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Abstract 
 

LEDs have many advantages; however, color non-uniformity is a major disadvantage of LEDs. 

There are solutions to overcome this color non-uniformity, but these solutions are expensive. 

In order to produce high quality lighting for a competitive price, a trade-off between costs and 

quality has to be found. We therefore need to be able to predict the visibility of color non-

uniformities. In this study, a contribution to such a model is made. 

It is known that spatial frequency has a major influence on the visibility of chromatic contrasts. 

In the current study, the knowledge about visibility of chromatic contrasts is extended with the 

investigation of the influences of the number of cycles in a grating and the area size of a grating 

on the chromatic visibility threshold (CVT) for a broad range of spatial frequencies (0.05 – 5 

cpd).  

CVTs were determined for 21 participants in a psychophysical experiment using a staircase 

procedure. Results showed that spatial frequency has the most influence on CVT. It was found 

that the smaller the area size of a grating (while keeping the number of cycles constant), the 

higher the CVT was. This effect decreased for higher spatial frequencies. An increase of number 

of cycles (while keeping the area constant) led surprisingly to a higher CVT. However, this 

effect could also be explained by an inherently increasing bar length. 
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1. Introduction 
“The cost per lumen (unit of useful light emitted) falls by a factor of 10, and the amount of light 

generated per LED package increases by a factor of 20, for a given wavelength (color) of light.”  

 

The above quote is known as Haitz’s law. It shows the potential of the light emitting diode 

(LED), which has been revolutionizing the lighting industry since decades and is currently 

replacing incumbent light sources such as incandescent, halogen, and (compact) fluorescent 

light as shown in Figure 1.1. Features such as a short response time, a long life span, high energy 

efficiency, and thus a low environmental impact makes the LED an attractive light source for 

replacement of incumbent light sources. Despite these advantages, the quality of LED lighting 

seems to be overshadowed by the drive to make LEDs more efficient. Color uniformity is such 

a quality aspect of LED lighting for which the industry still has not found a cost-effective 

solution. Two LEDs with the same target specifications from the same production line can still 

produce visible color differences. 

Solutions to overcome this problem are 

available but expensive. To prevent 

making LED lighting more color 

uniform than strictly needed, that is 

beyond visibility of color artefacts and 

thus too expensive, we need to be able 

to predict the visibility of color (non-) 

uniformity in lighting. Summarizing, 

the future is bright for LED lighting. 

To even improve LED lighting more in 

terms of quality and costs, it is worth 

doing research in the current topic. 

This master thesis therefore aims to contribute to a model with which we can predict the 

visibility threshold of color (non-) uniformity in lighting. 
 

In Chapter 1, the problem and the basic concepts regarding to color non-uniformities in lighting 

are defined. How does the human visual system detect these usually unwanted artefacts? Which 

factors are known / unknown to influence the visibility of these artefacts? These questions will 

be answered in the first chapter, which will end with hypotheses and expectations.  
 

Chapter 2 focusses on the method that was used to test the hypotheses. First, the design of the 

experimental conditions is presented, after which the experimental protocol is explained 

(participants, procedure, etc.). Lastly, the stimuli that were shown to participants are described, 

together with the motivations for choosing the fixed and variable values of the stimuli.  
 

In Chapter 3, the results of the experiments are presented. Statistical analysis is conducted to 

test the hypotheses and expectations. 
 

Throughout chapter 4, the process of the development of a model with which the visibility of 

chromatic contrasts can be predicted is shown. 
 

Chapter 5 begins with discussing the findings of the current experiment. Thereafter, the model 

will be discussed. Limitations of the current research and possible future are briefly mentioned. 

The thesis end with a set of conclusions.  

 
Figure 1.1. The development and prediction of the share of 

different light sources that are globally installed. 

http://www.ledsmagazine.com/articles/print/volume-12/issue-4/features/markets/strategies-unlimited-tempers-led-and-ssl-projections-but-remains-bullish-on-sectors.html
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1.1. LED History 

The history of the LED started with the discovery of the phenomenon electroluminescence in 

1907. When the British experimenter Round sent a potential of 10 volts through a silicon 

carbide (SiC) crystal, the crystal started to glow and emitted a yellowish light (Round, 1907). 

It took 55 years when in 1962 Holonyak came with the first breakthrough. After investigation 

and experimenting with several semiconductors, Holonyak (Holonyak & Bevacqua, 1962) 

developed the first red LED.  About a decade later, Craford, who was a graduate student of 

Holonyak, reported the orange, green, and yellow LED (Craford, Shaw, Herzog, & Groves, 

1972; Groves, Herzog, & Craford, 1971). Despite all the research that had been done until then, 

LEDs still had low efficiencies, limited current densities, and thus low brightness (Pust, 

Schmidt, & Schnick, 2015). Around the 1970s, these low efficiency LEDs became 

commercially successful as indicators in electronic devices. The next breakthrough took place 

in 1994, when Nakamura and co-workers demonstrated the first blue emitting LED with an 

external quantum efficiency (EQE, a measure of efficiency of light generation in a 

semiconductor material) of 2.7% (Nakamura, Mukai, & Senoh, 1994). These results are 

considered as crucial for all LED-based lighting technologies used nowadays, and therefore 

originated the revolution of the lighting industry. Improvements on both materials and layout 

advances made the EQE of blue LEDs increase to 84.3% in 2010 (Narukawa, Ichikawa, Sanga, 

Sano, & Mukai, 2010). 

1.2. The White LED 

White light is probably the most wanted light. However, there is no semiconducting material 

that emits high intensity white light, so it has to be created indirectly. There are three kinds of 

architecture to create white light using LEDs. The red, green, blue color-mixed-LED (RGB cm-

LED) is based on three primary LEDs, which add up in a specific ratio to create light that has 

a white color. A major challenge with this approach is the lack of efficiency of the green LED, 

which limits the total output of the white light. This lack of efficiency of the green LED is called 

the ‘green gap’. To avoid the green gap, one can replace the green led with a blue one with a 

phosphor coating so that the blue light is converted into green light. Such an architecture is 

called a hybrid LED (hy-LED). The problem though, is that hy-LEDs and RGB cm-LEDs suffer 

from color instability due to unstable fractions of red, green, and blue color source over time. 

This problem can be solved by the use of complex and expensive drivers. Fortunately, there is 

a third approach to create white light which is simpler, cheaper, and therefore by far the most 

dominant white light architecture: the phosphor-converted LED (pc-LED). The pc-LED is 

based on a blue LED which has a phosphor coating. A fraction of the blue light that travels 

through the phosphor undergoes a conversion from shorter to longer wavelengths, which 

broadens the emitted spectrum, resulting in white light. Despite their advantages, pc-LEDs still 

suffer from visible color non-uniformity. These color non-uniformities occur within and 

between pc-LEDs, even when they are produced at the same production line. A distinction can 

be made between color non-uniformity within and between pc-LEDs.  

Color non-uniformity that occurs within a pc-LED is referred to as Color over Angle (CoA). 

Figure 1.2 shows a simplified cross-section of a pc-LED. Light is emitted diffusely from the 

LED chips, so the pathways of different rays of light travelling through the phosphor may have 

different lengths. The longer its travelled path length through the phosphor, the larger the 

fraction of converted photons. In the example of Figure 1.2, the light from the short path length 

would thus have a different color than the light from the long path length. When the light of a 
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pc-LED is projected on a wall, the color non-uniformity becomes visible as rings with different 

colors around the main projection of the spot. An example of CoA is presented in Figure 1.3.  

  

Figure 1.2. A simplified cross-section of a pc-LED. Figure 1.3. Colored rings around the 

led spot due to the CoA problem.  

 

The problem of color non-uniformity also occurs between pc-LEDs with the same 

specifications that come from the same production line. These color artefacts occur due to 

problems with color stability and color consistency. A led has a high color stability when it has 

the ability to maintain a constant color over its lifetime. Drive current, ambient air temperature, 

and the junction temperature can directly influence the output characteristics of a led. 

Furthermore, high operating temperatures can have an impact on materials and thereby the color 

stability. Phosphor layers and other materials in the optical path may deteriorate or discolor 

over time, which changes the amount of converted photons. A led has a high color consistency 

when the LED-to-LED color variation due to the production process is small. Coating processes 

create significant variations between LEDs. Unfortunately, the process is not capable of 

producing highly consistent and strictly controlled LEDs.  

There are few cases where the visual effect of color non-uniformity is allowed. In some cases, 

people simply do not care about (slight) differences in colored light. But in general, color non-

uniformities are considered as unwanted, as a sign of bad quality lighting, or even highly critical 

when disturbing businesses. An example of the latter case can be found in the mushroom 

industry.  

The last phase of production cycle of a mushroom includes the judgment when to harvest the 

mushroom. This judgement is made by humans who rely on their visual perception. To harvest 

the mushroom, among others the color of the mushroom should be right. A too darkly colored 

mushroom could be an indication of the mushroom being bad or rotten. Likewise, customers in 

the supermarket make their decisions based on their (visual) perception. Now, the perceived 

color of the mushroom is the result of the spectrum of light energy that reaches the eye, which 

itself is a result of the interaction between the spectrum of the light produced by the light source, 

and the modification (i.e., reflection, transmission, or absorption) of that spectrum by an object. 

When the light source is non-uniform, and thus projects different spectra to identical 

mushrooms, the eye will perceive a color difference between those identical mushrooms. The 

example in Figure 1.4 illustrates how the visual judgement can be influenced by the CoA effect.  

Phosphor 

LED chips Plastic 

Long path length Short path length 

http://ledilcom.adv3.nebula.fi/upload/AppNotes_Color-quality-of-LED-light.pdf
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Figure 1.4. Due to CoA effect it appears that the mushrooms have a different 

color.   
 

There are several methods to overcome color non-uniformity and thus increase the quality of 

colored light. Lui, Lui, Wang, and Luo (2008) did a study in which they analyzed the color 

distribution in white LEDs with various packaging methods. They found that packaging the 

LED chip without a reflector, and placing the phosphor layer close to the chip can improve the 

color uniformity. They also found that a phosphor layer with spherical shape projects a more 

stable color distribution when the location is varied. Sommer et al. (2008) found that the 

thickness, size, and concentration of phosphor can affect the color uniformity. Another solution 

to increase color uniformity is adding LEDs to reduce drive current and thus heat and color shift 

over time. Yet other solutions to overcome color non-uniformities within luminaires are: 

binning and adding a diffuser film over the LEDs to mix the colors. During binning, LEDs that 

emit the same color are put together in the same bin.  

As explained above, there are solutions to overcome color non-uniformities. However, applying 

these methods are costly in terms of production costs (e.g. binning) and / or in terms of 

decreased efficiency of the end product (e.g. diffuser film). Moreover, small color differences 

may be measurable, but they are not always visible. When color differences are not visible, it 

makes no sense to keep improving the color uniformity of the lighting. Ideally we would have 

a model with which we can predict whether color differences are visible, and when not.  

Summarizing, LEDs have many advantages, and have therefore started a revolution in lighting. 

The expectation is that the market share of LEDs will keep growing. A current challenge is the 

color non-uniformity from white LEDs. There are solutions to overcome this challenge, but 

these solutions are expensive. In order to produce high quality lamps for a competitive price, a 

trade-off between costs and quality should be found. We therefore need to be able to predict the 

visibility of color non-uniformities. This thesis aims to contribute to such a model.  

1.3. Color Uniform Light 

In order to investigate color non-uniformity, first we need to review properties of light and, 

more importantly, we need to define how we quantify color uniformity of light. According to 

Mather (2009), light is a form of radiant energy that is capable of stimulating receptors in the 
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eye and evoking a visual sensation. The behavior of light can be consistently described as either 

rays, particles or as waves. Following the wave theory, color depends on the spectral 

composition of light. 

The spectrum of the intensities of light frequencies emitted by a material is called a spectral 

power distribution. Each light source has its own spectral power distribution. An example of 

the spectral power distribution of the sun is given in Figure 1.5, where the intensity as function 

of wavelength is given. 

  
Figure 1.5. The spectral power distribution of daylight. Figure 1.6. Spectral sensitivity curves (color 

matching functions) for the standard observer. 

 

Wavelengths between 380 nm and 700 nm are visible to the human eye. Or in other words: 

human photoreceptors (rods and cones) are sensitive to wavelengths between 380 nm and 700 

nm. Since the number and ratio between different kinds of photoreceptors between people 

differ, color perception is not the same for everyone. To nevertheless be able to express (the 

perception of) color numerically, scientists (Wright, 1929; Guild, 1931) conducted a series of 

empirical experiments and measurements. Based on the results of these scientists, the 

International Commission on Illumination (CIE) defined the 2⁰ standard observer in 1931, 

which represents an average human’s chromatic response. The standard human observer can be 

numerically described by three spectral sensitivity functions: 𝑥(λ), 𝑦(λ), and 𝑧(λ), the so called 

color matching functions (Figure 1.6). They show, per wavelength, the relative intensities of 

three imaginary light primaries (XYZ) required to match the color appearance of that 

wavelength. In practice, we usually do not have a single wavelength, but a distribution of 

wavelengths. Note that this definition only determines which light spectra look the same, nut 

not their color appearance. Any spectral distribution can be described by its XYZ tristimulus 

values which are calculated by integrating the product of the spectral power distribution with 

the three color matching functions. The same XYZ value can be accomplished by many 

different spectra. 

Colored light (including white light) can be created by mixtures of light of different 

wavelengths. All possible proportions of mixtures can be presented in a diagram. An example 

of such a diagram is the CIE 1931 chromaticity diagram. In the CIE 1931 chromaticity diagram, 

a chromaticity is defined as a combination of the 𝑥 and 𝑦 coordinate. These coordinates can be 

calculated from the XYZ tristimulus values with equation 1.1 and 1.2.  

 
𝑥 =

𝑋

𝑋 + 𝑌 + 𝑍
 (1.1) 

https://cdn.comsol.com/wordpress/2016/01/Emission-spectrum-of-natural-daylight.png
http://www.konicaminolta.com/instruments/knowledge/color/part2/06.html
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𝑦 =  

𝑌

𝑋 + 𝑌 + 𝑍
 (1.2) 

 

 

 

 

Figure 1.7. The CIE 1931 chromaticity diagram. Figure 1.8. MacAdam ellipses (10 times enlarged) 

plotted on the CIE 1931 chromaticity diagram. 

 

With the 𝑥 and 𝑦 coordinates in the CIE 1931 chromaticity diagram, it would be possible to 

calculate the absolute distance between two colors in the diagram. This distance is then the 

quantified color difference (𝛥𝑥𝑦 =  √∆𝑥
2 + ∆𝑦

2
). This measure for color difference, though, is 

meaningless because the CIE 1931 color diagram is a projective space (not Euclidian). The CIE 

1931 chromaticity diagram is thus perceptually not uniform. Perceptually uniform means that 

a fixed color difference in one area of the chromaticity diagram should produce a change of the 

same visual importance in any other area in the chromaticity diagram. 

1.4. Towards a Perceptually More Uniform Color Space 

In an empirical study, MacAdam (1942) investigated the human sensitivity to color differences. 

In his experiment, a trained observer who was adapted to a color temperature of 6500K and a 

luminance of 48 cd/m2, had to match a color patch with another fixed color patch, until there 

was no perceived chromatic difference between the two patches. MacAdam measured the 

standard deviation of color matching as a function of base color (one of the 25 points on the 

chromaticity diagram) and color direction (toward which color the base color deviated). This 

resulted in ellipses plotted in the CIE 1931 chromaticity diagram as presented in Figure 1.8. All 

colors within a given ellipse are perceptually equal (i.e., the just noticeable difference is given 

by the ellipse, which is equal to one standard deviation of color matching (SDCM)) to the color 

represented by the center of the ellipse. 

With the results of MacAdam (1942), some corrections were applied to the CIE 1931 

chromaticity diagram. For example, as can be seen in Figure 1.8, ellipses in the blue area are 

smaller than average and ellipses in the green area are bigger than average. A perceptually more 
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color uniform chromaticity diagram would thus have a more expanded blue area and a more 

compressed green area. Amongst others these corrections were implemented in the CIE 1976 

u’v’ chromaticity diagram, which creates a perceptually more uniform color diagram than the 

CIE 1931 xy color diagram. The color difference between two colors in the CIE 1976 u’v’ 

chromaticity diagram is expressed by the distance between two coordinates with the following 

notation: Δu’v’.  

1.5. The Use and Limitations of MacAdam Ellipses 

MacAdam ellipses are now widely used in the lighting industry in the process of binning LEDs. 

During binning LEDs are classified in an x-step MacAdam Ellipse, where x is usually a number 

between 2 and 7. This number refers the number of SDCM’s. LEDs that are classified in a 2-

step MacAdam ellipse have a higher color consistency than those which are classified in a 7-

step ellipse. Other industrial standards on color uniformity based on MacAdam ellipses include 

ANSI C78.377-2011 and Energy Star.  

Despite its success in the lighting industry, there has been some discussion about the method of 

the experiment of MacAdam. In his experiment, the two color patches were presented within a 

visual angle of only 2⁰, whereas lighting applications are designed for a broad range of visual 

angles, from central to peripheral vision (>180⁰). Furthermore, the two patches were separated 

by a sharp edge. In lighting applications, such a sharp edge is not common; light usually changes 

gradually between colors. Lastly, the only participant in the experiment was David MacAdam 

himself. From previous research it is known that visual thresholds between participants can 

differ more than a factor 2 due to intrinsic noise, sampling efficiency, and contrast sensitivity 

that might differ across participants, for example due to differences in age (Granrud, 1993). 

Vogels and Lambooij (2014) conducted an experiment in which they verified MacAdam 

ellipses. The main difference with the experiment of MacAdam (1942) is that now, thresholds 

were determined for the visibility of sinusoidal modulations (grating, Appendix A) as a function 

of spatial frequency (0.15, 0.3, 0.5, 1.5, 3 and 5 cycles per degree (cpd)). Furthermore, the 

experiment was conducted with a sample size of eighteen participants who had to indicate 

whether the grating was oriented horizontally or vertically. As a result, Vogels and Lambooij 

(2014) found that both the size and orientation of ellipses differed significantly from each other 

and from MacAdam ellipses for different spatial frequencies. Hence, they concluded that 

MacAdam ellipses are insufficient to accurately describe the visibility of chromatic contrast for 

realistic lighting applications. The results of Vogels and Lambooij (2014) put even more 

question marks to the use of MacAdam ellipses in the lighting industry. It would be interesting 

to investigate if there are more factors that influence the visibility of color non-uniformities in 

lighting.  

1.6. Detection of Visual Artefacts 

Non-uniformities in colored LED lighting are also called color artefacts. The problem is that 

we do not know yet when these artefacts are visible and when they are not. To find that out, we 

first need a thorough understanding of how the human visual system detects these artefacts. In 

this section, two dominant theories of detection of visual artefacts will be described and 

discussed: the feature detection theory and the theory of spatial vision. 

The first theory is the feature detection theory. This theory is proposed by Hubel and Wiesel 

(1959, 1962). In their experiments, they inserted a microelectrode in the primary visual cortex 

(V1) of an anesthetized cat and recorded brain cell responses to visual stimuli. When they 



14 

 

showed the cat a bar-shaped stimulus, they found out that the single cell they were recording 

fired neurons only if the stimulus was moving in a certain direction with a certain orientation. 

According to Hubel and Wiesel (1959, 1962), individual sensory cells are thus hugely selective 

to particular stimuli and this selectiveness varies from cell to cell with each single cell being 

specialized in the recognition of a specific feature. Theories based on these discoveries argue 

for pattern recognition based on neural features, but according to Campbell and Robson (1968), 

this is too simple. 

So, Campbell and Robson (1968) came with an alternative theory: spatial vision. Spatial vision 

relies on the detection of spatial features in the perceived environment, with a spatial feature 

being defined as spatial variations of image intensity, which could be a contrast between the 

darkest and the brightest part. The visual information from these spatial features is processed 

in parallel by a number of independent orientation and spatial-frequency-tuned channels.  

As an example, we can take the image of the mushrooms (Figure 1.9). When we apply a low-

pass filter, the high spatial frequencies are filtered out and only the low spatial frequencies are 

left, as shown in Figure 1.10. Channels that are tuned to low spatial frequencies are thus 

sensitive to Figure 1.10. The high spatial frequency (SF) component of Figure 1.9 is shown in 

Figure 1.11. Channels that are tuned to high spatial frequencies are sensitive to Figure 1.11. 

According to Campbell and Robson, the human visual system can be characterized as a Fourier 

analyzer, which decomposes an image in many different spatial frequencies. All these images 

with its own spatial frequency are processed in parallel in our visual pathway and result in an 

interpretation like Figure 1.9. 

   
Figure 1.9. The original image in 

grayscale. 

Figure 1.10. The mushrooms with a 

low-pass filter, showing low spatial 

frequencies. 

Figure 1.11. The mushrooms with a 

high-pass filter, showing high 

spatial frequencies. 

 

1.7. Receptive Fields 

What both theories in section 1.6 have in common 

is that they use the concept of receptive fields. The 

receptive field is much discussed in the literature. 

Hartline (1938) was one of the first to come with a 

definition of the receptive field for the human 

visual system, being a restricted region of visual 

space where light falling on an array of 

photoreceptors could drive electric responses in the 

connected ganglion cell (Appendix B). A well-known feature of the ganglion cell receptive 

fields is spatial opponency, in which photoreceptor cells are excited when light falls in one part 

of the receptive field, and inhibited when light falls on the other part (Mather, 2009). These 

regions are arranged in a center-surround configuration. In Figure 1.12, an on-center receptive 

  
Figure 1.12. On-

center receptive field. 

Figure 1.13. Off-

center receptive field. 

+ - 
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field is presented. An on-center receptive field responds only to a light spot on a dark 

background. Off-center receptive fields (Figure 1.13) respond to a dark spot on a light 

background.  

With their recordings from cells in the visual cortex, Hubel and Wiesel (1962) were the first to 

map receptive fields from the retina to a place in the visual cortex: cortical cells. Some cortical 

cells only respond when specific parts (sub regions) of the receptive field are stimulated. The 

arrangement of these sub regions can be used to predict the responses of the cell to visual stimuli 

such as lines, bars, or squared shapes. Hubel and Wiesel call these cells simple cells.  

After Hubel and Wiesel (1962), other models to classify cortical receptive fields have been 

proposed, without reaching scientific consensus. Maybe the most widely used model that is 

used after the one of Hubel and Wiesel is the model that relates to spatial vision. In terms of 

receptive fields, the model of spatial vision can be explained using Figure 1.14 and 1.15. Figure 

1.14 shows a luminance grating with a low spatial frequency, while Figure 1.15 shows one with 

a high spatial frequency.  In each figure, two receptive fields are shown: a small and a large 

one. Having a center-on configuration, only one receptive field will show response. In Figure 

1.14 this is the large receptive field, in which the light falls on the center, while it does not on 

its surroundings. In Figure 1.15, the small receptive field will response.  

  
Figure 1.14. Spatial frequency 

selectivity in cortical cell receptive 

fields for a luminance grating with a 

low spatial frequency. (From: Mather, 

2009) 

Figure 1.15. Spatial frequency 

selectivity in cortical cell receptive 

fields for a luminance grating with a 

high spatial frequency. (From: Mather, 

2009) 
 

1.8. The Contrast Sensitivity Function 

In the luminance gratings in Figure 1.14 and 1.15, the bars are easily visible because the 

modulation depth or amplitude of the sinusoid is large enough (i.e. the contrast is high). Schade 

(1956) did an experiment in which participants had to adjust the contrast until the grating was 

just visible. Participants had to do this for a range of spatial frequencies. Schade (1956) thus 

measured sensitivity as a function of spatial frequency, of which the results are plotted in the 

contrast sensitivity function (CSF). Such a contrast sensitivity function is presented in Figure 

1.16.  

The CSF shows that we are most sensitive to luminance gratings with spatial frequencies 

between 1 and 5 cycles per degree (cpd). This characteristic curve is called a band-pass filter, 

arguing for a selective filter that lets the medium spatial frequencies pass. An explanation for a 

low sensitivity for high spatial frequencies (> 5 cpd) can be found in the optics of the eye. There 
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is a maximum spatial frequency for which the lens is able to project a focused image on the 

retina (e.g. Artal & Navarro, 1994). Another reason for the band-pass shape can be explained 

in terms of receptive fields. Campbell and Robson (1968) argue that there are less responsive 

receptive fields present for low and high spatial frequencies. Donner and Hemilä (1996) claim 

that the decrease in responsiveness of receptive fields for low spatial frequencies is caused by 

lateral inhibition, which is impaired by the broad spatial transition between dark and light bars.   

 

So far, we have seen how we can detect non-uniformities with respect to spatial frequency for 

luminance contrasts. However, to solve our problem of color non-uniformity, we are interested 

in color differences rather than luminance differences. 

Figure 1.17 shows CSFs for isoluminous chromatic gratings with two chromaticities. These 

gratings consisted of the sum of the red-green or yellow-blue monochromatic luminance 

gratings which were modulated 180⁰ out of phase. Comparing the CSF for chromatic contrast 

with the CSF for luminance contrast, there are three main differences. Firstly, maximum 

contrast sensitivity is higher for luminance contrast then for chromatic contrast. Secondly, the 

peak of this maximum contrast sensitivity is between 1 – 5 cpd for luminance gratings, whereas 

sensitivity for chromatic gratings peaks at spatial frequencies < 1 cpd. Thirdly, the CSF for 

chromatic contrast is low-pass in shape, compared to the band-pass shape as discussed for 

luminance contrast. A possible explanation for this difference in shape can be found in neural 

factors. In order to enhance edge detection, excited neurons have the capacity to reduce the 

activity of their neighbors. This is called lateral inhibition. By reducing the activity of 

neighboring neurons, the response of the excited neuron is stronger, increasing the ability of 

the human visual system to detect contrasts.  

Lateral inhibition works differently for luminance contrast compared to chromatic contrast. The 

detection of luminance contrast is described in section 1.7. Receptive fields sensitive to 

luminance have a center part and a surround part (see also Figure 1.18, left).  

According to De Valois and De Valois (1975, 1990), the detection of color contrasts is 

dependent on LGN opponent cells, which are connected to two receptive fields; each for one 

color (Figure 1.18, right). The LGN cells are divided in four color opponent types: +R-G, +G-

R, +B-Y, and +Y-B. A +R-G cell, for example, fires to red and inhibits to green light. Likewise, 

+B-Y fires for blue and inhibits for yellow light.  

  
Figure 1.16. The contrast sensitivity function for 

luminance contrasts (From: Campbell & Maffei, 1974).   
Figure 1.17. The contrast sensitivity functions for a 

red-green grating (□) and yellow-blue grating (◊) 

(From: Mullen, 1985). 
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Figure 1.18. Receptive field (RF) for a luminance changes (left) and for color changes 

(right).  From: De Valois & De Valois, 1975. 

 

So, the difference between those mechanisms is that luminance sensitive cells are center-

surround, whereas color sensitive receptive fields work together to produce the enhanced result. 

Multiple researchers argue that this difference, causes the difference in attenuation for low 

spatial frequencies (e.g. Cavanagh, 1991; Rovamo, Kankaanpää, Kukkonen, 1999). 

1.9. Chromatic Sensitivity Thresholds for Low Spatial Frequencies 

Strangely enough, Vogels and Lambooij (2014) found that their CSF for chromatic contrasts 

had a band-pass shape. In their study, participants were most sensitive for a spatial frequency 

of 0.3 cpd, but the sensitivity decreased for a spatial frequency of 0.15 cpd, which is not in line 

with results found by other researchers (e.g. Mullen, 1985; Kelly, 1989; Rovamo, Kankaanpää, 

& Hallikainen, 2001). This decreased sensitivity occurred irrespective of the chromaticities of 

the grating, indicating that another factor could affect the sensitivity for low spatial frequencies, 

such as the number of cycles, which inherently decreases for lower spatial frequencies. Savoy 

and McCann (1975) found that the visibility of luminance contrasts for low spatial frequencies 

(<3 cpd) was predominantly determined by the number of cycles.  

For the prediction of visibility of color non-uniformities in (LED) lighting applications, we need 

to know exactly which factors influence the visibility threshold for (extremely) low spatial 

frequencies. The focus on these low spatial frequencies is important because low spatial 

frequencies occur often in lighting applications. For example, spatial frequencies for spotlights 

typically1 vary in the range between 0.02 and 0.04 cpd. 

In a follow-up study, Daatselaar, Veelenturf, Lambooij, and Vogels (2015) investigated the 

effect of (very) low spatial frequencies (0.025 – 0.3 cpd) on chromatic visibility threshold. 

Furthermore, the effect of number of cycles (2 - 8) for a fixed spatial frequency of 0.3 cpd was 

investigated. The results of Vogels and Lambooij (2014), and Daatselaar et al. (2015) were 

compared and are presented in Figure 1.19, which also shows the results found by Mullen 

(1985).  

                                                 
1 When the spot is placed at 3 meter height with a distance of 1.2 meter in between them while having a viewing 

distance of 3 meter.  
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The figure presents three inverted contrast sensitivity functions (threshold is the reciprocal of 

sensitivity). As Figure 1.19 shows, contrast sensitivity functions of the research of Vogels & 

Lambooij (2014) and Daatselaar et al. (2015) have a band-pass shape. The contrast sensitivity 

function of Mullen (1985) is low-pass in shape. Please note second y-axis (on the right) in 

Figure 1.19, showing the normalized chromatic visibility threshold (CVT). In the experiments 

of Vogels & Lambooij (2014) and Daatselaar et al. (2015) there are two overlapping spatial 

frequencies: 0.15 and 0.3 cpd. Only for the 0.15 cpd condition, there was a significant difference 

between both experiments. An explanation can be found in the number of cycles (c). In the 

experiment of Vogels and Lambooij (2014), the grating for 0.15 cpd consisted of only three 

cycles, whereas in the experiment of Daatselaar et al. (2015), the grating for 0.15 cpd consisted 

of 8 cycles; which could cause the difference. Besides c, the stimulus size (i.e. surface of the 

grating, A) also differed between the two experiments. Since c and the A varied together, no 

conclusions could be drawn on which of the two affected the visibility threshold. Increasing A 

and c could thus lead to a lower CVT, ultimately resulting in a low-pass shape. 

In the 2015 experiment, chromatic visibility thresholds were determined for both a horizontal 

and a vertical orientation of the grating. Only for a spatial frequency of 0.3 cpd, a significant 

difference was found between thresholds for a horizontal and a vertical grating for which no 

explanation could be found. 

Summarizing, there is evidence that c or A affects the CVT for low spatial frequencies, but it 

is not known what the individual contribution of these factors is. Furthermore, the effect of 

orientation (horizontal / vertical) of a chromatic grating remains unclear. In the following 

 
Figure 1.19: Chromatic visibility threshold as function of spatial frequency for the research of Mullen 

(1985), Vogels & Lambooij (2014) and Daatselaar et al. (2015). 
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paragraphs, findings of different researchers related to c, A, and orientation of the grating will 

be discussed.  

1.10. The Effect of Orientation 

The effect of orientation has been subject of research since Hubel and Wiesel (1959, 1962) 

discovered orientation selectivity of receptive fields. Experiments by Campbell and Kulikowski 

(1966) and Berkley, Kitterle, and Watkins (1975) showed that we are more sensitive to 

horizontal and vertical oriented luminance gratings (the H-V effect) than oblique ones (oblique 

anisotropy). This effect was found for luminance gratings, was most pronounced at high spatial 

frequencies, and is not related to optics but resulting from neural processing in the visual 

pathway (Campbell & Kulikowski, 1966; Mitchell, Freeman, & Westheimer, 1967). When 

measuring neural responses, Maffei and Campbell (1970) and Zemon, Gutowski, and Horton 

(1983) showed that orientational anisotropy has a cortical basis. Even other researchers claim 

that this cortical basis is area V1, where less neurons are tuned to oblique orientations than in 

horizontal or vertical direction (Mansfield, 1974; Mansfield & Ronner, 1978; Orban & 

Kennedey, 1981; De valois, Yund, & Helper, 1982). Previous studies were all conducted with 

luminance gratings, and found no evidence for an effect of orientation between horizontal and 

vertical oriented gratings on the visibility of those luminance gratings.  

In this study, we are interested in the visibility of chromatic gratings rather than luminance 

gratings. Kelly (1975) did a study in which he determined the visibility of sine-wave flickering 

chromatic contrasts for different orientations, but did not find a difference in sensitivity for 

oblique gratings compared to horizontal / vertical gratings. However, Bolideau and Faubert 

(1999) did find oblique anisotropy. Furthermore, they found vertical anisotropy (lower visibility 

threshold for vertically oriented chromatic gratings) for two of the five participants at a spatial 

frequency of 0.5 cpd. Murasugi and Cavanagh (1988) found besides oblique anisotropy also a 

horizontal/vertical effect for chromatic gratings at high spatial frequencies (2 – 8 cpd). Three 

observers displayed a higher vertical than horizontal threshold and one showed the opposite 

pattern. Summing up the research of Bolideau and Faubert (1999) and Murasugi and Cavanagh 

(1988), three participants showed vertical anisotropy, three participants showed horizontal 

anisotropy and three participants did not show anisotropy in the cardinal axes. 

It remains thus difficult to draw a conclusion based on this evidence, but it seems that there is 

no H-V effect. In this study, more data will be collected and analyzed to get more insight in the 

mechanism behind the H-V effect. 

1.11. The Effect of Number of Cycles and Stimulus Area for Luminance Contrasts 

In Table 1.1, an overview of the most important research on the effect of c, the effect of A, and 

the effect of SF or a combination of any of these on contrast sensitivity is given. Note that all 

these studies are conducted with luminance gratings. Furthermore, it is important to note that 

A, c, and SF are correlated. In some studies, these variables changed together and are thus 

confounding.  

Table 1.1: Overview of main findings of experimental studies, investigating either the effect of c, A, the effect 

of bar length, SF, or a combination of these. Experiments are all conducted with luminance gratings as stimuli. 

Reference Main findings 

Hoekstra, van der Goot, 

van den Brink, and 

Bilsen (1974) 

Thresholds for gratings with low spatial frequencies are 

dependent on the number of cycles presented. The fall off at 
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low spatial frequencies may not be a result of lateral inhibition, 

but a too low number of cycles. 

Savoy and McCann 

(1975) 

Visibility in luminance gratings with low spatial frequencies up 

to about 5 cycles is determined by the number of cycles. 

Estevez and Cavonius 

(1976) 

There is a dependence of the number of cycles with a black 

surround around the grating. However, this dependency 

disappears when the surrounding has an average luminance 

adjacent to the grating.  

Howell and Hess (1978) The number of bars and the relative length of the bars both have 

a similar influence on the visibility of the grating. There is a 

critical size (number of cycles or bar length) beyond which the 

threshold remains constant, which is inversely related to spatial 

frequency. At this point, a saturation of responses is reached.  

McCann, Savoy, and 

Hall (1978) 

Confirmed the findings of their previous study (Savoy and 

McCann, 1975). Furthermore, at low spatial frequencies 

contrast sensitivity is independent of viewing distance. 

Rovamo and Virsu 

(1979) 

The functional and structural properties of the visual system are 

very closely and similarly related across the whole retina. 

Hence, contrast sensitivity decreases with increasing 

eccentricity.  

Virsu and Rovamo 

(1979) 

Area and squared spatial frequency are reciprocally related as 

determinants of contrast sensitivity. Summation saturates at a 

constant number of square cycles (A*SF2).  

Wright (1982) The peak of the CSF increases and shifts towards the lower 

spatial frequencies as length increases. There is no unique CSF, 

because the CSF is independent of summation length. Findings 

are in general in accordance with Howel and Hess (1987). 

Sensitivity is proportional to the square root of the grating 

length.  

Rovamo, Franssila, and 

Näsänen (1992) 

Contrast sensitivity increases in proportion to the square root of 

area (A) at small grating areas, obeying Piper's (1903) law, but 

is independent of area at large grating areas. 

Barten (2003) A smaller area size mainly affects the CSF at low spatial 

frequencies (< 3 cpd).   
 

 

Taken the research described in Table 1.1 together, some conclusions can be drawn. Previous 

research on visibility of sinusoidal modulation in the luminance domain reveals that both an 

increase of c and A decreases the visibility threshold for luminance contrast. Yet, for luminance 

contrasts there is a critical point after which an increase of A or c does not cause the threshold 

to decrease anymore; at his point, the maximum functional summation of neural responses is 

reached (saturation of responses).  

Virsu & Rovamo (1979) describe response saturation for luminance contrasts in terms of 

squared cycles (A*SF2) which, according to them, occurs at a constant number. These findings 

are in line with those of Howell & Hess (1987), who find that the point for of response saturation 

for luminance contrasts is inversely related to SF. 

To our knowledge, no research has been conducted on the effect of c and A for chromatic 

stimuli (except for Daatselaar et al. (2015) which is discussed in section 1.9). It would especially 

be interesting to test these effects for low spatial frequencies, because we know that in that 
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region, the sensitivities for luminance- and chromatic gratings differ (low-pass vs band-pass 

CSF).  

1.12. Aim of This Study 

The aim of this study is to find a model to predict the visibility of color non-uniformities in 

(LED) lighting applications. A large body of research already shows that spatial frequency is 

an important factor in affecting the visibility threshold. From Daatselaar et al. 2015, we know 

that it is likely that the number of cycles and / or grating area size can affect the visibility 

thresholds of chromatic contrast gratings (with a low spatial frequency). We also know that low 

spatial frequencies are common for lighting applications. Hence we need to disentangle the 

effect of number of cycles and grating area on the visibility threshold of sinusoidally modulating 

gratings. Previous research focused mainly on luminance contrast, but we have seen that due to 

neural differences we cannot directly compare sensitivity for luminance contrast with 

sensitivity for chromatic contrast, especially for low spatial frequencies.  

1.13. Hypotheses 

Previous studies in the chromatic domain have not dealt with the fact that A and c are correlated. 

The current study explores the ways in which A and c are interrelated and how their individual 

contribution affects the detection of color contrast. This results in the following research 

question: 

How does summation of responses depend on the separate influences of stimulus area size (A) 

and number of cycles (c) for different spatial frequencies for chromatic sinusoidal modulation? 

For luminance contrasts it is believed that the model of summation of responses (and its 

saturation) is valid. We also know that the difference of spatial sensitivity between luminance 

contrast and chromatic contrast is caused by a difference in magnitude of lateral inhibition, 

resulting from different neural mechanisms as explained in section 1.8. We argue that the model 

of summation of responses is not dependent on lateral inhibition; in both cases, there could be 

summation of neural responses. 

It is thus hypothesized that there is an analogy between response summation and response 

saturation for luminance contrasts and chromatic contrasts. Assuming the analogy is valid, we 

expect the following results: 

1. An increase in detection probability (i.e. lower chromatic threshold) is caused by an 

increase of: 

a) stimulus area size and 

b) the number of cycles in a grating.  

2. The magnitude of response summation is inversely related to spatial frequency (i.e. the 

larger the spatial frequency, the smaller the magnitude of response summation) for:  

a) stimulus area size and 

b) the number of cycles in a grating.  

In this study we verify whether the orientation in the horizontal versus the vertical direction of 

a chromatic grating affects the chromatic visibility threshold. We expect that:  

Receptive fields are not selective to the orientation (horizontal / vertical) of a chromatic grating. 
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2. Method 
An experiment was conducted to determine the visibility threshold for chromatic gratings 

varying in SF, A, c, and orientation. In this chapter, the experimental design and experimental 

conditions are described. Thereafter, the procedure of the experiment is explained in detail. 

Lastly, the stimuli are described together with a motivation for the decisions that were made on 

the fixed and varying variables.  

2.1. Design 

The experiment consisted of two within-subject designs, with all participants completing all 

conditions. The first design was a 3x2x5 within-subject design to explore the effect of grating 

area size (1A, 2/3A, 1/3A), orientation (horizontal / vertical), and spatial frequency (0.05, 0.1, 

0.5, 1, 5 cpd) on visibility threshold measured in Δu’v’ while keeping c constant. The second 

design was a 3x2x5 within-subject design to explore the effect of number of cycles (1c, 2/3c, 

1/3c), orientation (horizontal / vertical), and spatial frequency (0.05, 0.1, 0.5, 1, 5 cpd) on 

visibility threshold measured in Δu’v’ while keeping A constant.  

To reduce the total number of conditions, one condition was used in both designs (the stimulus 

for the condition with 1/3A is equal to the stimulus for the condition with 1c). This reduced the 

number of conditions from 60 to 50 conditions in total. The conditions for one spatial frequency 

(0.3 cpd) are presented in an overview in Appendix C.  

The data of design 1 will be used the test the effect of A, and the data of design 2 will be used 

to test the effect of c. The data of both designs will be used to test the effect of grating 

orientation.  

2.2. Participants 

Twenty-one people voluntarily participated in the experiment, of which twenty worked in a 

research environment. Amongst the participants were 12 males and 9 females. The average age 

was 26.6 years (SD = 5.8 years), ranging between 22 and 50 years old. None of the participants 

was color-blind, as confirmed by the Ishihara Color Vision test. Informed consent was obtained 

from all participants. After each session, participants were compensated for their time and effort 

with a candy bar or a piece of fruit. 

2.3. Procedure 

From previous studies with the same procedure for determining the threshold, we know that 

participants need 83.5 seconds (SD = 19.1 seconds) on average to complete one condition. 

Completing all 50 conditions would thus take around 70 minutes. To prevent participants from 

becoming tired, it was decided to randomly divide the conditions over three sessions of about 

25 minutes each. 

Prior to the start of the first session, participants were asked to sit down and read and sign the 

informed consent (Appendix E), after which they were tested on color blindness (Ishihara color 

blindness test). Participants were asked to provide their age and if their vision was corrected 

with contact lenses or glasses. Even though the task of the participant was written down on the 

informed consent, they were also orally instructed about the experiment. To avoid incorrect 

responses caused by a global-local effect (Appendix F, G), participants were explicitly told to 

pay attention to the bars in a grating only, supported by visual example stimuli defining 

horizontal and vertical grating orientation. The experimenter answered any questions asked by 

the participant. If there were no more questions, participants were asked to put their head in a 
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chinrest, which was in front of a computer screen at a distance of 50 cm, and the experiment 

was started by the experiment leader.  

Each session started with a homogeneous image with the same luminance and average 

chromaticity as the stimuli. Participants had to look at this image for ten seconds, which ensures 

75% chromatic adaptation of the eye (Fairchild & Reniff, 1995). After these ten seconds the 

first grating appeared on the screen. Participants had to press the left or right arrow key of a 

keyboard when the grating was oriented horizontally and the up or down key when the grating 

was oriented vertically. So, the decisive factor of the staircases was the orientation of the 

pattern. After each stimulus, the adaptation image was presented for one second, with a slightly 

lower luminance in order to distinguish it from the stimulus. Afterwards, participants were 

thanked, debriefed and offered a candy bar or a piece of fruit as compensation for their time. 

2.3.1 Staircase procedure 

The chromatic visibility thresholds were determined using a one-down/three-up weighted 

staircase procedure that converged to 75% correct responses. A staircase procedure was chosen 

to minimize subjective criterion effects (Pelli & Bex, 2013). Each staircase began with a high 

intensity stimulus (0.03 Δu’v’, which is clearly visible to most people). After each correct 

response, the intensity of the stimulus decreased (i.e. decreasing contrast of the grating) with x 

steps. After each incorrect response, the intensity of the stimulus increased with x steps, where 

x is dependent on the number of reversal points (i.e. an incorrect response after a correct 

response or vice versa). After each two reversal points, step sizes changed with 10, 5, 2, and 1. 

A step size of 1 is 0.001 Δu’v’ in the range between 0.01-0.03 Δu’v’, and 0.0001 Δu’v’ in the range 

between 0-0.01 Δu’v’. In total, eight reversal points were measured and the thresholds at the last 

four reversal points were averaged to determine the chromatic visibility threshold.  

2.4. Stimuli and Apparatus 

2.4.1. Stimuli 

Stimuli were isoluminous gratings that modulated sinusoidally in chromaticity. As explained in 

Appendix A, these gratings have several features. These features will be explained in detail in 

this section. 

For making causal inferences, we should be able to vary the surface of the grating (A), the 

number of cycles (c), and the spatial frequency (SF) independently. The relation between these 

variables in a grating with a rectangular shape can be described with equation 2.1. 

 𝐴 =  
𝑐∗𝐿

SF
+ 𝑒, (2.1) 

where: 

𝐴 = the surface of the grating (area) in squared degrees of visual angle; 

𝑐 = the dimensionless number of cycles in the grating; 

𝐿 = the length of a bar in the grating in degrees of visual angle; 

SF = the spatial frequency in cycles per degree of visual angle (cpd); 

𝑒 = the surface of the envelope area that is considered to be invisible at threshold level in 

squared degrees of visual angle. 

A rectangular shape of the grating was chosen over a circular one, because for the latter, the 

bars do not have the same length over the grating (i.e., bars in the middle of the grating are 

longer than at the edges), which could confound the effect of number of cycles.  
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The area of the grating was varied in three levels, a large, medium and small one. The medium 

one had a surface equal to 2/3 of the large one. The small area had a surface of 1/3 of the large 

one. Pilot 1 and 2 (Appendix F) have shown that for these area sizes, a trend was already visible 

for few participants; therefore, it was decided to hold on to these area sizes in the experiment. 

Choosing a smaller area size would have resulted in stimuli with less than one cycle for the 

lowest spatial frequency (0.05 cpd). 

The grating was convoluted with an envelope function. Such an envelope function goes at the 

cost of the number of pixels that is required to display the minimum of one cycle for low spatial 

frequencies. Therefore, it was chosen to deviate from previous research and not use a Gaussian 

envelope function but a linear one. The advantage of a linear function is that the convolution, 

which goes from 0 to 1, uses the least number of pixels for a particular slope of the function. 

The smaller the slope is, the smoother the transition of the convoluting function. It was assumed 

that 80% of the outer part of the convolution function is not visible at threshold level. The width 

of the convolution was 180 pixels, which corresponds to a visual angle of 4.60 degrees. 

Spatial frequency is one of the independent variables in this research. In total, five spatial 

frequencies were chosen (0.05, 0.1, 0.5, 1, 5 cpd). This range covers the low, medium, and high 

spatial frequencies, while having the emphasis on the low spatial frequencies. A reason why it 

is interesting to test low spatial frequencies is because at low spatial frequencies, chromatic 

contrast sensitivity deviates from luminance contrast sensitivity (see section 1.9). Since the 

screen we have used had limited dimensions and we wanted to vary the area of the grating at 

the same time, we were not able to test spatial frequencies lower than 0.05 cpd.  

The number of cycles followed from previous choices (area and spatial frequency) according 

to equation 2.1. There are three variations in the number of cycles: many, medium, and few. 

The medium variation counts 2/3 of the number of cycles of the many condition. The few 

condition has 1/3 of the number of cycles of the many condition. The exact number of cycles 

depended on the spatial frequency and is presented in Appendix D. We made sure that at least 

one cycle was shown on the screen, because otherwise the desired modulation depth is not 

reached and hence a different threshold (for a lower contrast) is measured. 

The chromaticity of the grating can be explained by means of the base color and the color 

direction in which the color modulated. The base color is the average color of the grating, which 

is similar to that of the background, and had a correlated color temperature (CCT) of 3800K. 

This corresponds to the following coordinates in the CIE 1976 u’v’ color space: u’ = 0.229 v’ 

= 0.505. Taking these coordinates, the chromaticity modulated in the direction tangent to the 

black body locus, resulting in a blue – orange grating. This CCT and modulation direction were 

chosen because it was expected that thresholds would be the lowest for this color combination 

(Vogels & Lambooij, 2014).  

The amplitude of the grating is equal to the modulation depth or the contrast of the grating, 

expressed in Δu’v’. Δu’v’ is the Euclidian distance between the base color (3800K) and a point on 

the line tangent to the black body line. The Δu’v’ value for which the grating is just visible for 

the participants defines the chromatic visibility threshold.  

The phase of the sinusoid varied randomly for each stimulus to avoid giving participants 

information about the location of the modulation on the screen, which could lead to a detection 

strategy.   
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2.4.2. Apparatus 

The spatial chromatic patterns were presented on 27 inch NEC display with a spatial resolution 

of 2560 by 1440 pixels and a chromatic resolution of 10 bit per primary, being able to show 210 

= 1024 values per primary and thus 10243 = 1073741824 different colors. The luminance was 

constant at 108 cd/m2. The display was colorimetrically calibrated using a Jeti 

spectroradiometer type Specbos 1211. 

2.5. Data Analysis 

The experimental data was analyzed using the statistical software package IBM SPSS Statistics 

23. Since participants were subjected to 50 similar conditions, and the means of these conditions 

had to be compared, repeated measures analysis of variance (ANOVA) with Bonferroni 

correction was used to analyze the data. A significance level of α = 0.05 was used to test 

significance. 

The dataset was pre-processed to make sure that the data was approximately normally 

distributed and all significant outliers were removed from the dataset. Since visibility thresholds 

can only have positive values (like color differences), the data are usually positively skewed 

and thus not normally distributed. To resolve this issue, we applied a logarithmic (log10) 

transformation to the data.  Values for skewness and kurtosis between -2 and +2 are considered 

acceptable in order to prove normal univariate distribution (George & Mallery, 2010). 

Normality of each of the conditions was tested using the Shapiro-Wilk test. In different 

simulation studies, researchers have shown that with non-normally distributed sets of data, the 

false positive ratio was not influenced very much by this violation of the assumption (Glass et 

al., 1972; Harwell et al., 1992; Lix et al., 1996), emphasizing that data has to be approximately 

normally distributed.  

After the logarithmic transformation, outliers were detected based on their Z-score. In total, six 

data points (0.57% of the dataset) had a Z-score that fell outside the range [-3, 3]. Since the data 

is behavioral and given the fact that people can and do make mistakes, these data points were 

considered as outliers. These outliers were replaced using the expectation maximization 

algorithm of SPSS. Replacement was done because for a repeated measures ANOVA, datasets 

need to be complete. One missing value leads to the exclusion of all data of this participant, but 

there was no reason to assume that all data of one participant can be regarded as outlier. 

Mauchly's test of sphericity was used to test the assumption of sphericity.  

Two measures of effect size were used: the partial eta squared of the repeated measures 

ANOVA and the slope describing the change of CVT for a change of the independent variable. 

The partial eta squared (η2) describes the proportion of variance in CVT explained by the 

independent variable (e.g. area size / number of cycles). η2 ranges between 0 and 1. As a rule 

of thumb, η2 ≤ 0.02 is considered as small, η2 around 0.13 as medium, and η2 ≥ 0.26 is 

considered as a large effect size.  

Another measure of the effect size is the slope of the linear fit through the CVTs for different 

variations of the stimuli (e.g. area / number of cycles). This slope describes the change in 

threshold for a change of the grating area (squared degrees of visual angle) or number of cycles. 

To find this slope, a linear regression (ordinary least squares method) was conducted on the 

back-transformed (i.e. 10log(CVT)) data. The linear regression gave us the β coefficient (which is 



26 

 

the slope in the regression equation) together with their 95% confidence intervals for each 

spatial frequency. 
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3. Results 

3.1. Data pre-processing 

As described in section 2.5, the dataset was pre-processed by applying a log10 transformation 

and replacing the outliers. The results of this transformation and replacement are shown in 

Table 3.1, which shows the average, minimum, and maximum skewness and kurtosis over all 

conditions. Furthermore, the number of conditions that were not normally distributed as tested 

with the Shapiro-Wilk test is presented. The values in Table 3.1 show that, after the logarithmic 

transformation, all these measures of normality improved. Table 3.1 also shows the measures 

of normality after replacing the outliers. It was decided to use the transformed dataset with 

replaced outliers for data analysis. 

Table 3.1. Measures of normality over 50 conditions before and after logarithmic transformation and outlier 

replacement.  
Dataset Number of 

not 

normally 

distributed 

conditions* 

Average 

skewness  

Minimum 

skewness  

Maximum 

skewness 

Average 

kurtosis 

Minimum 

kurtosis 

Maximum 

kurtosis 

Raw 24 (48%) 1.239 -0.777 4.219 3.178 -1.107 18.679 

Log10 

transformed 

13 (26%) -0.091 -1.983 2.193 1.177 -1.274 7.744 

Log10 

transformed 

with outliers 

replaced 

13 (26%) -0.242 -1.983 1.038 0.612 -1.274 6.246 

 

 

Regarding the assumption of sphericity, only for the effect of number of cycles for a spatial 

frequency of 0.5 cpd, the null hypothesis (of Mauchly's test of sphericity) that the variances of 

the differences are equal was rejected (χ2 (2) =6.449, p = .040), increasing the risk of a type I 

error for this test. For all other tests, the assumption of sphericity was met.  

3.2. General Analysis 

First, a general analysis was conducted. For this analysis, data of both designs was used. A 

repeated measured ANOVA was conducted with four within-subjects factors: spatial frequency 

(5 levels), orientation (2 levels), design (2 levels), and variation within the design (i.e. area or 

number of cycles, 3 levels). Hence, including all interaction effects, 15 tests were conducted. 

To correct for hidden multiplicity (i.e. for the multiple-comparison problem (Cramer et al., 

2015)), the significance level has to be divided by 15, resulting in α = 0.05/15 = 0.0033. For 

four tests, p was smaller than α, resulting in a main effect for spatial frequency, variation and 

interaction effects for design*variation and orientation * spatial frequency. These tests, 

including their test statistics are listed in Table 3.2. 

Table 3.2. Results of repeated measures ANOVA’s on the entire dataset.  

Test F(dftest, dferror) Significance 

(p) 

Effect size (η2) 

Spatial Frequency F(4,80) = 212.419 < 0.001 0.914 

Variation F(2,40) = 7.546 0.002 0.274 

Design * Variation F(2,40) = 14.754 < 0.001 0.425 

Orientation * Spatial 

Frequency 

F(4,80) = 12.497 < 0.001 0.385 

 



28 

 

3.3. Effect of Orientation on CVT 

The interaction effect of orientation * spatial frequency of the grating on the chromatic visibility 

threshold (CVT) was further investigated. Figure 3.1 shows the average difference between the 

logarithmic transformed CVT for horizontally and vertically oriented gratings as function of 

spatial frequency. These averages are across participants and different areas and number of 

cycles. So, for example, the first data point is the average of condition 1 to 5 minus the average 

of condition 6 to 10.  

What is apparent from Figure 3.1, is that the difference between the CVTs of both orientations 

is not the same across spatial frequencies. For gratings with spatial frequencies of 0.5 cpd and 

1 cpd, the difference seems to be different from zero, with a lower CVT for horizontally oriented 

gratings than the vertically oriented ones.  

 
Figure 3.1. The average difference between thresholds for horizontal and vertical gratings with 95% confidence 

interval as function of spatial frequency.  

 

A post-hoc test with Bonferroni correction was conducted to compare the effect of orientation 

on CVT pairwise between different spatial frequencies. As dependent variable, the difference 

between horizontal and vertical log transformed CVT was taken, as visualized in Figure 3.1.  

Table 3.3. Significance level (p) of pairwise comparisons (Horizontal CVT – Vertical CVT) 

between all combinations of different spatial frequencies. Significance (p < 0.05) indicated in 

green. 
 

SF [cpd] 0.05 0.1 0.5 1 

0.1 0.486    

0.5 < 0.001 < 0.001   

1 < 0.001 0.005 1.000  

5 1.000 1.000 0.013 0.031 

 

Figure 3.2 shows the average CVT for each participant per orientation of the grating. On 

average, participants have an equal threshold over all horizontal conditions compared to the 

average of all vertical conditions. Participants 3 and 6 have a lower CVT for horizontally 

oriented gratings, whereas participants 2, 10, 16, and 19 seem to be more sensitive (i.e. lower 

CVT) to vertically oriented gratings. Figure 3.2 shows furthermore the variation of chromatic 

contrast sensitivity between participants. The variation of average CVT between participants 

varies between 0.001 and 0.004 Δu’v’. 



29 

 

 
Figure 3.2. CVT per participant averaged over all conditions per orientation of the grating. 

 

3.4. Design 1: Effect of Area on CVT 

The significant interaction effect of design * variation on CVT (Table 3.2) shows that the CVT 

for area and number of cycles differ both in a different way. Therefore, de designs will be 

analyzed separately in the current and next section (3.4 & 3.5).  

The effect of area on CVT was tested using experimental design 1, in which the area changed 

while keeping the number of cycles constant. Figure 3.3 shows the slopes describing the change 

of CVT for a stimulus increase of 1 squared degree of visual angle per spatial frequency. As 

shown in Figure 3.3, the absolute magnitude of the slope decreases as spatial frequency 

increases. From Figure 3.3 it is furthermore apparent that the averages of the slopes are 

negative. This means that an increase in grating area decreases the CVT.  

 
Figure 3.3. Slopes of the regression equations for CVT as function of spatial frequency. This slope 

describes the change in threshold for an increase of grating area with 1 squared degree of visual angle. 

 

A repeated measures ANOVA was conducted to test the effect of area and the interaction effect 

between spatial frequency * area. Hence, the corrected significance level is α = 0.05/3 = 0.017. 

A highly significant main effect of grating area on CVT was found (F(2,40) = 18.558, p < 0.001, 
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η2 = 0.481). There was furthermore a significant interaction effect between spatial frequency 

and area (F(8,160) = 2.444, p  = 0.016, η2 = 0.109. The effect of area differs thus for different 

spatial frequencies.  

A post-hoc test with Bonferroni correction was conducted to compare the effect of area on CVT 

pairwise between the three different area sizes. The CVT increased for increasing area size. No 

significant difference was found for the CVT between the large and medium sized gratings (p 

= 0.588). We did find a significant difference between the CVT for the large and small sized 

gratings (p < 0.001), and for the medium and small sized gratings (p = 0.001).  

3.5. Design 2: Effect of Number of Cycles on CVT 

The influence of the number of cycles on CVT was tested using experimental design 2. Similar 

to the analysis of the effect of the area size (section 3.2), simple regression analysis was 

conducted for each spatial frequency to determine how much the CVT would change with, in 

this case, a changing number of cycles while keeping the area constant. This change is again 

given by the slope of the linear fit through the back-transformed experimental data. The slopes 

and their 95% confidence intervals are presented in Figure 3.4. The figure shows a decrease in 

slope for increasing spatial frequency. An increase in number of cycles causes an increase of 

the CVT for low spatial frequencies. The magnitude of this increase in CVT decreases with 

increasing spatial frequency.  

 
Figure 3.4. Slopes of the regression lines for CVT as function of spatial frequency. This slope describes 

the change in visibility threshold for an increase of one cycle, keeping the stimulus area constant. 

 

With a corrected significance level of α = 0.05/3 = 0.017, we found a significant main effect of 

the number of cycles on CVT (F(2,40) = 6.940, p = 0.004, η2 = 0.245). No interaction effect of 

spatial frequency * cycles was found (F(8,160) = , p = 0.172, η2 = 0.068). 

A post-hoc test with Bonferroni correction was conducted to compare the effect of the number 

of cycles (3 levels) on CVT pairwise. The CVT decreased for increasing number of cycles. 

Only the difference between the grating with the most and with the fewest cycles showed a 

significantly different CVT (p = 0.014).  
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3.6. Exploratory Analysis 

As explained before, the number of cycles varied while keeping the area size constant in design 

2. In order to keep the area size constant, the bar length of the grating changes as well (equation 

1). In our experiment, this change of bar length varies from 11.05 to 29.47 degrees of visual 

angle. Like in Figure 3.3 and Figure 3.4, another figure can be made to present the slope of the 

regression equation which predicts the CVT using bar length as predictor. These slopes with 

their 95% confidence intervals for the five spatial frequencies are shown in Figure 3.5. Because 

the conditions of design 2 are used, the results of the repeated measures ANOVA are similar to 

those of the number of cycles (section 3.6). Figure 3.5 shows a decreasing effect of bar length 

for increasing spatial frequencies. Note the large 95% confidence interval for the slope for 

spatial frequencies of 1 and 5 cpd. It seems that for these spatial frequencies, the variance cannot 

be explained by bar length.  

 
Figure 3.5. Slopes of the regression equations for CVT as function of spatial frequency. This slope 

describes the change in threshold for an increase of bar length per degree of visual angle, keeping the 

area constant. 
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4. Model Development 
This chapter describes the process of developing a model that predicts the visibility of color 

non-uniformities. This model is based on the data of Vogels & Lambooij (2014), Daatselaar et 

al. (2015) and the current experiments (total of N = 74 data points).  

We have seen that spatial frequency influences the chromatic visibility threshold (CVT) most. 

Hence, we will start predicting the CVT on the basis of spatial frequency, after which area size  

will be included as terms in the model. 

Note that the current model will focus only on a base color of 3800K and a color direction 

tangent to the black body line. Yet, it is known from Vogels & Lambooij (2014) that base color 

and color direction also have a significant influence on chromatic contrast sensitivity. Although 

the model would be more complete with the inclusion of these factors, adding them is beyond 

the scope of the current research.  

4.1. Spatial frequency 

Modeling CVT as function of spatial frequency can be structured into two stages: the increase 

of CVT for extremely low spatial frequencies, and the increase in threshold for higher spatial 

frequencies. 

Following the literature, the contrast 

sensitivity function for chromatic 

gratings has a low-pass shape. However, 

measuring extremely low spatial 

frequencies, Daatselaar et al. (2015) 

found that the CVT increases for these 

low spatial frequencies. This finding is 

supported by the data of the current 

research, and by Watanabe, Sakara, and 

Isono (1976), who measured a slight 

decrease of chromatic contrast 

sensitivity at extremely low spatial 

frequencies.  

The increase of the visibility threshold 

for high spatial frequencies is (partly) 

caused by neural properties and the 

properties of the optical system of the 

eye. When bars are positioned too close 

to each other, the optical system of the 

eye cannot fully resolve the image due to 

diffraction. Diffraction is the optical 

limit on the resolution and quality of the 

image, resulting from the wave nature of 

light and the finite diameter of a lens. 

Diffraction occurs in camera lenses but 

also in the lens of the eye. When an 

image is not fully resolved, the modulation depth of the image on the retina (retinal image) is 

 
Figure 4.1. The decrease of modulation depth of the retinal 

image as function of spatial frequency. The top graph shows 

the modulation depth of the object (corneal image). The 

graph in the center shows the modulation transfer function 

(MTF) as function of spatial frequency. The bottom graph 

shows the modulation depth of the retinal image, which is 

lower due to diffraction. 
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less than the modulation depth of the object (corneal image) (Figure 4.1). The magnitude of the 

response of the optical system can be described with the modulation transfer function (MTF, 

Figure 4.1). Each pattern has its own MTF, and the MTF is fundamentally dependent on spatial 

frequency. The middle graph in Figure 4.1 shows such an MTF, which seems to be nearly 

linearly dependent on spatial frequency.  

Besides the optical properties, the high spatial frequency cut is also related to the receptive field 

center size. The effective center size of an LGN cell’s receptive field is different for luminance-

varying and for chromatic-varying contrasts (De Valois & De Valois, 1990). This explains why 

the contrast sensitivity function for luminance contrasts peaks at a different spatial frequency 

compared to the contrast sensitivity curve for chromatic contrast (Section 1.8).  

To describe the effect of spatial frequency, we thus need a term describing the increase of CVT 

for high spatial frequencies, which appears (from the experimental data and the MTF) to be 

linearly dependent on spatial frequency. We also need a term describing the magnitude of the 

increase of CVT for extremely low spatial frequencies. The CVT will increase for spatial 

frequencies lower than for which half a cycle can be perceived in one field of view (i.e. the 

modulation depth will not be reached for gratings for which less than half a cycle is perceived). 

For spatial frequencies very close to zero, the CVT will then be infinitely high. Therefore, a 

constant/SF term was chosen. Both terms are shown in equation 4.1: 

 

𝐶𝑉�̂�(𝑆𝐹) = 𝑎 ∗ 𝑆𝐹 + 𝑏 +
𝑑

𝑆𝐹
 (4.1) 

 

where 𝐶𝑉�̂� is the predicted CVT in Δu’v’, and the constants a, b, and d are determined by a fit 

through the experimental data, where 

𝑎 = 8.5*10-4, 

𝑏 = 4*10-4, and 

𝑑 = 6*10-5. 

Data points of the previously determined CVT’s and the fit according to equation 4.1 are shown 

in Figure 4.2.  
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Figure 4.2. Data points are CVT’s resulting from the 2014, 2015, and 2016 experiment. These CVTs are 

averaged across orientation and participants. The dashed line is the fit through these points as described 

by equation 4.2. 

 

The data points on which the fit in Figure 4.2 is based are CVT’s for chromatic gratings for that 

spatial frequency with the largest area size. For the variations with a smaller area sizes, the CVT 

is significantly higher, as found in section 3.4. For this increase of CVT for smaller area sizes, 

a correction term has to be added. Following the theory (section 1.11 and 1.13) and the 

experimental results (section 3.4), this correction term should include two parts: the effect size 

(the magnitude of response summation), which is dependent on spatial frequency, and a point 

after which the CVT does not decrease anymore after adding area size (response saturation). 

4.2. Area  

The first step is to determine the magnitude of the effect of the area size (of the grating) on the 

CVT. In the results chapter, we have seen that this magnitude depends on spatial frequency. In 

order to obtain an as accurate as possible estimate for this magnitude, the data of Vogels & 

Lambooij (2014), Daatselaar et al. (2015), and the current experiment is used for the 

development of the model. The magnitude of the effect of area on the CVT is given by the slope 

of the line which predicts the CVT as function of area for a given spatial frequency. So, such a 

slope represents the (linear) prediction of the increase of CVT (Δu’v’) due to a decrease of the 

area (squared degrees) of the grating. In Figure 4.3 these slopes are shown for spatial 

frequencies in the range of 0.05 – 0.5 cpd. For spatial frequencies between 1 cpd and 5 cpd, this 

effect was found to be not significantly different from zero. Hence, the slope was set at zero for 

these points.  
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It was chosen to fit the data points with a constant/SF equation because this way, the function 

fits the data well and would never give a negative CVT, which would not be in line with the 

theory. 

Fitting a curve though the slopes leads to equation 4.3: 

 𝑠𝑙𝑜𝑝𝑒𝐴𝑟𝑒𝑎(𝑆𝐹) =  
𝑒

𝑆𝐹
 (4.3) 

 where 𝑒 is equal to 3*10-8. The slopes and equation 4.3 are shown in Figure 4.3.  

 
Figure 4.3. The change of CVT for a decrease of area with 1 squared degree as function of spatial 

frequency. The data points are based on the data from Vogels & Lambooij (2014), Daatselaar et al. (2015), 

and the current experiment. The function is a fit through these points. Note the logarithmic scale on the x-

asis. 
 

The point of response saturation for area (𝐴𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛) did not depend systematically on spatial 

frequency and was thus fitted as a constant. The value for 𝐴𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 is 869 squared degrees 

of visual angle.  

The term representing the correction for area sizes for which saturation of response summation 

is not reached is then given by equation 4.5. 

 𝐶𝑉�̂�𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛(∆𝐴) =  {
𝛥𝐴 ∗ 𝑒/𝑆𝐹 

0 
 

𝑓𝑜𝑟 ∆𝐴 > 0
𝑓𝑜𝑟  ∆𝐴 ≤ 0

 
(4.5) 

where ∆𝐴 = 𝐴𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐴𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠 

 

Note that for ∆𝐴 ≤ 0, the correction term for area should not be used because the point of 

saturation of responses is reached is ∆𝐴 ≤ 0.  

4.3. Evaluation of the Model 

To evaluate the model and its correction terms, the data of Vogels & Lambooij (2014), 

Daatselaar et al. (2015), and the current experiment (averaged over participants and orientation 

of the grating) was used to determine the fit of the model. Two measures were used to evaluate 

this fit: the adjusted coefficient of determination (adjusted R2), and the slope of the linear fit 



36 

 

through the predicted vs. observed plot. In such a plot, the observed data is plotted as function 

of the predicted data (Piñeiro, Perelman, Gueschman, and Parulo, 2008). The better the fit of 

the model, the closer the data points are to the identity line (𝑦 = 𝑥). 

In Table 4.1, the adjusted R2, slope of linear fit through the predicted vs. observed data, and the 

mean squared error (MSE) are summarized for the two models (CVT(SF) and CVT(SF, ΔA) 

for two ranges of spatial frequencies (0.025-5 and 0.025-5 cpd). According to the adjusted R2, 

the slopes, and the MSE, the model with the correction term for area of the grating has the best 

fit with the data.  

Table 4.1. Measures of the fit of the model. 
 

sf range 

[cpd] 

Model Adjusted 

R2 

Slope of P vs. O 

plot 

Mean Squared 

Error 

0.025 – 5 
𝐶𝑉�̂�(𝑆𝐹) 0.950 0.943 8.463*10-8 

𝐶𝑉�̂�(𝑆𝐹, ∆𝐴) 0.955 0.957 7.101*10-8 

0.025 – 0.5 

 

𝐶𝑉�̂�(𝑆𝐹) 0.773 1.079 7.853*10-8 

𝐶𝑉�̂�(𝑆𝐹, ∆𝐴) 0.796 0.998 5.889*10-8 

 

Figure 4.6 and 4.7 show the predicted vs. observed plots for 𝐶𝑉�̂�(𝑆𝐹),  𝐶𝑉�̂�(𝑆𝐹, ∆𝐴) 

respectively. The model with the correction term for area predicts better in the region of low 

CVT’s. 

  
Figure 4.6. Observed vs. predicted CVT’s according 

to 𝐶𝑉�̂�(𝑆𝐹) for spatial frequencies in the range of 

0.025 - 5 cpd. 

Figure 4.7. Observed vs. predicted CVT’s according 

to 𝐶𝑉�̂�(𝑆𝐹, 𝐴𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛) for spatial frequencies in the 

range of 0.025 - 5 cpd. 
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5. Discussion 

5.1. Summary  

In the current research, we were able to determine CVTs for a broad range of spatial frequencies 

while also varying the area size, number of cycles, and bar length of the grating.  

We found that receptive fields are not selective to the orientation (horizontal / vertical) of a 

chromatic grating. Since no clear pattern was found in the results between CVT belonging to 

horizontal and vertical gratings, we conclude that the differences in thresholds are caused by 

the behavior of the participants, and not by neural factors. 

Surprisingly, the number of cycles did not influence the CVT in the expected direction. An 

increase of number of cycles made the CVT increase instead of decrease. In the experimental 

stimuli, the bar length changed together with the number of cycles, while keeping the area 

constant. We therefore concluded that bar length causes summation of neural responses, instead 

of number of cycles. 

The CSF of chromatic gratings was found to have a band pass shape. In the region of low spatial 

frequencies, the CVT easily increases if saturation of spatial summation is not reached, which 

means that the area of the grating is smaller than 869 squared degrees of visual angle. With 

increasing spatial frequency, summation of responses increases, in analogy with luminance 

contrasts. For high spatial frequencies (> 0.7 cpd), the CVT increases due to the optical 

properties of the eye and the size of the center of the receptive fields.  

5.2. Experimental data 

In the current experiment, chromatic visibility thresholds (CVTs) of different variations of 

chromatic sinusoidal gratings were psychophysically determined using a staircase method. 

These variations include the orientation of the grating (horizontal / vertical), the area (A) of the 

grating, and the number of cycles (c) in the grating, for 5 spatial frequencies (sf) ranging from 

0.05 to 5 cpd. 

5.2.1. Orientation 

The orientation of the grating was either horizontal or vertical. It was expected that: “Receptive 

fields are not selective to the orientation (horizontal / vertical) of a chromatic grating.” Our data 

showed no main effect of orientation on CVT. However, a significant interaction effect between 

orientation and spatial frequency was found. This result is not in line with the research of 

Bolideau and Faubert (1999), who found a slightly lower threshold for vertically oriented 

gratings. A possible explanation for this is that some people have a vertical anisotropy whereas 

others have a horizontal anisotropy. In the current research, more participants should then have 

a horizontal anisotropy because the average CVT is lower for horizontally oriented gratings. 

However, if we compare average CVTs over conditions of participants, we only find two 

participants who might have a horizontal anisotropy (Figure 3.2). On the other hand, we find 

four participants who might have a vertical anisotropy. Analysis of the data on participant level 

does thus not show a difference on participant level, which is in line with the universal truth 

that on average all people are the same.  

The pattern of the difference of CVT between horizontal and vertical gratings is parabolic 

(Figure 3.1), which differs from previous findings in which the effect of orientation was most 

pronounced for high spatial frequencies (Campbell et al., 1966; Mitchell et al., 1967). The 

results may also be explained by the fact that the data of the experiments is behavioral. It could 
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be that participants had a preference for a specific arrow on the keyboard when they did not 

detect the pattern, instead of having a horizontal or vertical anisotropy. Having a preference for 

an arrow could lead to a lower threshold for the corresponding orientation of the grating. Yet, 

the use of such a strategy should then apply to all spatial frequencies, not only for 0.5 and 1 

cpd. Summing up, this study has been unable to demonstrate a clear H-V effect. Hence, we 

continued our data analysis and modelling assuming that receptive fields are not selective to 

the orientation (horizontal / vertical) of a chromatic grating. 

5.2.2. Area size 

The area size of the grating was varied in three levels (A1 = 2A2/3 = A3/3) and the influence of 

this variation on CVT was tested for 5 spatial frequencies. We expected that an increase of 

detection probability (i.e. a lower CVT) is caused by an increase in stimulus area size and that 

spatial frequency is inversely related to response summation for stimulus area size. We indeed 

found a highly significant main effect of area grating size on CVT in our experimental data. 

Furthermore, we found an interaction effect between grating area size and spatial frequency on 

CVT; so the difference of group means between area sizes differed for different spatial 

frequencies. For low spatial frequencies, these differences between group means were larger 

than for high spatial frequencies (1 & 5 cpd). It should be noted that if response saturation 

reached, there will be no effect of area size on CVT. This is what probably happened for high 

spatial frequencies in the current experiment. So, it could be that for the smallest variation in 

area, the response was already reached for the high spatial frequencies (1 & 5 cpd). On the other 

hand, one can also argue for a minor effect of area size on CVT for high spatial frequencies. 

For low spatial frequencies (0.05, 0.1, and 0.5 cpd), we found a highly significant effect of area 

size on CVT. The results confirm that, although there is evidence for two separate systems for 

the perception of luminance and chromatic contrasts, the theory of spatial summation applies 

for both kinds of contrasts. We accept our hypotheses for area, arguing that the increase of the 

size of an area of a chromatic grating increases the detection probability in a similar way as it 

does for luminance contrasts.  
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5.2.3. Number of Cycles 

The number of cycles in the grating was varied in three levels (c1 = 2c2/3 = c3/3). It was expected 

that “an increase of detection probability (i.e. a lower CVT) is caused by an increase in the 

number of cycles in a grating” and that “spatial frequency is inversely related to response 

saturation for the number of cycles in a grating”. We did find a significant main effect of number 

of cycles. The interaction effect of spatial frequency and number of cycles / bar length on CVT 

was not significant. The main effect was not in the expected direction. More cycles in a grating 

causes the CVT to increase instead of decrease. It may be counter-intuitive to say that an 

increase in of number of cycles leads to a higher CVT, especially given the large body of 

literature for the effect of the number of cycles on sensitivity of luminance contrasts. These 

studies may confound number of cycles with area 

of the grating, or use the number of cycles as 

spatial frequency dependent measure for area size. 

It should be noted that in the current experiment, 

the bar length inherently decreased with an 

increasing number of cycles with a fixed area size. 

So, it could be stated that the data of the 

experiment show an effect of bar length instead of 

number of cycles. This would be in line with 

research of, for example, Howel and Hess (1987), 

who claim that the relative length of a bar (in a 

luminance grating) negatively influences the 

CVT. Another interesting study which supports 

the finding of Howel and Hess was conducted by 

Polat and Tyler (1999), who researched the effect 

of the shape of Gabor patches. In their study the 

visibility of circular and elongated Gabors 

(luminance contrast, Figure 5.1) was investigated. They found that participants were most 

sensitive to the elongated patch in which the envelope orientation was in the same direction as 

the bars (collinear direction). They concluded that summation preferentially occurs in the 

collinear direction of a grating. A similar experiment was conducted by Watson (2000). 

However, he did not find a difference between sensitivity for a collinear and orthogonal 

direction of elongated gratings. We reject our hypotheses for the effect number of cycles, since 

we did not both expectations about the effect of the number of cycles on CVT were incorrect.   

5.3. Model 

Besides predicting the CVT, the model enables us to evaluate the magnitude of the influence of 

area on CVT. Most of the variance in the data was explained by spatial frequency. Adding a 

correction term for area added only 0.5% to the adjusted R2 value. However, the influence of 

the correction term for area is larger for low spatial frequencies. In the range of spatial 

frequencies from 0.025 to 0.5 cpd, addition of the correction term for area added 2.3% to the 

adjusted R2 value. It has to be noted that this increase of fit is minor. The spatial frequency still 

remains having a dominant influence on CVT. The lower the spatial frequency, the larger the 

influence of area size on CVT. In contrast, for high spatial frequencies the CVT is dominantly 

influenced by the size of the center of receptive fields and the MTF. The higher the spatial 

frequency, the larger the effect of the MTF and the higher the CVT.  

 
Figure 5.1. Elongated (left, right) vs. circular 

Gabors (center). 
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To our knowledge, no research has been conducted before on the effect of area size on visibility 

thresholds for chromatic gratings with (very) low spatial frequencies. Doing research in a new 

topic sometimes brings new difficulties. In our case, it remained difficult to draw conclusions 

about finding magnitudes for response summation and saturation. Despite the few data points 

we had, we were still able to estimate a magnitude for response saturation and summation.  

5.4. Limitations and Future Work 

A limitation is that we describe neural processes (receptive fields and (saturation of) spatial 

summation) with behavioral data. Although we can make inferences based on behavioral data, 

it would still be better if we would measure the neural responses at their source, limiting the 

assumptions about neural activity that have to be made.  

In the current research, we have limited our scope to a few factors influencing the CVT. From 

previous research, it is known that there are two major factors influencing the CVT as well. 

Previous observations in both the luminance and chromatic domain, show that the average 

luminance level also has a major influence on the visibility thresholds (e.g. Meeteren & Vos, 

1972; Kim, Mantuik, & Lee, 2013). A future challenge could be the inclusion of average 

luminance level or local luminance level in the current model. Another factor that has a major 

influence on the CVT is the choice of the chromaticities: the base color and the color direction 

(Vogels & Lambooij, 2014). Including these factors in the model will make the model more 

complete and accurate.  

5.5. Conclusion 

Taking the above together, it can be concluded that, for lighting applications, color non-

uniformities are easiest detectable for spatial frequencies in the range of 0.1 – 1 cpd. Spatial 

frequencies in this range should therefore be avoided because chromatic contrast sensitivity is 

very robust to variations in gratings for medium spatial frequencies (around 0.1 - 1 cpd) 

irrespective of variations in area of the color non-uniformity.  
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Appendix A: Features of a Sinusoidal Modulating Grating 
A sinusoidal grating is a stimulus that consists of parallel bars which modulate sinusoidally. A 

sinusoidal grating consists of the following features: 

1. The amplitude is the depth of the sinusoidal modulation. The amplitude describes the 

maximum difference between the extreme values of luminance (dark / bright) or color 

(Euclidian distance between two coordinates in a chromaticity diagram). In visual 

perception research, the amplitude is often called modulation depth or contrast. The 

minimum amplitude at which a grating can just be detected is called the visibility 

threshold. 

2. The spatial frequency (SF) is a measure of how often the sinusoid fully modulates 

within one degree of visual angle. Its unit of measurement is cycles per degree of visual 

angle (cpd). The visual angle changes together with viewing distance; hence, spatial 

frequency changes with viewing distance. Figure A.1 shows a luminance grating with 

varying spatial frequency. On the left, the spatial frequency is low; towards the right the 

spatial frequency increases. 

3. Cycle: the number of cycles (c) is a dimensionless number that equals the number of 

modulations of a sinusoid. In Figure A.2, a 3D surface plot of one cycle of a grating can 

be seen.  

4. The phase is a measure of the position of a point of the sinusoid in time. Its unit of 

measurement is degrees, with one cycle being 360⁰. 

5. The orientation of a grating is given by the direction of the bars. The orientation of the 

grating in Figure A.1 is vertical. The orientation of a grating is thus perpendicular to the 

direction of the sinusoid.  

  

 
Figure A.1. An example of a luminance grating with varying spatial frequency (low spatial frequency on the 

left and a high spatial frequency on the right) 

 
Figure A.2. A 3D surface plot of a grating, showing one cycle.  
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Appendix B: The Visual Pathway 
Vision starts with light entering the eye through the pupil. Light is focused by the cornea (static, 

focusses ±2/3 of the light) and the lens (dynamic, focusses ±1/3 of the light), and projected on 

the retina which is located on the back of the eye. The retina is a thin layer of neural tissue that 

consists of photoreceptors, which transduce light into neural signals (electrical response). There 

are two kinds of photoreceptors: rods and cones. There are some 110 million rods and 6-7 

million cones in the human eye. Rods are 

sensitive to changes in luminance (dark – 

light) at low light levels (such as at night) and 

cones are sensitive to higher light levels and 

different wavelengths of light: S-cones to 

short wavelength light, M-cones to medium 

wavelength light, and L-cones to long 

wavelength light. Rods and cones are not 

homogeneously distributed over the retina. 

Roughly 90% of the rods is divided over a 

visual angle of 160⁰ of the retina. 

Approximately 90% of the cones is divided 

over a visual angle of 2⁰, lying in the center of 

the retina, and called the fovea. 

Photoreceptors are connected to horizontal 

and bipolar cells, which are on its turn 

connected to retinal ganglion cells (Figure 

B.1). Ganglion cells fire action potentials, 

which are transmitted to the brain. The 

electrical signal produced by a ganglion cell is 

called a spike. A certain intensity of the 

stimulus must be presented to produce a spike. The number of spikes per second is called the 

firing rate and represents the stimulus intensity.  

Ganglion cells only fire action potentials if some combinations of connected photoreceptors 

fire. The part of the retina that needs to be stimulated in order to make the photoreceptors fire, 

is called a receptive field. Lateral inhibition is the process of inhibiting the firing of nearby 

ganglion cells when a retinal ganglion cell fires action potentials. Due to lateral inhibition of 

ganglion cells, contrast vision and thus edge detection is enhanced.  

There are two kinds of retinal ganglion cells: 

parvocellular (P) and magnocellular (M). 

Their characteristics are given in Table B.1. 

Information from both ganglion cells is 

processed in parallel in separate areas in the 

lateral geniculate nucleus (LGN), but 

recombine in the primary visual cortex (V1). 

V1 receives most of its information from the 

LGN and is specialized in pattern recognition, 

and processing information about static and 

moving objects.  

         

 
Figure B.1. A schematic overview of the anatomy of 

the retina.  

Table B.1. Characteristics of P cells and M cells. 

 P cell M cell 

Cell size small Large 

Receptive field 

size 

small Large 

Response 

duration 

Sustained Transient 

Responds to color Yes No 

Percentage of cell 

population 

80% 10% 

 

Pigmented cell 

Horizontal cell 

Rod 

Cone 

Amacrine cell 

Bipolar cell 

Ganglion cell 
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Appendix C: Overview and Examples of the Experimental Conditions 
The example stimuli in this appendix had a spatial frequency of 0.3 cpd when presented on the 27” screen 

with a viewing distance of 50 cm. A = area of the grating, with A1 = 2/3A2 = 1/3A3; c = the number of cycles 

with c1 = 2/3c2 = 1/3c3; H = horizontal orientation of the grating, and V = vertical orientation of the grating.   

 A1 A2  A3 

H 

c1 

Condition 1 

 

Condition 2 

 

Condition 3 

 

c2 

  Condition 4 

 
 

c3 

  Condition 5 

 

V 

c1 

Condition 6 

 

Condition 7 

 

Condition 8 

 

c2 

  Condition 9 

 

c3 

  Condition 10 
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Appendix D: Specifications of the Experimental Conditions  
 

SF 
[cpd] Condition Orientation 

Height 
[proportion] 

Width 
[proportion] Height [deg] Width [deg] Area [deg²] Cycles 

0.05 1 0 1.00 1.00 29.5 29.5 868.5 1.47 

0.05 2 0 1.00 0.67 29.5 19.6 579.0 1.47 

0.05 3 0 1.00 0.33 29.5 9.8 289.5 1.47 

0.05 4 0 0.67 0.50 19.6 14.7 289.5 0.98 

0.05 5 0 0.33 1.00 9.8 29.5 289.5 0.49 

0.05 6 90 1.00 1.00 29.5 29.5 868.5 1.47 

0.05 7 90 1.00 0.67 29.5 19.6 579.0 1.47 

0.05 8 90 1.00 0.33 29.5 9.8 289.5 1.47 

0.05 9 90 0.67 0.50 19.6 14.7 289.5 0.98 

0.05 10 90 0.33 1.00 9.8 29.5 289.5 0.49 

0.1 1 0 1.00 1.00 29.5 29.5 868.5 2.95 

0.1 2 0 1.00 0.67 29.5 19.6 579.0 2.95 

0.1 3 0 1.00 0.33 29.5 9.8 289.5 2.95 

0.1 4 0 0.67 0.50 19.6 14.7 289.5 1.96 

0.1 5 0 0.33 1.00 9.8 29.5 289.5 0.98 

0.1 6 90 1.00 1.00 29.5 29.5 868.5 2.95 

0.1 7 90 1.00 0.67 29.5 19.6 579.0 2.95 

0.1 8 90 1.00 0.33 29.5 9.8 289.5 2.95 

0.1 9 90 0.67 0.50 19.6 14.7 289.5 1.96 

0.1 10 90 0.33 1.00 9.8 29.5 289.5 0.98 

0.5 1 0 1.00 1.00 29.5 29.5 868.5 14.74 

0.5 2 0 1.00 0.67 29.5 19.6 579.0 14.74 

0.5 3 0 1.00 0.33 29.5 9.8 289.5 14.74 

0.5 4 0 0.67 0.50 19.6 14.7 289.5 9.82 

0.5 5 0 0.33 1.00 9.8 29.5 289.5 4.91 

0.5 6 90 1.00 1.00 29.5 29.5 868.5 14.74 

0.5 7 90 1.00 0.67 29.5 19.6 579.0 14.74 

0.5 8 90 1.00 0.33 29.5 9.8 289.5 14.74 

0.5 9 90 0.67 0.50 19.6 14.7 289.5 9.82 

0.5 10 90 0.33 1.00 9.8 29.5 289.5 4.91 

1 1 0 1.00 1.00 29.5 29.5 868.5 29.47 

1 2 0 1.00 0.67 29.5 19.6 579.0 29.47 

1 3 0 1.00 0.33 29.5 9.8 289.5 29.47 

1 4 0 0.67 0.50 19.6 14.7 289.5 19.65 

1 5 0 0.33 1.00 9.8 29.5 289.5 9.82 

1 6 90 1.00 1.00 29.5 29.5 868.5 29.47 

1 7 90 1.00 0.67 29.5 19.6 579.0 29.47 

1 8 90 1.00 0.33 29.5 9.8 289.5 29.47 

1 9 90 0.67 0.50 19.6 14.7 289.5 19.65 

1 10 90 0.33 1.00 9.8 29.5 289.5 9.82 

5 1 0 1.00 1.00 29.5 29.5 868.5 147.35 

5 2 0 1.00 0.67 29.5 19.6 579.0 147.35 

5 3 0 1.00 0.33 29.5 9.8 289.5 147.35 

5 4 0 0.67 0.50 19.6 14.7 289.5 98.23 

5 5 0 0.33 1.00 9.8 29.5 289.5 49.12 

5 6 90 1.00 1.00 29.5 29.5 868.5 147.35 

5 7 90 1.00 0.67 29.5 19.6 579.0 147.35 

5 8 90 1.00 0.33 29.5 9.8 289.5 147.35 

5 9 90 0.67 0.50 19.6 14.7 289.5 98.23 

5 10 90 0.33 1.00 9.8 29.5 289.5 49.12 
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Appendix E: Informed Consent 
 

 

 

Informed consent form 

This document gives you information about the study “The functional area and number of 

cycles for detection of chromatic contrast”. Before the study begins, it is important that you 

learn about the procedure followed in this study and that you give your informed consent for 

voluntary participation. Please read this document carefully.   

Aim and benefit of the study 

The aim of this study is to measure the chromatic visibility threshold of sinusoidal 

modulating patterns.  This information is used to contribute to the betterment of lighting 

technology without comprising on quality and price. 

This study is conducted by Tijmen Daatselaar, a student under the supervision of dr.ir. R.H. 

(Raymond) Cuijpers of the Human-Technology Interaction group at Eindhoven University of 

Technology.  

Procedure  

 The experiment will be carried out in 3 different sessions. 

 On the display in front of you, an image will appear with either a vertical or horizontal 

pattern. Your task is to press the up or down arrow if the pattern is vertically orientated 

or the left or right arrow if the pattern is horizontally orientated.  

 Examples of patterns and their correct orientation will be given by the experiment leader 

before the experiment starts.  

 Patterns will always appear in the center of the screen. 

 It is important that you do not think too long about your answer; try to answer quickly 

and correctly. 

 Tip: the more correct answers you give, the earlier you will be finished. 

 You will be seated in a chair and your head will rest in a chinrest. Please keep your head 

in the chinrest during the experiment; it will ensure a constant visual angle with respect 

to the screen. 

 A session is finished when the program stops running. 

 

Risks 

The study does not involve any risks or detrimental side effects.  

Duration 

From a previous similar study, it is known that a session will last between 20 and 25 minutes.  

Participants 

You were selected because you are either a working professional or a student at High Tech 

Campus Eindhoven.  
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Voluntary 

Your participation is completely voluntary. You can refuse to participate without giving any 

reasons and you can stop your participation at any time during the study. You can also withdraw 

your permission to use your experimental data up to 24 hours after the study is finished. All this 

will have no negative consequences whatsoever. 

Compensation 

Your participation is appreciated and will be compensated with candy bars or fruit.   

    

Confidentiality  

All research conducted at the Human-Technology Interaction Group adheres to the Code of 

Ethics of the NIP (Nederlands Instituut voor Psychologen – Dutch Institute for Psychologists). 

We will not be sharing personal information about you to anyone outside of the research team. 

No video or audio recordings are made. The information that we collect from this study is used 

for writing scientific publications and will be reported at group level. It will be completely 

anonymous and it cannot be traced back to you.  Only the researchers will know your identity 

and we will lock that information up with a lock and key. 

  

Further information 

If you want more information about this study you can ask Tijmen Daatselaar (contact email: 

tijmen.daatselaar@philips.com).   

If you have any complaints about this study, please contact the supervisor, dr.ir. M.P. (Marcel) 

Lucassen (marcel.lucassen@philips.com). 

 

Certificate of Consent 

 

I, (NAME)……………………………………….. have read and understood this consent form 

and have been given the opportunity to ask questions. I agree to voluntary participate in this 

research study carried by the research group Human Technology Interaction of the 

Eindhoven University of Technology. 
 

 
 
 
 
 
 
 
 
 

Participant’s Signature Date 
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Appendix F: Pilot 1 and 2 
The aim of pilot 1 was to explore the effect of a changing area size while keeping the number 

of cycles constant. The pilot had a 2x2 design (2 levels of area size x 2 levels of orientation 

(horizontal / vertical)). In pilot 2, the shape of the grating for the large area size was changed 

from rectangular to squared, to keep the bar length the same between both orientations. 

Moreover, another condition was added to test the effect of the number of cycles while keeping 

the area size unchanged. Pilot 1 and pilot 2 (both 8 participants) were both conducted with 

sinusoidal chromatic gratings a spatial frequency of 0.3 cpd, base color of 3800K, and a 

modulating color direction tangent to the black body line. Thresholds for both experiments were 

determined using a one-up/three-down staircase procedure that converges to 75% correct 

responses. The stimuli of the conditions are shown in Table F.1. Average chromatic visibility 

thresholds (CVTs) over participants are shown in Figure F.1.  

Table F.1. Conditions in Pilot 1 (condition 1 – 4) and Pilot 2 (condition 5 – 10). 
 

Condition 1 

 

 

Condition 2 

 

 

Condition 3 

 

  

Condition 4 

 

 

Condition 5 

(squared) 

 
Condition 6 

(congruent) 

 

Condition 7 

(incongruent) 

 

Condition 8 

(squared) 

 

Condition 9 

(incongruent) 

  

Condition 10 

(congruent) 

 

  

From Figure F.1, a clear trend is visible, that is a 

lower threshold for larger area sizes of the grating. 

The number of cycles does not seem to affect the 

visibility threshold much. There seems to be no 

difference between horizontal and vertical 

gratings. The absence of the effect of number of 

cycles could possibly be explained by the shape of 

the stimulus. For example, condition 9 and 10 

have a fixed area size of the grating, while the 

number of cycles is changing together with the 

shape of the grating. We can then make a 

distinction between a congruent shape and an 

incongruent shape. Condition 9 has an 

incongruent shape, because the (local) bars in the 

grating (vertical) are perpendicular to the ‘global’ 

shape of the grating (vertical). Condition 10 would then be congruent. Now, the thresholds were 

determined following a staircase procedure in which participants had to indicate the orientation 

of the grating. It could be the case that, at threshold level, participants only detect the global 

shape, resulting in a lower CVT for congruent stimuli, and a higher CVT for incongruent 

stimuli. The question remained whether this global-local effect exists, or that the number of 

cycles simply did not influence the threshold. To answer this question, a third pilot was 

conducted (Appendix G). 

 
Figure F.1. Mean thresholds over participants for 

the pilot conditions with 95% confidence 

interval. 
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Appendix G: Pilot 3 
To find out whether or not the global-local effect (Appendix F) exists, pilot 3 was conducted, 

for which the same stimuli were used as in pilot 2 (i.e. Table F.1, condition 5 – 10).  

In pilot 3, thresholds were determined using the method of limits. In total, there were 6 stimuli 

for which the threshold was determined in an ascending series, and a descending series. For the 

ascending series, participants had to increase the contrast until the grating was just visible. In 

the descending series, participants had to decrease the contrast until the grating was just visible.  

For the descending series, participants start with a clearly visible grating, the orientation of the 

grating is thus known from the beginning. Hence, the presumed local-global effect cannot exist 

in the descending series. 

If the global-local effect exists, it should affect thresholds for the ascending series. Participants 

start with a uniformly colored display; so, the orientation of the grating is not visible from the 

beginning.  

Now, if the effect exists, this should be visible in the data when we compare thresholds with a 

low start contrast with those with a high start contrast. If the effect exists, people should have 

higher thresholds when starting with a low start contrast for the incongruent conditions. The 

threshold for the descending series should not be affected by the global-local effect.  

If the global-local would exist, the differences between thresholds for ascending and descending 

series of the same stimulus should be bigger for incongruent stimuli than for incongruent 

stimuli. This is not the case (see Figure G.1).  

We conclude that the global-local effect does not exist.  

 

 
Figure G.1. Average difference between thresholds for ascending and descending series with 95% 

confidence interval. Stimuli 1, 3, and 5 are horizontally oriented gratings.  Stimuli 7, 9, and 11 are 

vertically oriented gratings. 


