013). It is expected that fewer repetitions are needed 
for a staircase method, leading to a faster determination of the threshold of the 
same accuracy. 
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2. Method 
 
2.1. Introduction 
 
This experiment aims to investigate two questions. (1) Which of the following 
three methodologies is most suitable to measure the visibility threshold of 
chromatic flicker in terms of accuracy and duration? A yes-no task in 
combination with an adaptive staircase procedure, a 2AFC task in combination 
with an adaptive staircase procedure and a 2AFC task in combination with a 
constant stimuli procedure. And (2) what is the effect of base color and 
frequency of a temporally modulated light stimulus on the visibility threshold 
of chromatic flicker? 
 
We expect to find a lower threshold and a lower variance in the 2AFC tasks, 
compared to the yes-no task, as the effects caused by personal differences are 
minimized in the 2AFC task (Fairchild, 2013; Harvey, 1986). Furthermore, we 
expect to find no difference in thresholds between the 2AFC tasks, but the 
difference in variance between the two tasks is hard to predict. 
 
As we want to be sure that people only see chromatic flicker and not luminance 
flicker we only use two low frequencies (2 Hz and 4 Hz), because at low 
frequencies people are more sensitive to chromatic flicker than luminance 
flicker (see figure 14). We don’t expect to find a difference between these 
frequencies, since differences between these frequencies are shown to be very 
small (i.e. Kelly (1961)). Perz et al. (2010) state that people are more sensitive 
to blue hue flicker compared to red and green hue in peripheral vision. This 
may indicate that the visual threshold of chromatic flicker may decrease as the 
color temperature of the base color increases, as higher color temperatures 
contain a larger amount of small wavelengths. We expect no different 
outcomes from the three tasks for these effects. 
 
Therefore the following four hypotheses can be formulated: 
 
H1: The 2AFC tasks will have a lower threshold and variance than the yes-no 
task for detecting chromatic flicker 
H2: There will be no difference in visibility threshold of chromatic flicker 
between the 2AFC tasks.  
H3: There will be no difference in visibility threshold of chromatic flicker for 2 
Hz and 4 Hz. 
H4: The visibility threshold of chromatic flicker will decrease as the color 
temperature of the stimulus increases. 
 
The experimental design we used was a 3 (base color) x 2 (frequency) x 3 
(methodology) full factorial within-subject design. 
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2.2. Participants 
 
26 male and 6 female students and employees from the Eindhoven University 
of Technology participated in the experiment. Their age varied between 19 and 
29 years old with a mean age of 23. Participants that were susceptible to 
epileptic attacks were not allowed to participate. All participants had normal 
color vision (which was checked with the Ishihara Test for colorblindness), and 
had normal or corrected to normal vision (which was checked with a Landolt C 
test). 17 of the participants had corrected vision. 6 of the participants had 
experience in participating in color vision experiments. 
 
2.3. Equipment 
 
2.3.1. Luminaire and boxes 
 
To generate temporally dynamic light, two customized devices from Philips 
were used. It consisted of a modified Philips LivingColors Table lamp with 
three red, green and blue LEDs and a diffuser to mix the individual lights in 
front of the LEDs, a custom made circuit board, and a controller with buttons.  
 

 
Figure 18:  Pictures of the device and experiment set-up 

 
The LEDs were driven using Pulse Width Modulation (PWM) with a driving 
frequency of 500 Hz and at 11 bit levels. The maximum luminance at full white 
was 32 cd/m2. The driver accepted RGB values in the device dependent space 
of the LEDs. The target stimuli were defined in CIE 1976 UCS (u’,v’) and 
transformed via XYZ to the RGB values of the LEDs. The duty cycle for a 
certain RGB value can be calculated as follows:  

 

2047
valueRGBD =
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The luminaires were placed in two white boxes (1.5m x 0.8m x 1.5m) to further 
diffuse the light.  The surface of the box was smooth and colored natural white. 
The opening was designed such that the luminaire itself was not visible for the 
participants from the predefined position at a distance of 1.5m from the front 
surface of the box. Two identical boxes were made to enable the use of a 2 
Alternatives Forced Choice (2AFC) procedure. The device and boxes are 
shown in figure 18.  
 
2.3.2. Light source calibration 
 
In order to transform a given, device independent XYZ value into a device 
dependent RGB value, a transformation matrix has to be determined. This 
requires the measurement of the chromaticity coordinates of the three primaries 
and the white point of the device. Before the calibration was started the 
homogeneity, linearity and temperature effects of the luminaire were tested. 
After that a calibration matrix was made.  
 
2.3.2.1. Homogeneity 
Because of the light distribution of the luminaire and its location in the box the 
stimulus was not homogeneous. Using a spectrometer we measured the 
luminance at 9 different points in the 57cm x 57 cm window for a white color 
(R=G=B=2047) and found that luminance varied between 28.29 cd/m2 at point 
8 and 11.94 cd/m2 at point 1, which is a difference of 58,7%.  
 
To reduce the heterogeneity of the stimulus the size was decreased and a lower 
luminance was used. Several pilots were performed to test the effects of these 
changes and are discussed later in this section. As most existing color models 
are based on a 10-degree field of view, the opening of the boxes was fit to 
make a 10-degree circular stimulus. For a distance of 1.5 meters this 
corresponded in a diameter of 26,4 cm. The heterogeneity decreased to a 
maximum difference of 2.2 cd/m2 or 23,9%. More importantly, the stimulus 
was perceived as homogeneous in terms of luminance and color after this 
adjustment. The results of the measurements for the big window and small 
window can be found in table 1 and 2 respectively. 
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Figure 19: Luminance measurements set-
up 

 
 
2.3.2.2. Linearity 
Using the same spectrometer the linearity of the luminance output was checked 
as well, to see if the RGB-values changed linearly with luminance. This was 
measured at point 1 and 8 of the big window (see figure 19), as they were the 
furthest apart from each other. The results can be found in figure 20. As both 
linear fits had a high R2 value no gamma correction was needed for the system. 
 
 

 
Figure 20: Linearity check of the device for points 1 and 8 
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Table 1: Luminance measurements for the big window in cd/m2 

11.94 (Point 1) 13.63 (Point 2) 12.39 (Point 3) 

13.87 (Point 4) 15.36 (Point 5) 15.31 (Point 6) 

18.77 (Point 7) 28.29 (Point 8) 24.99 (Point 9) 

 

Table 2: Luminance measurments for the small window in cd/m2 

7.17 (Point 1) 7.17 (Point 2) 6.99 (Point 3) 

7.85 (Point 4) 7.81 (Point 5) 7.56 (Point 6) 

9.19 (Point 7) 9.09 (Point 8) 8.74 (Point 9) 
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2.3.2.3. Temperature effects 
The final step before calculating the transformation matrix was to measure the 
effects of temperature. Figure 21 and 22 show the luminance and chromaticity 
changes for R=G=B=2047 over the course of three hours. In the first hour the 
variance is very large, for both the luminance and the chromaticity. After this 
time, the variance of the luminance approached ±1%, which corresponds to the 
accuracy of the spectrometer. The variance of the color decreased to an 
acceptable level as well. After one hour ∆ (u’v’) = 0.0012. 
 

 
Figure 21: Temporal luminance variance for R=G=B = 2047 

 
Figure 22: Temporal chromaticity variances for R=G=B = 2047 in u’v’ 

 
During these experiments some LEDs burned. Therefore it was decided to 
continue doing the calibration measurements at R=G=B = 1500, or 75% of the 
maximum luminance, to prevent further LEDs burning. 
 
2.3.3. Calibration 
 
Based on the previous measurements we conclude that the device becomes 
stable enough after one hour. To make sure that there were enough 
measurement points, we measured each color for 20 minutes. In the following 
order: 
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Table 3: Measurement order and set-up for the calibration measurements 

 R G B Description Time (minutes) 
Phase 0 1500 1500 1500 1 hour warm up (white) 60 
Phase 1 1500 1500 1500 Measure WHITE 20 
Phase 2 1500 0 0 Measure GREEN color 20 
Phase 3 1500 1500 1500 1 hour warm up (white) 60 
Phase 4 0 1500 0 Measure BLUE color 20 
Phase 5 1500 1500 1500 1 hour warm up (white) 60 
Phase 6 0 0 1500 Measure RED color 20 

 
Then we averaged the measurement points of the x, y, and Y values to 
calculate the XYZ values using the following formulas: 
 

𝑋 =
𝑥𝑌
𝑦     𝑌 = 𝑌     𝑍 =  

1 − 𝑥 − 𝑦 𝑌
𝑦  

 
 
The matrix M was constructed from the measured XYZ values, which resulted 
in the following matrices: 
 

 

𝑀!"#$ !"#$%&$'( =
0.6120 0.2121 0.3365
0.2565 0.6552 0.0883
0.0042 0.0629 1.8710

 

 

𝑀!"#!! !"#$%&' =
0.6033 0.2083 0.3357
0.2523 0.6570 0.0908
0.0042 0.0634 1.8742

 

 
The matrix gives the relation between RGB and XYZ through the following 
equation: 
 

𝑟
𝑔
𝑏
= [𝑀]!!

𝑋
𝑌
𝑍

 

 
2.4. Stimuli 
 
Three base colors on the black body curve (BBC) were selected, as the system 
allowed for the highest luminance at white colors. It was decided to pick colors 
with the temperatures 2700K, 4000K and 6500K as these values are commonly 
used in lighting applications. These temperatures were translated to u’v’ and 
the values were validated through the spectrometer. To minimize the influence 
of luminance flicker 2 Hz and 4 Hz were chosen as frequencies for the 
experiment. Since the main aim of this study was to investigate the effect of 
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methodology and less on the effect of stimulus parameters, only one direction 
of the color change was investigated. Chromaticity changed perpendicular to 
the BBC in the u’v’ color space. The corresponding angle varied for the three 
colors and is shown in table 4. The BBC and the perpendicular lines are 
visualized in figure 23. The luminance level of the stimuli in the experiment 
was 6.86 cd/m2, measured in the middle of the stimulus using the spectrometer. 

 

Figure 23: The measurement points and the lines perpendicular to the BBC for 2700K (red), 4000K 
(purple) and 6500K (cyan). 

Table 4: Experiment values for the three base colors 

Base Color (CT) U’ V’ Direction Starting amplitude  Frequency 

2700K 0.26 0.52 113˚ 0.05 2Hz, 4Hz 

4000K 0.22 0.50 136˚ 0.05 2Hz, 4Hz 

6500K 0.20 0.46 153˚ 0.05 2Hz, 4Hz 

 
2.5. Task 
 
Visibility thresholds were determined in three different ways. In session 1, 
participants performed a yes-no task using a truncated staircase, which 
converged to the 50% detection threshold. In session 2, participants performed 
a 2AFC task using a one-up/three-down weighted staircase, which converged 
to the 75% discrimination threshold. In both sessions the average threshold was 
calculated over the final four reversal points and all conditions were repeated 
three times in both sessions.  In session 3 nine amplitudes were presented ten 
times each to participant using a 2AFC task. The number of repetitions was 
such that the total number of stimuli was similar in all sessions. It was difficult 
to estimate the right stimulus range from literature. Therefore, the stimulus 
range was based on data of session 1 and 2. Since there was a big variance 
between participants, these values were determined for each participant 
individually.  
 

Flicker Amplitude 

Black Body Curve 
Tangent line 

Perpendicular direction to 
tangent line 
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The experimental design was a 3 x 3 x 2 design. Three different methodologies, 
three base colors and two frequencies. The independent variable was the 
detection threshold of chromatic flicker, expressed in    ∆ u’v’ in the CIE u’v’ 
color space. Every session consisted of one methodology.  
 
2.6. Procedure 
 
Prior to the start of the experiment participants were asked to sign an informed 
consent form and to fill in their gender, age, if they had glasses or lenses and 
whether they had experience with visual perception experiments. At the start of 
the session color blindness and visual acuity was tested. Then, participants 
were instructed to sit down 150 centimeters away from the front of the box. 
Their eye level was at 130 centimeters from the floor. This resulted in a 
viewing angle of 10˚. 
 
The participants were instructed both through text and orally on the task of the 
experiment and in the first session example stimuli were shown to make sure 
they understood the task. The experimenter answered any questions asked by 
the participant. After that, the lights were turned off and the experiment started. 
To make sure participants were properly adapted to the base colors, the base 
colors were presented one at the time, but the order in which they were shown 
was random per participant. The frequencies and repetitions were intermingled. 
 
In session 1 participants were instructed to look at the center of one stimulus 
and judge whether they saw flicker or not. They were asked to answer both 
quickly and correctly. They selected the left arrow key if they thought they saw 
flicker, and the right arrow key if they didn’t see anything. 
 
In session 2 and 3 participants were instructed to look at the center of each of 
the two stimuli, one flickering and one constant, and were asked to indicate 
which one was flickering. They were asked to answer both quickly and 
correctly. They pressed the left arrow key if they thought the left stimulus was 
flickering and the right arrow key if they thought the right stimulus was 
flickering. They had to always make a choice and it was not possible to say ‘I 
don’t know.’ 
 
After each stimulus an interstimulus, which was a constant base color image, 
was presented for 1 second. Then a beep sounded, indicating that the next 
stimulus was being shown. 
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The new amplitude (A) was calculated using the following formulas: 
 
Session 1: 
 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡 𝑎𝑛𝑠𝑤𝑒𝑟: 𝐴!"# =
𝐴!"#
1.1!  

 
𝐼𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑎𝑛𝑠𝑤𝑒𝑟: 𝐴!"# = 𝐴!"# ∗ 1.1!  

Session 2: 
 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡 𝑎𝑛𝑠𝑤𝑒𝑟: 𝐴!"# =
𝐴!"#
1.1!  

 
𝐼𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑎𝑛𝑠𝑤𝑒𝑟: 𝐴!"# = 3 ∗  A!"# ∗ 1.1!  

 
In these formulas the step size s changed over the course of the staircase. For 
the first four reversal points, s = 5. The other reversal points, s = 2. In total nine 
reversals were performed and the last four reversal points were averaged to 
determine the threshold. 
 
For session 3 the results of the previous sessions were used to determine 
individual test amplitudes, as the difference between participants was too large 
to make one set of amplitudes. To make sure that the participants understood 
the task correctly and were not biased, an identical pairing (d = 0) and an 
obvious pairing (d = 0.05) were included for all participants. The other values 
were selected by calculating the 15%, 50% and 85% detection points from 
session 2 and interpolating four additional amplitudes from these values (two 
below 50% and two above 50%). This resulted in a total of 9 different 
amplitudes that each participant had to evaluate 10 times. 
 
After session 1 and 2 participants were asked to fill out a short questionnaire 
that measured what they thought about the difficulty and duration of the 
experiment. (See appendix 1 for the questionnaire) Each session lasted 30 
minutes on average. After the final session, participants were thanked, 
debriefed and offered €15, - as compensation. 
 
2.7. Pilots 
 
In total four pilot experiments were performed to determine the effects of 
various decisions made in the design of the experiment. The effects of the size 
of the stimulus, luminance of the stimulus, inter-stimuli and the number and 
step size of reversal points were tested. 
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2.7.1. Size 
 
Beforehand it was not know if the size of the stimulus (and thus the visual 
angle) would have an effect on the chromatic flicker threshold. Visibility 
thresholds are usually measured using small stimulus sizes to avoid adding 
effects of peripheral vision. The pilot was performed using a square stimulus 
with a length and width of 57 cm (21.5˚) and one with a length and width of 
26.4 cm (10˚). It was later tested again using a circular 10˚ stimulus, which had 
the same results. The big and small windows are shown in figure 24. 
 

 
Figure 24: The big and small stimuli conditions 

 
The stimuli were presented at 75% of the maximum luminance (6.86 cd/m2) 
and had a base color of 2700K or 6500K at a frequency of 2Hz or 4Hz. A 
truncated staircase (one-up-one-down) with yes-no responses was used. 9 
reversal points were measured and the last 4 points were averaged to get the 
threshold. Two experienced participants measured each condition twice. The 
thresholds averaged across the two participants are presented in table 5. 
 
 

Table 5: Thresholds for the different stimulus sizes 

 CT=2700K CT=6500K 
 2Hz 4Hz 2Hz 4Hz 
Threshold (26.4o) 0.0022 0.0021 0.0018 0.0018 
Threshold (10o) 0.0023 0.0027 0.0018 0.0025 

 
 
There was no significant difference between the two different sizes. Since the 
10˚ visual angle is one of the CIE standards and it resulted in a more 
homogeneous stimulus it was decided to use this in the main experiment. 
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2.7.2. Luminance 
 
Swanson et al. (1987) stated that the luminance level affects the threshold for 
chromatic flicker. To make sure that the threshold could still be measured 
accurately, a pilot experiment was performed comparing the chromatic flicker 
threshold for three luminance levels. The pilot was performed at 25%, 50% and 
75% of the maximum luminance. The thresholds were measured using the 
2AFC weighted-up-down method for 4000K at two frequencies, 2 Hz and 4 
Hz, with a color direction perpendicular to the BBC. Two experienced 
participants performed the pilot experiment. As shown in the figure below, the 
visibility threshold averaged across the two participants decreased as the 
luminance increased. As the aim of this study was not in finding the absolute 
threshold it was decided to use 50% of the maximum output to prevent clipping 
of the LEDs as much as possible, as this would change the colors shown at 
high amplitudes. 
 

 
Figure 25: Effects of luminance on threshold for 2 and 4 Hz 
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2.7.3. Inter-stimulus 
 
Between presenting two stimuli, an inter-stimulus was used to make sure 
participants stayed adapted to the same chromaticity and luminance level. 
During the preparation of the experiment it was noticed that participants were 
confused when they were looking at the inter-stimulus or at a stimulus. 
Therefore a pilot experiment was done using five different inter-stimulus 
conditions: the base color, and four different intensities of luminance, 0% 
(turning the luminaire off), 25%, 50% and 75%. Two experienced participants 
did this pilot experiment at base color 4000K at 4 Hz and 75% of the maximum 
luminance intensity using the yes-no task in a truncated staircase method. The 
inter-stimuli were evaluated by the averaged threshold and by qualitative 
descriptions of the participants. 
 
The participants reported that they got tired in all conditions, but they got more 
tired in the 0% conditions, possibly because the eye had to adapt more. They 
also reported that the 0% condition was more annoying, compared to the 
others. They found it more difficult to look at the stimuli in this condition and 
tended to look away more. Participants reported to be more certain as the 
luminance of the inter-stimulus increased. This could be explained by the 
smaller amount of luminance flicker interfering with our decision-making. The 
0% condition had higher thresholds compared to the other conditions. The 
other conditions didn’t vary in threshold. 
 
Based on the above findings, and because it was decided to use colors along the 
BBC entirely (which have a small difference from white) the inter-stimulus had 
the same color and luminance as the base color. To make it easier for 
participants to know when the inter-stimulus was finished, a beep sound was 
added when the stimuli started. 
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2.7.4. Reversal points 
 
While testing the experiment it was found that the 2AFC took longer than 
expected. To decrease the time taken for each staircase the amount of stimuli 
shown should be decreased. Changing the step sizes was found to be the best 
way to decrease the amount of stimuli needed per staircase.  The step sizes 
changed using the formula shown in the ‘Procedure’ section and decreased 
after every two reversal points (the last value lasted 3 reversal points). The 
following sets of step sizes were used: 
 

Condition 1: s = [10 5 2 1] 
Condition 2: s = [10 5 2 2] 
Condition 3: s =[5 5 2 2] 

 
The pilot was done by two experienced participants, with a base color of 
2700K at 2 Hz and 4 Hz with a color direction perpendicular to the BBC in a 
2AFC weighted-up-down staircase condition. 
 
The result showed that there was no significant difference in threshold between 
the different conditions, but an outlier caused a higher threshold in the 4 Hz 
condition. Excluding this outlier resulted in the graph seen in figure 26. 
 
However, the average number of stimuli needed to measure 9 reversal points 
decreased over conditions. It decreased from an average of 35 in condition 1, to 
30 in condition 2 and 27 in condition 3. Therefore it was decided to change the 
step size according to the set used in condition 3. 
 

 
Figure 26: Threshold values for different step-size conditions. 1 = [10 5 2 1], 2 = [10 5 2 2], 3 = [5 5 2 2] 
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3. Results 
 
3.1. Threshold calculation 
 
3.1.1. Session 1 & 2 
 
In session 1 and 2 each of the six conditions (3 base colors x 2 frequencies) 
were measured three times. This resulted in eighteen staircases. Six for each 
base color, as is shown in figure 27. For each staircase the threshold was 
calculated as the average across the final four reversal points. The logarithm of 
the thresholds was calculated (for reasons explained later) and the results of the 
three repetitions were averaged, resulting in one threshold per condition.  
 

 
Figure 27: The staircase threshold results of   Figure 28: A typical psychometric curve for  
one base color from one of the participants.  one base color from one of the participants. 

3.1.2. Session 3 
 
In session 3, all nine amplitudes of a condition were presented 10 times. A 
psychometric function of the logarithmic threshold was fitted by performing a 
generalized linear model (GLM) regression on the amount of correct responses 
for all amplitudes using Matlab. Both the logit and probit link function were 
investigated, but the logit function proved to be a better overall fit. The GLM 
regression transformed the data such that the percentage correct ranged from 0-
100% instead of 50-100%. See figure 28 for an example. The goodness of the 
fit varied a lot across participants. For some participants the amplitudes 
calculated from session 1 and 2 were too high or too low, resulting in a lower 
goodness of fit than participants who had amplitudes that were more in line 
with their threshold.  
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3.2. Data preparation  
 
To prepare the data for the analysis it was checked for outliers and it was tested 
if the data was normally distributed and had equal variances. In all conditions 
one participant was found as a constant outlier and a further look at his data 
showed an almost random distribution of the results. Therefore this participant 
was excluded from the entire analysis. Because of a missed session and a very 
bad fit of the psychometric curve, it was impossible to calculate the results of 
session 3 for four participants. The results of these participants for session 1 
and 2 were good, so they were only excluded from the analysis of session 3.  
 
Then the normality of the data was tested using a Kolmogorov-Smirnov test 
and exploring the data in SPSS. The normality was found to improve when the 
data was transformed logarithmically. Therefore all threshold values were 
calculated as the logarithm of the ∆u’v’. 
 
The Kolmogorov-Smirnov test and skewness and kurtosis of the data showed 
that, as seen in the table below, the data from session 1 approached normality. 
Although the test was significant (0.973 σ = 0.001), the skewness (0.59) and 
kurtosis (0.34) were acceptable. In general, if the values of both skewness and 
kurtosis are varying between -1 and 1, the data is accepted as normal. The data 
from session two was normally distributed according to the test (0.994, σ = 
0.652) and the data of session 3 was not normally distributed according to the 
test (0.913, σ < 0.001) or the skewness (0.943) and kurtosis (3.012).  
 

Table 6: Results of various normality tests and attributes for the sessions and clusters. 

Session Cluster Shapiro-Wilk Skewness Kurtosis 
Statistic df Sig. Statistic Statistic 

Overall - 0.977 534 0.000 0.418 1.602 
1 & 2 - 0.990 372 0.012 0.313 0.386 
1 - 0.973 186 0.001 0.590 0.344 
2 - 0.994 186 0.652 0.226 0.280 
3 - 0.913 162 0.000 0.943 3.012 
3 1 0.926 120 0.000 -1.127 4.902 
3 2 0.957 42 0.115 0.471 0.141 

 
A hierarchical cluster analysis was performed in Matlab on the data of all three 
sessions to see if the normality improved when participants were grouped in 
two clusters. This was not the case for session 1 and session 2. However, the 
data of session 3 was clustered. An agglomerative hierarchical cluster tree with 
a dendrogram plot was made using the dendrogram and linkage functions and a 
ward distribution. This resulted in a cluster of 20 (cluster 1) and a cluster of 7 
participants (cluster 2). As stated earlier the results of participant 3, 8, 17 and 
29 were excluded from session 3 and therefore not used in the clustering. The 
dendrogram is shown in figure 29. 
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Figure 29: The dendrogram based on the results of session 3 using a ward distribution 

The standard deviation of the logarithmic values of all participants was σ = 
0.3152 (Session 1), σ = 0.40897 (Session 2) and σ = 0.56948 (Session 3). A 
Levene test for equality of variance showed that these variances are statistically 
not equal (F(2,531) = 3,566 p = 0.029). Comparing session 1 and 2 shows that 
these sessions have similar variance (F(1,370) = 1.286 p = 0.257), as does 
comparing session 2 and 3 (F(1,346) = 2,549 p = 0.111). Comparing session 1 
and 3 shows a difference in variances, even after a Bonferroni correction 
(F(1,346) = 6.073 p = 0.014).  
 
3.3. Effects of methodology, base color and frequency  
 
Because session 3 was not normally distributed and the variance was different 
from session 1, several analyses were performed. First for the data of session 1 
and 2 a univariate ANOVA was done, then for the data of session 3 a 
univariate ANOVA was done for each cluster separately and finally for all 
sessions together multiple tests were performed: a Friedman test and an 
Aligned Rank Transformed (ART) ANOVA. 
 
3.3.1. Session 1 and 2 
 
Figure 30 presents the average logarithmic threshold for session 1 and session 
2 as a function of base color and as a function of frequency and for base color 
as a function of frequency. The figure shows a lower threshold in session 2, 
and there seems to be an effect of base color, but there seem to be no effects of 
frequency. 
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                            (a)                (b)     (c) 

Figure 30: Thresholds for the data of session 1 and 2 with 95% confidence interval error bars. (a) The 
effects of session as a function of base color. Blue = 2700K, green = 4000K and yellow = 6500K. (b) The 
effects of session as a function of frequency. Blue = 2 Hz, green = 4 Hz. (c) The effects of base color (1 = 
2700K, 2 = 4000K and 3 = 6500K) as a function of frequency. Blue = 2 Hz, green = 4 Hz. 

 
For session 1 and 2 an ANOVA was performed using the logarithmic threshold 
as dependent variable, session, base color and frequency as fixed factors and 
participant as a random factor. Significant main effects were found for: session 
(F(1,332) = 32.170 p < 0.001 η2=0.088), base color (F(2,332) = 19,98                
p < 0.001 η2=0.107) and participant (F(30,332) = 7,842 p < 0.001 η2=0.415). 
Frequency was not significant (F(1,332) = 0.135 p = 0.145 η2=0.006). All 2-
way interaction effects were not significant.  
 
A Tukey post hoc test showed that 6500K had a significantly lower (p < 0.05/3 
or p = 0.017 after a Bonferroni correction) threshold when compared to the 
other two base colors, which were not significantly different. In table 7 the 
results of the Tukey test are shown. 
 
Table 7: Post-hoc test results for base color differences in session 1 and 2. Significant results are 
presented in cursive. 

Base Color (I) Base Color (J) Mean Difference (I-J) Significance 
2700K 4000K .0590 .157 

6500K .1970 .000 
4000K 2700K -.0590 .157 

6500K .1380 .000 
6500K 2700K -.1970 .000 

4000K -.1380 .000 
 
3.3.2. Session 3 
 
Figure 31 presents the average logarithmic threshold for the clusters of session 
3 as a function of base color and frequency. A big difference in average, as 
well as variance of the threshold can be seen between the clusters.  There 
seems to be an effect of base color in this session as well. 
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(a)     (b) 

Figure 31: Thresholds for the effect of the clusters of session 3 with 95% confidence interval error 
bars. (a) The effects of cluster as a function of base color. Blue = 2700K, green = 4000K and yellow = 

6500K. (b) The effects of cluster as a function of frequency. Blue = 2 Hz, green = 4 Hz. 

 
For session 3 an ANOVA was done on the data of the two clusters separately. 
As before, the dependent variable was the logarithmic threshold, session, base 
color and frequency were used as fixed factors and participant as a random 
factor. Remember that cluster 2 only contained 7 participants and the data of 
cluster 1 was not normally distributed. This means that the results of this test 
were merely used to give an indication of the results from session 3. 
 
The effect of base color was significant in cluster 1 (F(2,95) = 4.261 p = 0.017 
η2 = 0.082), but not for cluster 2 (F(2,30) = 2.972 p = 0.066 η2 = 0.165). The 
main effect of frequency and all 2-way interaction effects were not significant. 
For both clusters, the main effect of participant was significant in cluster 1 
(F(19,95) = 2.249 p = 0.005 η2 = 0.310), and not significant in cluster 2 
(F(2,30) = 2.013 p = 0.095 η2 = 0.287). The Tukey post hoc test showed no 
significant decrease in threshold between base colors after a Bonferroni 
correction (p = 0.17). The post hoc test results for clusters 1 are shown in table 
8. 
 

 
Table 8: Post-hoc test results for base color differences in cluster 1 of session 3. Significant results are 

presented in cursive. 

Base Color (I) Base Color (J) Mean Difference (I-J) Significance 
2700K 4000K -.0320 .837 

6500K .1235 .077 
4000K 2700K .0320 .837 

6500K .1555 .019 
6500K 2700K -.1235 .077 

4000K -.1555 .019 
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3.3.3. Non-parametric tests 
 
Since the data was not normally distributed, an ART ANOVA and a non-
parametric Friedman test were performed for the two clusters separately to look 
at the effects of base color, frequency and session. The ART ANOVA let us 
investigate the 2-way interaction effects, which is not possible in the Friedman 
test, whereas the Friedman test is a much better known test. Therefore, both 
tests were performed. These tests were followed by Wilcoxon signed-rank tests 
to compare individual conditions. For the Wilcoxon tests for session and base 
color a Bonferroni correction was applied, resulting in a significance level of 
𝑝 =  !.!"

!
= 0.017 . Since for the effect of frequency only one test was 

performed, no Bonferroni correction was applied. 
 
This is the Aligned Rank Transform (ART) for nonparametric factorial data 
analysis is a specifically developed nonparametric method for human-computer 
interaction issues to analyze multi-factor experiments and was developed by 
Wobbrock, Findlater, Gergle & Higgins (2011). As the name says, the ART is 
a ranking transformation that aligns the data before applying averaged ranks. 
After the data has been ranked, normal ANOVA procedures can be applied. 
The ARTool that is developed by Wobbrock et al. processed the data and 
aligned and ranked it. The mathematics behind this procedure can be found in 
the referenced paper.  
 
To test the results for correctness it was made sure that the aligned values 
summed up to 0, which was the case. Then we checked if the aligned values 
eliminated all other effects, which was also the case. After ensuring that the 
data was correct, the ranked values for session, base color, frequency and the 2-
way interaction effects were analyzed for clusters 1 and 2 using a separate 
ANOVA analysis for each variable. The results of the analysis including all the 
data can be can be found in tables 10 and 11. As can be seen below, for cluster 
1 a significant main effect of session and base color was found and for cluster 2 
a significant main effect of base color was found. Frequency and all 2-way 
interaction effects were not significant. Furthermore, it should be mentioned 
that the effect of participant was significant in all tests, as it was not used in the 
alignment, but as a subject identifier. 
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Table 9: The results for the ART test per aligned variable for cluster 1. Significant tests are presented 
in cursive. 

Aligned variable: Results ANOVA 
F-value Significance Effect size 

Session F(2,41)=20.501 p < 0.001 η2 = 0.500 
Base Color F(2,45)=23.608 p < 0.001 η2 = 0.512 
Frequency F(1,22)=0.660 p = 0.425 η2 = 0.029 
Session * Base Color F(4,82) = 0.704 p = 0.591 η2 = 0.033 
Session * Frequency F(2,41) = 2.398 p = 0.104 η2 = 0.105 
Base Color * Frequency F(2,45) = 0.233 p = 0.793  η2 = 0.010 

 
Table 10: The results of the ART test for each aligned variable for cluster 2. Significant tests are 
presented in cursive. 

Aligned variable: Results ANOVA 
F-value Significance Effect size 

Session F(2,13)=1.025 p = 0.386 η2 = 0.136 
Base Color F(2,14)=7.772 p = 0.005 η2 = 0.523 
Frequency F(1,7)=0.494 p = 0.505 η2 = 0.065 
Session * Base Color F(4,26) = 0.650 p = 0.632 η2 = 0.091 
Session * Frequency F(2,13) = 3.220 p = 0.073 η2 = 0.331 
Base Color * Frequency F(2,14) = 2.099 p = 0.159 η2 = 0.230 

 
The effects of base color from the Friedman test for cluster 1 (Χ2(2) = 74.214  
p < 0.001) and for cluster 2 (Χ2(2) = 18.684 p < 0.001) were both significant. 
The Wilcoxon tests on all pairs of base color showed that 2700K and 4000K   
(Z = -1.510 p = 0.131) were not different, but 4000K and 6500K (Z = -5.091    
p < 0.001) and 2700K and 6500K (Z = -6.410 p < 0.001) were significantly 
different in cluster 1. For cluster 2 the Wilcoxon tests showed that 2700K and 
4000K (Z = -2.520 p = 0.012) and 2700K and 6500K (Z = -4.334 p < 0.001) 
were significantly different, and the difference between 4000K and 6500K     
(Z = -2.271 p = 0.023) was not significant due to the Bonferroni correction. 
 
The effect of session was significant for cluster 1 (Χ2(2) = 53.630 p < 0.001) 
and for cluster 2 (Χ2(2) = 7.924 p = 0.019). The Wilcoxon tests on all pairs of 
sessions showed that for cluster 1 the results of session 1 and 2 (Z = -2.962      
p = 0.003), session 2 and 3 (Z = -5.051 p < 0.001) and session 1 and 3              
(Z = -6.308 p < 0.001) all differed significantly. For cluster 2 the Wilcoxon 
tests showed that session 1 and 2 (Z = -3.973, p < 0.001) and session 1 and 3  
(Z = -2.544, p = 0.011) were significantly different, but session 2 and 3           
(Z = -0.667, p = 0.505) had no significant difference. 
 
A Friedman test was done to test the effect of frequency. The analysis showed 
that for cluster 1 (Z = -1.680, p = 0.093) and for cluster 2 (Z = -1.219                
p = 0.223) this effect remained insignificant. 
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Overall we found effects of session and base color, but not for frequency or any 
2-way interaction effects. In general it can be concluded that the threshold 
found in session 2 and 3 is lower than in session 1. The threshold decreases as 
the color temperature increases. 
 
3.4. Differences in variance 
 
3.4.1. Repetitions 
The Levene test presented before showed that the sessions have different 
variances. We want to see if the number of repetitions has an effect on the 
variance of the threshold. To be able to analyze the effects of number of 
repetitions we first tested if the data of the three repetitions came from the 
same distribution. A Χ2-test showed that this was indeed the case (Χ2 (459) = 
1.000). Therefore we could randomly take a value of one of the repetitions. 
Three datasets were created by taking the average of one, two or three 
repetitions.  
 

 
Figure 32: Average threshold and 95%-confidence intervals for the different amount of repetitions in 
session 1 and 2 and session 3. The blue lines represent 1 repetition, green represents 2 repetitions and 

yellow represents 3 repetitions. 

 
Figure 32 shows the average threshold as a function of the different amount of 
repetitions for session 1, 2 and 3. It indicates that it doesn’t matter how many 
repetitions are performed in session 1. In session 2 there seems to be a decrease 
in variance for two repetitions, but the variance doesn’t seem to decrease with 
more repetitions. A Levene test for equality of variance was performed for each 
session.  There was no difference in variance for between the number of 
repetitions for session 1 (F(2,555) = 0.043 p = 0.958). In session 2 there was a 
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difference between the amount of repetitions (F(2,555) = 4.159 p = 0.016).  A 
post-hoc test was performed to compare all possible pairs of repetitions for 
session 2. Looking at the equality of variance between repetitions for session 2 
the results are as follows: between one and two repetitions there is no 
significant difference in variance (F(1,370) = 3.704 p = 0.055), between two 
and three repetitions there is no difference in variance (F(1,370) = 0.595 
p=0.441) and between one and three repetitions there is a difference in variance 
(F(1,370) = 6.640 p = 0.010). After a Bonferroni correction it is concluded that 
the variance is equal for all repetitions in session one and the variance is equal 
between two and three repetitions in session two. Comparing the variances 
between session 3 for all participants and one repetition in session 2, shows 
that equal variances can be assumed (F(1,352) = 0.474 p = 0.492). 
 
3.5. Questionnaire results 
 
After session 1 and 2 the participants were asked to answer various questions to 
give an insight in the subjective experience of the experiments consisting of 
one stimulus or comparing between two stimuli. The difficulty of the 
experiment was rated a 7 for both the yes/no-task and the 2AFC task. However, 
in session 2 participants found the experiment more difficult on average (µ = 
6.4 in session 1 and µ = 7.3 in session 2). Participants perceived flicker more 
around the edges of the stimulus. Participants thought the experiment was 
slightly too long in session 1 (median = 6), but rated it longer in session 2 
(median = 7). After all sessions almost all of the participants indicated 
eyestrain. The median and quartiles of the questionnaire are shown in the table 
below: 
 
 
 
Table 11: Questionnaire results and quartile responses 

Question Session 25% Median 75% 
On a scale from 1 to 10, how difficult would you rate the 
experiment? 

1 5 7 8 
2 7 7 8 

Where did you perceive the most flicker? (1 = in the 
center, 2 = around the edges) 

1 1 2 2 
2 1 2 2 

On a scale from 1 to 9, what did you think of the length of 
the experiment? (1 = too short, 9 = too long) 

1 5 6 7 
2 6 7 8 

Do you (or your eyes) get tired during the later stages of 
the experiment? (0 = no, 1 = yes) 

1 1 1 1 
2 1 1 1 
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3.6. Duration  
The start and end times of the sessions were recorded and averaged across 
participants. On average session 1 took 21.0 minutes (SD = 4.0 minutes) 
excluding instructional tests, which took about 5 minutes. Session 2 took 31.5 
minutes (SD = 7.6 minutes) on average and session 3 took 28.2 minutes (SD = 
6.0 minutes). On average each test condition took 3.5 minutes in session 1, 5.3 
minutes in session 2 and 4.7 minutes in session 3. This means that session 1 
was shorter than the other two sessions, which didn’t vary much from each 
other. 
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4. Discussion 
 
4.1. Discussion  
In this study the effects of methodology, number of repetitions, base color, and 
frequency on the detection threshold of chromatic flicker were investigated, as 
well as the effects of methodology on duration and accuracy of the results. 
Three methods (the yes/no – staircase method, a 2AFC staircase method, and 
the 2AFC constant stimuli method), three base colors (2700K, 4000K and 
6500K), and two frequencies (2 Hz and 4 Hz), were tested. The effects of these 
conditions on the detection threshold were analyzed and finally the duration, 
the mean and the variance of the threshold of the methods were compared to 
each other. The main findings are summarized and discussed below.  
 
The three methodologies were conducted in three separate sessions. Because 
the same stimuli were used, and the same participants took part in each session, 
any difference in the results must be because of differences caused by the 
method. It was hypothesized that the 2AFC methods would have a lower 
threshold than the yes/no-staircase method because of the elimination of 
various observer criteria. Furthermore a hypothesis was made that the threshold 
for the two 2AFC methods would be similar, as the task of the participant was 
identical. The first hypothesis was confirmed in the experiment, as in all 
analyses the threshold for the yes/no-staircase method was higher. This result is 
in line with previous literature, which suggests that 2AFC methods eliminate 
participants’ subjective criteria and response bias. (Fairchild 2013; Harvey, 
1986).  
 
The second hypothesis did not hold for all participants, as the non-parametric 
tests for cluster 1 indicated that the 2AFC constant stimuli task resulted in the 
lowest threshold; followed by the 2AFC staircase and then the yes/no staircase. 
In the second cluster there was no difference between the 2AFC staircase and 
2AFC constant stimuli tasks. However, the number of participants in cluster 2 
was very small.   
 
A difference in variance was expected between session 1 and session 2 and 3. 
The tests showed that session 1 and 2, and session 2 and 3 did not differ 
significantly in variance, but session 1 and 3 did. We expected that session 1 
would have the largest variance, but session 3 had. It should be taken into 
account that the large variance for session 3 can partly be explained because all 
participants had a specific set of amplitudes. In this study it was decided to 
specify the set of amplitudes per participant, because thresholds differed a lot 
between participants. This required an estimation of the threshold per 
participant prior to the experiment. On the other hand, the low goodness of fit 
for many participants showed that the estimation was not always sufficient. If a 
single set of amplitudes had been used for all participants, most of the 
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participants would not have had a proper psychometric curve or the experiment 
would take much more time, as a lot more amplitude measurements would 
have been needed to create a good fit of the psychometric curve. 
 
The number of repetitions had no effect on the variance of the detection 
threshold for the yes/no – staircase condition, as one, two and three repetitions 
yielded identical results, indicating that participants are consistent in their 
judgment over several repetitions. In the 2AFC staircase the variance was 
different between 1 and 3 repetitions, but not for the other pairings. The 
constant stimuli method was found to be the least accurate of all methods with 
10 repetitions for nine amplitudes. It would therefore be unadvisable to 
decrease the amount of repetitions.  
 
In all tests a decreasing trend of color temperature on detection threshold was 
found, which indicates that people are more sensitive to chromatic flicker for 
colors with a higher color temperature. Previous studies (i.e. Sekulovski et al. 
2007) showed that an effect of color could be expected, but the effect of colors 
across the BBC has not yet been studied. The underlying processes that cause 
this result are not known, but in previous studies it was shown that people are 
more sensitive to blue hue for peripheral chromatic flicker. Since the blue 
component of the colors increases as the color temperature increases 
(Sekulovski et al. 2007), this could be an indication of the cause of the effect, 
but further research is needed to draw any conclusions on these underlying 
processes. 
 
No effects of frequency on the detection threshold were found, which can be 
explained by the fact that only very low frequencies were studied. Shady et al. 
(2004) showed that the sensitivity curve for chromaticity is a band bass 
function, which is constant for frequencies lower than 4 Hz. As the effects of 
frequency were not the main aim of this study, frequencies for which it was 
known that the visibility of luminance flicker would be minimized were 
chosen. Therefore it was not expected to find large effects. However, the 
effects of frequency were not studied intensively enough to draw any 
conclusions, but this could be further investigated in a follow-up study. 
 
During the study participants indicated that they found the experiment very 
long, difficult and intensive, as more than 75% of the participants indicated eye 
strain after the experiment. This may have had an effect on the thresholds 
provided by these methods, but participants were very consistent over 
repetitions in session 1 and 2. It could be an improvement in studies on this 
subject to make sure the experiment takes as less time as possible without 
sacrificing accuracy. The questionnaire also indicated that participants found 
the experiment quite taxing. It is possible that participants became less focused 
and accurate during session 3, which might explain the large variance found in 
this session. In terms of duration, the 2AFC staircase method took the longest 
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amount of time, but results suggest it is possible to only do two repetitions 
without a significant increase in variance. This would cut the time of the 
experiment to about twenty minutes. In this case the constant stimuli method 
takes the longest time.  The yes/no-staircase was the shortest method overall, 
and could be shortened even more by performing only one repetition without 
an increase in variance. 
 
The experiment results indicate that the 2AFC constant stimuli and 2AFC 
staircase methods gave the lowest mean threshold. However, the results of the 
2AFC constant stimuli method had a much higher variance than the 2AFC 
staircase and yes/no-staircase. Therefore, the 2AFC staircase is the better 
method in terms of accuracy than the 2AFC staircase method. If only two 
repetitions are performed the duration of the experiment will be acceptable for 
the majority of participants. While the threshold found in the yes/no-staircase 
method was higher than the threshold in the other two methods, it had a small 
variance, even at one repetition. Moreover, it is the quickest of all the measured 
methodologies. This method could be used to great effectiveness in 
experiments where the effect of several parameters is of greater interest than 
the absolute threshold and in experiments with a lot of conditions. 
 
4.2. Limitations and recommendations 
 
In a lot of visual perception experiments the participants are adapted to the 
stimulus for a period of time before starting the experiment. It was decided not 
to use an adaptation period before the start of this experiment, because 
participants had to evaluate some very clear stimuli in six intermingled 
staircases before they would approach the threshold, which allowed them to 
adapt during the early stages of the experiment. This may have influenced the 
results of the study, however, if adaptation would be important the results 
would not have been so accurate. 
 
The small selection of base colors and frequencies do not cover the range of 
values that should further be studied before a general model can be developed. 
Also, only a few variables were studied to analyze the difference between the 
methods, but much more variables should be researched. Our results give 
merely an indication of the expected effects. 
 
The constant stimuli method had a very high variance, which could be caused 
by inaccurate ranges of amplitudes that were estimated for each participant, 
based on the results from session 1 and 2. While in this experiment it provided 
better results than would probably have been achieved using only a single 
range of values of the same size, individually estimating amplitude values for 
participants in the constant stimuli method could be further studied. Also the 
effects of using more or less amplitudes or repetitions on the results could be 
further investigated. 
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The yes/no-staircase method provided much more reproducible effects than 
expected, which could be explained because participants were much more 
constant in their judgment than assumed. It could be of interest to see how big 
the percentage of response bias is that influences participants in yes/no-tasks, 
so that this can be taken into account in future experiments. In a follow-up 
study it could be of interest to test if similar results can be produced with the 
method of adjustment, which can be even faster than the method of limits.  
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Appendix A: Questionnaire form 
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