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Abstract 

The aim of this research is to validate a new measure for predicting visibility of periodic and aperiodic 

flicker in general lighting application. The measure is called Flicker Visibility Measure and Is 

computed in the time domain. 

The need of better understanding the visibility of flicker is necessary because of the negative effects 

that flicker can have, on human well being, performance and perception. The severity of the negative 

effects on well being can range from distraction and headache to triggering of migraines, and even 

epileptic seizures. Therefore, new light sources have to be designed to minimize visibly of flicker, via 

improved light quality. This brings the need to understanding flicker visibility for the industry, which 

is important for developing recommendations and regulations. To be able to create regulations there 

is a need for a proper measure. The current measures are not suitable for evaluating light output of 

general lighting systems. This can be for various reasons; some are based on experiments conducted 

in conditions that are inapplicable for our general lighting applications, some are very difficult to 

implement and some are not able to predict aperiodic flicker. The new measure FVMt was developed 

to account for all these aspects. 

This thesis will capture currently used measures and discuss findings about FVMt. It will cover a 

validation of FVMt, a verification of the impulse response model, and a comparison with the current 

measure used by the industry. To do so, two experiments have been performed measuring the 

visibility threshold values for several arbitrary wave shapes. The results show that the Pst measure, 

currently used in the industry, greatly under predicts visibility. Besides the underestimation, Pst is 

also difficult to implement. The proposed measure FVMt is easily implementable and is found to be 

able to predict the visibility of single flickering occurrence reasonably well. However, more complex 

wave shapes are also under predicted. Finally, the model underlying the FVMt measure, impulse 

response, was verified and found to be an appropriate model for the human visual system under 

general lighting applications. In general, FVMt outperforms the currently used measure and is a good 

alternative, but there is still some room for improvement. 
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Introduction 

Light-emitting diodes (i.e. LEDs) are now slowly replacing incandescent bulbs, while maintaining the 

existing wires, dimmers and switches of current household lighting systems (i.e. LED Retrofit). 

Besides the LEDs’ widely known advantages (i.e. their environmental friendly material composition, 

lower power consumption and large applicability in lightning systems), LEDs also offer new 

capabilities. Probably the most interesting capability is their fast response to changes in driving 

current. In combination with pulse width modulation, the LEDs’ light intensity can be controlled 

without changes in the spectrum of the emitted light. This enables full dimming and, together with a 

multi-LED luminaire, also full color control. Although manipulation with pulse width modulation can 

lead to a desirable atmosphere, improper driver settings, interactions with dimmers and, or voltage 

irregularities caused by fluctuations on the mains, can introduce perceivable changes in light 

intensity. These so-called perceivable changes in light intensity are known as temporal artefacts. To 

most applications temporal artefacts are an undesirable attribute. Wilkens, Veitch, and Lehman 

(2010) have reviewed the effects on human health resulting from exposure to temporal artefacts. It 

has been established that the health effects of temporal artefacts can be divided into those that are 

immediate result of a few seconds’ exposure, such as epileptic seizures, and those that are the less 

obvious result of long-term exposure, such as malaise, headaches and impaired visual performance. 

Besides effects on well-being, temporal artefacts can also influence peoples’ performance and 

perception of the environment. A study by Croft (1971), examined the failure of visual estimation of 

motion under strobe. In stroboscopic lighting a beanbag was tossed back and forth at short range. In 

spite of the fact that this is normally a simple task, using a strobe makes it more difficult to make a 

successful catch even though the flash rate provides 5 or 10 images along the trajectory. Similarly, 

Veitch and co-workers found the human visual performance to be significantly higher in high-

frequency fluorescence lighting (i.e. 20 to 60 kHz) than in low frequency (i.e. 120 Hz) fluorescence 

lighting (Veitch & McColl, 1997). An interesting example of the later class of temporal artefacts on 

environmental perception have been reported by Rea and Ouellette (1988), who described that 

perceivable changes in light intensity can have detrimental effects on the spectators view in 

experience of a table tennis match. For example, the table tennis ball can evoke the illusion existing 

multiple times and, or appear to be moving in a discrete manner.  
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Literary overview 

Temporal artefacts 

So far we have identified one effect as temporal artefact that results from temporal modulation of 

light, namely: stroboscopic effect. Another temporal artefact that can result from temporal light 

modulation is the phantom array effect. This effect appears when a saccade is made across a point 

source or a sharp change in luminance of fluctuating light. The point source is then perceived as a 

spatially extended series of light (Perz et al., 2015).  Although we introduced stroboscopic effect and 

phantom array above, present research will focus on the third well-known temporal artefact: the 

flicker effect. Flicker is defined as the perception of visual unsteadiness induced by a light stimulus, 

whose luminance (i.e. luminance flicker) or spectral distribution (i.e. chromatic flicker) fluctuates in 

time, for a static observer in a fixed environment.  

Henceforth, we will consider luminance flicker; spectral distribution is ignored.  

The flicker effect can be categorized into period and aperiodic fluctuations. The later is often referred 

to as transient flicker.  

Both periodic and aperiodic fluctuations originate from the light source, power source and, or other 

quantities. For example, a standard household dimmer can cause a single transient fluctuation 

because the minimum load if the dimmer is not met, or because the combination of dimmer switch 

and LED is not compatible.  

Parameters influencing the visibility of flicker  

 The visibility of luminance flicker depends on several factors, including temporal frequency, stimulus 

size, luminance level, type of flicker (chromatic and or luminance flicker), the waveform of a periodic 

fluctuation, the perceptual load, and the magnitude of fluctuation (Sekulovski, Perz, & Vogels, 2012).  

How our sensitivity depends on the frequency and light intensity, of periodic light fluctuations, has 

been shown by de Lange (1958) and later by Kelly (1961). De Lange (1958) measured the sensitivity 

to sinusoidal stimuli that varied over time for several temporal frequencies and several (averaged) 

retinal illuminance levels. The sensitivity corresponds to the relative amplitude of the sinusoid, thus 

the difference in amplitude relative to the amplitude of the sinusoid of 1Hz. Based on the results 

temporal contrast sensitivity curves were created for each illuminance level. Besides the effect of 

frequency on sensitivity, de Lange (1958) showed, there is a maximum frequency at which people 

can detect flicker. This maximum is called the critical flicker frequency (CFF), and increases with 

retinal illuminance. De Lange (1958) showed that, even though the CFF varies per person, for most 

people this is below 100 Hz. Kelly (1961) also measured sensitivity to flicker as a function of 

frequency for a number of retinal illuminance levels. Besides retinal illuminance levels he also varied 

sharpness of the edge between the stimulus and its surrounding area, in other words contrast 

between the stimulus and its surrounding area and sharp or blurred edges. Kelly (1961) found that 

there is a peak sensitivity for flicker, which gradually shifts from 5Hz to somewhere between 10Hz 

and 20Hz as light intensity increases. The average results of the three highest measured light 

intensities show an increase in sensitivity from 1Hz to 10Hz, and a peak sensitivity between 10 and 
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20Hz, after 20Hz the sensitivity drops. Furthermore, flicker was found to be only visible if the 

frequency is below the critical flicker frequency (CFF). The CFF also dependents on light intensity as 

(Kelly, 1961) showed, CFF shifts to higher frequencies, up to 70 Hz, as light intensity increases. Finally, 

it was found that, in general, sensitivity increases as the retinal illuminance increases up to a certain 

maximum. The finding of frequency dependence, described above, is also supported by more recent 

work of Perz et al. (2013). The work of Perz et al. (2013) shows a curve of sensitivity to flicker at an 

illumination level of 500 lux. The curve first increases until it reaches a peak around 20 Hz and then 

decreases in sensitivity as frequency increases. The difference between the curve of Perz et al. (2013) 

and the curves described above is that the sensitivity is much higher in the curve from Perz et al. 

(2013). This is also in line with earlier findings, as the light intensity used is much higher and instead 

of a stimulus with a limited visual field, Perz et al. (2013) used the full visual field as stimulus.  

Another parameter that influences flicker perception is the stimulus size. The effect of stimulus size 

has been reviewed by Ikeda (1986), who concluded, using the work form Meijer et al. (1978), that an 

increasing stimulus size has two effects on visibility. The first is as can be expected, the larger the 

visual field that is stimulated by the stimulus the more sensitivity increases. The second is based on 

an effect that only occurs with a double pulse. Where a visual field larger than 13.7 min of arc 

introduces a minimum in sensitivity on a curve that shows sensitivity versus delay of the second 

pulse. The minimum sensitivity occurs between 50 and 70 milliseconds after which it return to a 

continuous value, whereas for the small visual field the curve only decreased until it saturates. 

Current measures for flicker  

Currently there are several types of measures used to predict flicker visibility, three of them are, 

Flicker index (FI), Flicker percent (FP) and Pst. 

Flicker Index, illustrated in Figure 1, is 

described by the following equation: 

  𝐹𝐼 =  
𝐴𝑟𝑒𝑎 1

(𝐴𝑟𝑒𝑎 1 + 𝐴𝑟𝑒𝑎 2)
  

This measure takes values between 0 and 1. 

According to IESNA (2000), the FI measure is 

recommended to stay below 0.1 for good light 

quality. The Flicker Index is a measure that 

accounts for different wave shapes and duty 

cycles (IESNA, 2000). Another measure used 

to form an idea of the amount of flicker 

perception is Percent Flicker, also referred to 

as modulation depth. This measure ranges 

from 0% to 100%. FP is defined as follows 

   𝐹𝑃 =  100% 𝑥
𝐿𝑚𝑎𝑥 – 𝐿𝑚𝑖𝑛

𝐿𝑚𝑎𝑥 + 𝐿𝑚𝑖𝑛
 ,  

where Lmax and Lmin represent the maximum and minimum luminance value of the waveform during 

one cycle of the fluctuation (IESNA, 2000). However, both measures do not account for the effect of 

frequency, since both measures are calculated on a single cycle of fluctuation.  

Figure 1: Overview for flicker index and percent flicker, 
from IESNA Lighting Handbook, 9th Edition (Rea, 2000) 
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The third measure is Pst. It was developed by IEC, and it is specified by Standard IEC 61000-4-15. It 

summarizes research supporting the IEC 61000-3-3 flicker standard and establishes the Flickermeter 

as a measurement method.  The output can be interpreted as follows, 

 𝑃𝑠𝑡 =  {
< 1   𝑓𝑙𝑖𝑐𝑘𝑒𝑟 𝑖𝑠 𝑣𝑖𝑠𝑖𝑏𝑙𝑒 𝑎𝑛𝑑 𝑖𝑟𝑟𝑖𝑡𝑎𝑏𝑙𝑒 𝑡𝑜 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 50% 𝑜𝑓 𝑝𝑒𝑜𝑝𝑙𝑒 
> 1              𝑓𝑙𝑖𝑐𝑘𝑒𝑟 𝑚𝑎𝑦 𝑏𝑒 𝑣𝑖𝑠𝑖𝑏𝑙𝑒 𝑏𝑢𝑡 𝑖𝑡 𝑖𝑠 𝑛𝑜𝑡 𝑖𝑟𝑟𝑖𝑡𝑎𝑏𝑙𝑒               

 

However, the downsides of this measure are the data on which the model is based, the complexity 

and its usability. First, the data used to simulate the human eye brain responses is the data of de 

Lange (1958). De Lange conducted his experiments using a visual view of 2 degree, sharp edges, and 

low light levels of 1 troland until 10000 trolands. This means that the results of de Lange are no 

longer applicable to general lighting conditions, where the stimuli is usually as large as full visual field 

and the light levels are much higher. Besides the insufficiency of the data, this measure is very 

complex and therefore difficult to implement. Finally, when considering the usability of Pst for 

general lighting systems, this measure is designed as a representation of flicker visibility for 230V, 

50Hz (or 120V, 60Hz), with a 60W incandescent lamp as a reference, which poses a problem for LED 

lighting system.  

To obtain a better understanding of the complexity of Pst, a brief description on the build-up is given. 

The Flickermeter is generally described in 5 blocks, shown in Figure 2. Block 2 through 4 represents a 

lamp-eye-brain response. In the first block the input voltage is normalized and downscaled, such that 

the output of the block is independent of the original voltage of the input. The second block models 

an incandescent lamp. This block demodulates the normalized input signal and feeds it in to a 

squaring multiplier to retrieve the voltage fluctuations that could cause visible temporal artefacts. 

The third block contains several filters followed by a range selector. The range selector determines 

the sensitivity of the measurement device. The first filter is a band pass filter, consisting of a high 

pass filter with a cut-off frequency of 0.05Hz for elimination of DC components and a low pass filter 

with a 100Hz cut-off value (or 120 Hz in case of a 120V, 60Hz ). The second filter is a weighting filter 

that models the sensitivity to flicker of an average observer’s eye and has a peak sensitivity at 8.8 Hz 

(Rogoz, 2003).  

The forth block completes the eye-brain response, simulating the nonlinear eye-brain response with 

a squaring multiplier and the perceptual storage effects with a low pass filter. The output of this 

fourth block represents the sensation of flicker. 

The fifth block computes a cumulative probability distribution over 10 minutes of the amplitude of 

output of the fourth block. This statistical classification, with the 10 minutes, is defined as the short-

term flicker severity (Pst). If the summation is made over a period of 2 hours it is defined as the long 

term flicker severity (Plt).  

Figure 2: Block diagram of the IEC Flickermeter (230V, 50Hz)  
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As discussed above, none of the current measures are fully suited to predict flicker visibility in real 

life situations. Therefore, a new measure is needed in order to predict flicker visibility. Recently, Perz 

et al. (2013), developed a new measure at Philips, called FVM (Flicker Visibility Measure). This is an 

easily implementable measure and because the measure is using the data of Perz et al.(2013),  it is 

applicable for office situations with 500 lux at the desk. The measure transforms the waveform of the 

light output via the Fast Fourier Transform (FFT) into its frequency components. Each frequency 

component is normalized with the corresponding sensitivity per frequency, using the temporal 

contrast sensitivity curve measured by Perz et al. These normalized values represent the visibility per 

frequency component, and are then summated using the Minkowski summation. The result is a 

single value indicating the visibility of flicker. The procedure of FVM is calculated in the frequency 

domain. This means that FVM accounts for effects of frequency and shape of the waveform. 

However, the measure FVM does not account for aperiodic light fluctuations because the light 

output has to be periodic. This is a drawback because not all perceivable changes in light are 

periodic. Therefore, a new measure that also includes aperiodic flicker is preferred. This could be 

solved using a measure that calculates in the time domain. Human temporal processing can be 

modelled using the impulse response function of the visual system. 

Modelling the human visual system in the time domain  

The impulse response is a function that represents the response of a system to a brief input signal as 

a function of time. Visual perception can be modelled as the convolution of an input signal with the 

impulse response, abbreviated as IR, of the visual system. How such an impulse response could be 

obtained will be described below. 

 

We already have an accurate measure in the frequency domain, namely FVM. Therefore, a first 

logical step seems to convert the sensitivity curve of FVM, in frequency domain, via the Inverse 

Fourier Transform (IFT) to a corresponding IR. However, the IR obtained via IFT is not an exact 

reconstruction of the IR that represents the human visual system (HVS), because the sensitivity curve 

only contains the amplitude response and not the phase response of the human visual response. To 

be able to reconstruct the IR representing the HVS the phases and the amplitudes are necessary 

information. Fredericksen and Hess (1998) found a different approach to make an IR based model. 

They describe an IR model as a set of impulse response functions. The set consists of a basic impulse 

response and with its derivatives. To create an IR of the human visual system, they took the IR set 

and used the FFT on each individual impulse response to create the corresponding sensitivity curves 

in the frequency domain. Fredericksen and Hess then combined the sensitivity curves, such that the 

summation is the closest possible fit to the sensitivity curve in the literature, which is based on data 

from de Lange (1958). After figuring out the combination sensitivity curves, they took the 

corresponding impulse response functions from the IR-set. The IR-model that represents the human 

visual temporal processing is modelled by the convolution of the selected impulse response 

functions.  

To help understanding the difference between several IR models it is good to realize that each IR can 

be seen as a filter or a set of filters. The model from Fredericksen and Hess (1998) is based on the 

convolution of two impulse responses from a set of impulse responses. The set is defined as the basic 

response and its every next derivative. The set can also be described as a low pass filter (basic 

impulse response) and increasingly narrower band pass filers. The model from Fredericksen and Hess 
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(1998) is thus a combination of a low pass filter and a band pass filter. Other models use different 

approaches. A second model, proposed by Watson (1979, 1986), is a temporal impulse response 

consisting of a single linear filter. The model is based on two mechanisms consisting of eight 

parameters. This method is also difficult to implement and not very convenient. Watson’s model has 

many variables that have to be fitted on measured data and is difficult to understand and work with.  

The new measure, FVMt 

 

All of the currently described measures are either incapable of predicting the visibility of aperiodic 

flicker or based on data insufficient for modelling general lighting system. Therefore, a new measure 

for flicker is proposed by Philips, the Flicker Visibility Measure in the time domain (FVMt). It predicts 

the visibility of flicker for periodic and aperiodic flicker. The measure is based on the model of 

Fredericksen and Hess (1998), using the same method to construct the IR model. Therefore, FVMt is 

defined starting with the basic impulse response from Fredericksen and Hess (1998), ℎ𝑔(𝑡) = 𝑢(𝑡) ∗

exp[−(ln (𝑡/𝜏)/𝜎)2 ] where 𝑢(𝑡) is a unit step function, 𝜏 determines the peak position of the IR and, 

𝜎 determines the width of the IR. According to the method two temporal filters are required to 

describe the response of the HVS. These filters are described by the basic impulse response (h1) and 

its second derivative (h2). Next the measure was fitted to the sensitivity curve of Perz et al. (2013). 

Resulting in the basic impulse response for FVMt, ℎ1(𝑡) = 𝑢(𝑡) ∗ exp[−(ln (𝑡/0.0595)/0.3855)2 ], 

and a formula of FVMt:  

𝐹𝑉𝑀𝑡 = 733 ∗ √√∑(𝑟1−�̅�1)2

2.55

4 

+ √∑ 𝑟2
2

4
4

 . 

In the formula there are two filters described as 𝑟𝑥, where the first is a low pass filter described 

as  𝑟1 = 𝑓(𝑡) ∗ ℎ1(𝑡), and the second a band pass filter described as  𝑟2 = 𝑓(𝑡) ∗ ℎ2(𝑡), and as 

described earlier, ℎ2(𝑡) =  ℎ1′′(𝑡). Because FVMt predicts the absolute flicker visibility by calculating 

the visibility for the 90th percentile, the output of FVMt can be interpreted as follows, 

 𝐹𝑉𝑀𝑡 =  {
 < 1 𝑓𝑙𝑖𝑐𝑘𝑒𝑟 𝑖𝑠 𝑣𝑖𝑠𝑖𝑏𝑖𝑙𝑒 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑡ℎ𝑎𝑛 0.1
> 1     𝑓𝑙𝑖𝑐𝑘𝑒𝑟 𝑖𝑠 𝑣𝑖𝑠𝑖𝑏𝑙𝑒 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑙𝑎𝑟𝑔𝑒𝑟 𝑡ℎ𝑎𝑛 0.1

  

 

The implementation of FVMt compared to the Pst is relatively simple, and secondly FVMt is more 

robust to varying light sources. However, FVMt still needs validation. Therefore, the goal of this study 

is to validate this new measure for predicting the visibility of transient effects. 

To validate FVMt we want to test if FVMt is significantly different from 1 when the input signal is at 

threshold level. Because there is no reference on acceptable amounts of FVMt, we will test for a 

difference of 0.35 FVMt from 1, as a detection threshold base line for this study, with at least a 

power of 0.9. 

Secondly, Fredericksen and Hess (1998) showed that the method they used resulted in a good model 

for the HVS at lower light levels. For FVMt it is assumed that this is also the case for the higher light 

intensity levels. Therefore, we will also verify the IR-model that represents the HVS for a higher light 

intensity level at full visual field. This will be done using the concept described below. 
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An additional concept based on characteristics from an impulse response.  

Based upon the work of Ikeda (1965,1986) and 

Roufs (1974), both using the data from de Lange 

(1958), there is a concept that states that the 

visibility of a double pulse is determined by the 

summation of the response from each pulse. 

Roufs (1974) illustrated the theoretical 

explanation that shows the interaction between 

the responses of a negative pulse and a positive 

pulse of both 4ms and the same intensity of 1 

troland. He describes the IR-model as a quasi-

linear system containing a band pass and a low 

pass fitter. Figure 3 shows 4 illustrations of 

responses to a corresponding pulse set. The first 

and second illustration show the response of a 

single positive or negative pulse, based on the 

IR-model used by Roufs(1974). The third and the 

fourth show the expected interaction of a 

double pulse. The third shows an interval, 

between the onsets of the pulses, of 34 ms and 

the fourth an interval of 4.5 ms.  

The interval of 34ms, in the third illustration, is 

based on the delay of the second peak from the 

first pulse (71ms) minus the delay of the first 

peak of the second pulse (37ms). Such that the 

summation, of both the positive and the 

negative pulse, result in a maximal increased 

visibility. The interval of 4.5ms, in the fourth 

illustration, shows that the summation of the 

responses of the two pulses reduces each other 

and thus minimizes the visibility. 

The concept of Roufs (1974) was combined with 

the characteristics of the IR-model used in FVM, 

to determine the time intervals that would be 

needed for recreating effect on the visibility of 

double pulse signals described above. Because the 

IR-model of FVMt is based on a convolution of two 

responses, a summation like above is rather difficult. 

So, instead of summating by hand, the FVMt measure was used. As an input for FVMt a signal was 

created with a single pulse of 4 ms. Secondly, a second pulse of 4ms and with equal amplitude was 

added onto the signal. This resulted in a signal where the first pulse has fixed positive amplitude and 

the second has a positive or a negative amplitude.  

Figure 3: (Roufs, 1974) Illustration of the interaction of a 
positive and a negative pulse. Both pulses have a 
duration of 4ms.The intervals of 34 ms and 4.5 ms was 
measured between the onset of the pulses. 
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Next, multiple signals where created and analysed by FVMt, varying the delay of the second pulse. 

Figure 4 shows the result of two pulses of 10 Lux amplitude at a 500 Lux time averaged light level, 

and shows FVMt output as function of the onset delay of the second pulse. The 10 Lux is chosen as 

this will later, in experiment 2, also be used as the amplitude of the first pulse. Based on Roufs 

concept and the characteristics of the IR-model within FVMt, the double positive pulse will have the 

largest FVMt output, thus the largest visibility, when the onset of the second pulse starts 5 ms after 

the start of the first pulse. In the case of a negative second pulse, the FVMt output is largest at an 

delay of 26 ms. On the other hand, the summation can have a suppressing effect on the visibility of 

the double pulse. This suppressing effect is the case when a second pulse is negative and starts 5 ms 

after, or when the second pulse is positive and starts 26 ms after the start of the first pulse. 

In Figure 4 it can be seen that the summation effect on the visibility is less strong at a delay of 26 ms 

than at a delay of 5 ms from the opposite second pulse (positive/negative).  

 When assuming the model of FVMt is a correct representation of the HVS, we theoretically could 

also use FVMt output as input to regain the amplitudes of the second pulse, given the pulse width of 

4 ms and a fixed amplitude of 10 Lux for the first pulse. This means, when taking the output of Figure 

4 into account, that the distance of the Y-value from 1 is a rough indication for the amplitude of the 

second pulse. Four predictions can be made here. The first is that the second pulse will always have 

to be larger than the first pulse of 10 Lux, as none of the double pulses reached FVMt equal to 1. The 

second, there will be an ordering of double pulses possible where the amplitudes of the pulses with a 

delay of 26 ms will lay between the amplitudes of the short delayed pulses. The third, based on the 

difference in Y-values, the two cases where the summation effect leads to a maximum visibility, the 

difference is so small that effect is almost equal and thus may result in almost equal amplitudes. The 

fourth, when the amplitude of the second pulse does not change direction, the interaction effect of 

the summation will result in the opposite effect when the time delay increases from 5 ms to 26 ms.   

Figure 4: FMVt output versus the start time of the second pulse. The green curve corresponds to the two positive pulses, 
the red curve corresponds to a positive pulse and a negative second pulse. The dashed blue corresponds to only one 
pulse. Both pulses are 4ms and have an amplitude of 10 Lux, with an average light output over time of 500 Lux. 
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Method 

In this part 2 experiments will be described, both with the main goal to validate the new measure 

FVMt. To be more precise, evaluate the ability to correctly predict aperiodic flicker. In other words, 

predicting the visibility of a single light transition. Therefore, both experiments will contain a single 

light transition per stimuli.  

Experiment 1 

Because there was very little know about the new measure, as mentioned earlier, the fist experiment 

is relatively small. The data from this experiment was later used to calculate effect size and 

determine the amount of participants needed for the second experiment.  

Design  

Experiment 1 was a full factorial within-subject design, with type of light transition being the 

independent variable (8 levels). The dependent variable was the visibility threshold, expressed as 

amplitude of the light transition.  

 

Experimental set-up 

The experiment was conducted in an experimental lab of the Behavior, Cognition and Perception 

group from Philips Research Europe.  

The lab measured 7x4x3 meter (DxWxH) with a grey carpet and white walls. Unused equipment and 

tables in the room were covered with grey fabric. In the room there were two luminaires (Philips 

Savio, 60x60 cm) mounted, in a frame at a height of 2.5 m from the floor, and they were separated 

by 0.8 m. Each luminaire contained 8 rows of 25 cool white LEDs with a color temperature of 7000 

Kelvin. The LEDs were driven by an Agilent programmable power source, controlled by a waveform 

generator. The waveform generator was remotely operated, through the network, by a laptop. The 

laptop was placed on a table nearby the participant, an external keyboard and a head set were 

connected to it.  

As shown in Error! Reference source not found., a participant was seated approximately 1 meter 

from the wall in the middle and just behind the two luminaries, while wearing the headphone. 

Participants were instructed to watch the wall at eye height somewhere around spot D in Figure 5. 

This experimental set-up has been chosen because a similar set-up was successfully used in previous 

researches for evaluating several measures of flicker visibility (Perz, Vogels, & Sekulovski, 2013). 
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Figure 5: The experimental setup, overview of the room at two angles.  
 Averaged illumination level at: A= 125 cd/m2, B= 40 cd/m2, C= 85 cd/m2, D= 109 cd/m2 

Stimuli 

The visibility thresholds for flicker were measured for light illuminating a white wall. The emitted 

light of each stimulus had a time averaged illumination level of 500 Lux at desk level and a duration 

of 3 seconds, the resulting illumination of the wall at the point of gaze was 109 cd/m2. A more 

detailed overview of the illumination of the wall can be found in Figure 5, the setup overview from 

experiment 2. The stimuli consisted of 8 different light transitions, which were based upon 5 

different shapes: a squared pulse, an exponential pulse and the inverse, a step up and a step down, 

graphically represented in Figure 6. The squared pulse was presented with four different pulse 

widths, respectively; 7 ms, 12 ms, 20 ms and 33 ms. The exponential pulses had a decay time of 210 

ms and were based on a natural exponential function.  

 
Figure 6: The five different transient effect shapes from experiment 1. 

During the experiment the amplitude of the stimuli were varied with a range of 100 steps. The steps 

were chosen such that the maximum amplitude was roughly twice the expected visibility threshold, 

as measured in a pilot experiment. This was done to avoid that the stimuli presented during the 

experiment would exceed the maximum or minimum amplitude, while still keeping the step size 

small enough for an accurate converging to a threshold level. Thus create a maximal resolution with 

the limited number of 100 steps. The stimuli were presented around the middle of the 3 seconds 

time interval. For the square pulse and the inverse exponential the upward flank occurred 1.5 

seconds after the start of the stimulus, and for the exponential pulse the downward flank occurred 

after 1.5 seconds. This was done such that the visible flash would be located roughly in the middle of 

the stimuli. For the step stimuli the light transition occurred after 2.25 seconds. This was done to 

A    B 
 
 
    D 
 C 
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have a smaller difference in the light intensity, at the start of the presented stimuli, to avoid that a 

lower light level in the beginning would give away the stimulus with the light transition. 

Procedure 

Upon arrival, the participants were welcomed and asked to read and sign an informed consent, 

confirming their eligibility for the study. All participants were well informed that they were allowed 

to discontinue the experiment at any time without giving a reason or any consequences. They were 

instructed to do so if they would notice a feeling of becoming unwell, like, dizziness, nauseous or 

headache. 

Next they were seated in front of the wall and given an oral instruction. Firstly, they were given a 

practice session, while thoroughly explaining the procedure.  

Instead of a single time interval, with possibly a transient effect, a sequence of two time intervals 

was shown, in which one interval contained the light transition. Both time intervals had the same 

duration of 3 seconds and each interval was preceded by a beep sound. After the second interval a 

third beep was presented, indicating that the sequence was finished and the laptop was ready to 

accept a response from the participant. Participants were asked to look at the wall in front of them 

and indicate, on an external keyboard, whether the transient effect occurred in the first or the 

second time interval. They were told to press the left arrow key if the effect was visible in the first 

interval and the right arrow key when it was visible in the second interval. However, when the 

participant was unsure, they were instructed to make a guess, creating a two alternative forced 

choice experiment. After the practice session the experiment leader started the experiment and left 

the room. Participants could continue undisturbed until the experiment was finished. At the end of 

the experiment the participants were given a snack as an appreciation for their participation. The full 

procedure took approximately 45 minutes. 

The visibility threshold of each transient effect was measured using a 1 down, 3 up staircase method 

(Engeldrum, 2000). This means that the amplitude of a given stimulus was determined by the 

response to the preceding stimulus with the same shape. The staircase determined the 75% 

discrimination threshold, being the threshold where in 75% of the cases the transient effect was 

detected correctly. This was done via decreasing the amplitude by one step size if the stimuli was 

visible (correct response), and increase by three step sizes if the stimuli was not visible (incorrect 

response). The point at which a transition was made from a correct to an incorrect answer, and vice 

versa, is called a reversal point. After every second reversal point the step size used for changing 

amplitude was decreased. The step sizes used to decrease were 20, 15, 10, 5 and 1 step(s). In total 9 

reversal points were measured for every staircase and the 75% discrimination threshold was 

determined by averaging the last four reversal points. Each participant observed all conditions in 

randomized order 

Participants 

Nineteen subjects (9 male, and 10 female) participated in the experiment. 

We excluded participants that could be oversensitive to temporal modulations in light output. As 

such, participants who suffered from migraines, suffered from (photosensitive) epilepsy and/or had a 

family history of epilepsy were excluded from participation.  
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Experiment 2 

Experiment 2 broadens on the different stimuli types, such that a bigger variety can be tested. 

For instance, half of the stimuli are more complex light transitions, a light transition of multiple 

events. However, only a single flickering may be visible. Four of these new complex stimuli are based 

on double pulses. These new light transition are based on the theory of Roufs(1974) and configured 

using the characteristics of the IR-model from FVMt, as discussed earlier. These light transitions thus 

create the possibility to verify if the IR-model is a correct representation of the HVS, besides the main 

goal of validating the FVMt measure.  

Design  

Experiment 2 was a full factorial within-subject design, with type of light transition being the 

independent variable (16 levels). The dependent variable was the visibility threshold, expressed as 

amplitude of the light transition.  

Experimental set-up 

The experiment was conducted in an experimental lab of the Behavior, Cognition and Perception 

group from Philips Research Europe. The set up was almost the same as in experiment 1. However, 

the headphone was replaced by laptop speakers, and the laptop with a progress bar was placed in 

front of the participant.   

Stimuli 

The visibility thresholds for flicker were measured in the same way as in the first experiment also 

using stimuli with a time-averaged illumination of 500Lux at desk level. This time the stimuli 

consisted of 16 different light transitions, which were based upon 13 different shapes, are graphically 

represented in four rows in Figure 7, and were each row defines a set. 

 The First set contains an exponential pulse, a mirrored exponential pulse (2 exponential shapes 

combined), an exponential step up and an exponential step down. The exponential shape can be 

described by the formula below. Lux is the amplitude of the pulse and variable Y is defined as an 

array from -10 to 0, with a decay time of 1.5sec. 

𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙_𝑠ℎ𝑎𝑝𝑒 = Lux ∗ exp(Y) 

The Second set is a step- up, a linear increase, and two psychometric increases with different slopes. 

The slope of the linear increase is defined by 0.0524 Lux/ms increment in Lux. The second slopes of 

the two psychometric curves are described by the following two formulas. Variable X is defined as an 

array from -0.3 to 0.3 seconds. 

𝑃𝑠𝑦𝑐ℎ𝑜𝑚𝑒𝑡𝑟𝑖𝑐_45 =
𝐿𝑢𝑥

1+𝐸𝑥𝑝((−0.02∗𝑋)/𝐿𝑢𝑥)
       &     𝑃𝑠𝑦𝑐ℎ𝑜𝑚𝑒𝑡𝑟𝑖𝑐_67 =

𝐿𝑢𝑥

1+𝐸𝑥𝑝((−0.04∗𝑋)/𝐿𝑢𝑥)
 

The slope of the linear increase is equal to the slope of Psychometric_45 at X = 0. 
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Figure 7: The sixteen different stimuli from experiment 2, each row as a set. 

The Third set is based on 4 variations of 4 ms squared double pulses. These variations are a short 

interval positive pulse, a short interval negative pulse, a long interval positive and a long interval 

negative. Short means that the second pulse starts 5 ms after the upwards flank from the fist pulse 

and long means that the second pulse starts 26 ms after the upwards flank from the first pulse. The 

amplitude of the first pulse was fixed at 10 Lux and the amplitude of the second pulse varied.  

The Fourth set is based on a cosine, whose frequency changes abruptly from 100Hz to 200Hz, from 

100Hz to 400Hz, from 135Hz to 400Hz or from 200Hz to 100Hz.  

During the experiment the amplitude of the stimuli were varied with a range of 100 steps. The steps 

were chosen, the same way as in experiment 1, such that there is an optimal resolution for each 

shape of the stimuli. The stimuli were presented around the middle of the 3 seconds time interval.  

The downward flank of the exponential light transitions and the changes in frequency occurred after 

1.5 seconds. The light transition of the step up occurred after 2.25 seconds, and for the exponential 
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step up and down, the linear up and the psychometric curves the middle of the light transition was at 

2.25 seconds. For the pulses, the upward flank of the first pulse occurred after 1.5 seconds.  

Procedure 

The main procedure for each session was the same as in the previous experiment. As this experiment 

contained 4 session, based on stimuli sets represented by the rows in Figure 7,  participants were 

explained what kind of light changes were presented during that session: an increase, decrease  or 

flash.  

 

At the end of every session of the experiment, the participants were given a snack as an appreciation 

for their participation. The full procedure of a single session took approximately 25 minutes. 

The visibility threshold of each transient effect was measured using the same method as in the first 

experiment. The step sizes used to decrease were 15, 10, 5, 3 and 1 step(s). In total 9 reversal points 

were measured for every staircase and the 75% discrimination threshold was determined by 

averaging the last four reversal points. The order of the sets of stimuli was determined by a  

Latin-square design and the stimuli during a set were presented in a randomized order. 

Participants 

Thirty-seven subjects (24 male, and 13 female) participated in the experiment. Seven of the 

participants also participated in the first experiment. Two female participants finished only the first 

and the second set. Their data was added to the dataset. 

We excluded participants that might be oversensitive to temporal modulations in light output. As 

such, participants who suffered from migraines, suffered from (photosensitive) epilepsy and/or had a 

family history of epilepsy were excluded from the participation. 
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RESULTS 

 

First, a brief recap on the definition and meaning of Pst and FVMt output and how the results were 

obtained. Flicker visibility of a waveform can be calculated with FVMt or Pst, and these measures are 

defined as follows: 

 

 𝐹𝑉𝑀𝑡 =  {
 < 1  𝑓𝑙𝑖𝑐𝑘𝑒𝑟 𝑖𝑠 𝑣𝑖𝑠𝑖𝑏𝑖𝑙𝑒 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑡ℎ𝑎𝑛 0.1
> 1     𝑓𝑙𝑖𝑐𝑘𝑒𝑟 𝑖𝑠 𝑣𝑖𝑠𝑖𝑏𝑙𝑒 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑙𝑎𝑟𝑔𝑒𝑟 𝑡ℎ𝑎𝑛 0.1

  

 

 𝑃𝑠𝑡 = {
 < 1  𝑓𝑙𝑖𝑐𝑘𝑒𝑟 𝑖𝑠 𝑣𝑖𝑠𝑖𝑏𝑙𝑒 𝑎𝑛𝑑 𝑖𝑟𝑟𝑖𝑡𝑎𝑏𝑙𝑒 𝑡𝑜 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 50% 𝑜𝑓 𝑝𝑒𝑜𝑝𝑙𝑒 
> 1              𝑓𝑙𝑖𝑐𝑘𝑒𝑟 𝑚𝑎𝑦 𝑏𝑒 𝑣𝑖𝑠𝑖𝑏𝑙𝑒 𝑏𝑢𝑡 𝑖𝑡 𝑖𝑠 𝑛𝑜𝑡 𝑖𝑟𝑟𝑖𝑡𝑎𝑏𝑙𝑒            

 

 

 

In both experiments, 1 and 2, visibility thresholds of a number of light transitions were measured. For 

each light transition at threshold, the values of FVMt and Pst were calculated. Both Pst and FVMt are 

good predictors of flicker visibility if the mean output per light transitions not significantly different 

from one. For FVMt a signal has to be at least 10 seconds. For Pst the signal should be as long as 60 

seconds. Because the original signal is only 3 seconds, the signals were extended to 12 seconds for 

FVMt and 60 seconds for Pst. To do this the light level at the end of a light transition was kept 

constant for the extra duration of the signal. The durations of the extended signals were chosen such 

that they were a multiple of the original duration and met the minimal duration needed for the 

calculation. Using a multiple of the original signal was done to avoid problems with sample rates and 

frame lengths. 
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EXPERIMENT 1  

 

Figure 9 is a graphical overview of the data. The mean values of FVMt and Pst are plotted in a single 

graph on a logarithmic scale. The error bars correspond to the 95% confidence interval of the mean. 

The logarithmic scale is necessary due to the low values of Pst, such that the variation of the 

prediction per light transition is also visible for Pst.  

As described above, the signal used to calculate FVMt is 12 seconds with one transient effect, and 

the signal to calculate Pst is 60 seconds, also with one transient effect. However, for Pst this may be 

considered as “not fair”. Pst breaks the signal into smaller parts and calculates the Pst of each 

individual part. Next, the Pst values of each part are averaged to a single value Pst. Because only one 

interval contains a transient effect the average Pst is drastically reduced. To compensate for this 

another value of Pst was calculated; called PST0. PST0 is based on the 12 seconds signal used for 

calculating FVMt, repeated 5 times, resulting in a 60 second signal with 5 transient effects. In the 

case that a signal did not have the same value at the start and the end of the light transition (e.g. 

upward step function), the signal was alternated with its inverse (e.g. downward step function). 

According to Roufs (1974), there is some literature that shows a difference in sensitivity for a 

downward and an upward flank, however he did not find any difference. Comparing the amplitude of 

type 5&6 and of type 7&8, using an ANOVA with type as factor and amplitude as dependent, also 

resulted in no significant difference. For type 5&6 F(1,34)= 0.1, p = 0.754 and for type 5&6 F(1,34)= 

0.11, p = 0.743. Therefore the method used to create the stimuli for PST0, seems appropriate.  

Figure 8: Overview of the results from experiment 1. The figure shows mean values for the output of FVMt and Pst, 
on a logarithmic scale. The error bars correspond to the 95% confidence interval of the mean. 
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Below, in Figure 10, the results of FVMt are shown in the same graph with PST0 and Pst, on a linear 

scale.   

Figure 10 shows that the values of FVMt of all the light transitions are close to 1, whereas the values 

of Pst are different from 1. It means that FVMt predicts single transient effect reasonably well, but 

Pst gets nowhere near the expected mean, an output of 1. For the further results I will leave out Pst 

and only evaluate the output of FVMt and PST0. 

 

To evaluate how accurate FVMt predicts flicker visibility, several statistical tests were performed on 

the means for each individual light transition at threshold. First, a repeated measures analysis was 

performed, with the measures, FVMt and PST0, and the 8 light transitions as within subject variables, 

to test for differences between light transitions and compare the difference between Pst and FVMt. 

The mauchly test indicated that the assumption of sphericity has been violated. For the main effect 

of light transition, X2(27)= 54.519, p=0.002, and for the interaction of measure* light transition, 

X2(27)= 56.01, p=0.001. Therefore degrees of freedom are corrected using Greenhouse-Geisser 

estimates of sphericity (ԑ=0.52 for the main effect of shape and ԑ=0.502 for the main interaction 

effect). 

 The analysis revealed no significant effect of light transition F(3.642,61.906)= 1.679,  p = 0.171, r = 

0.19 . Therefore, all light transitions have the same FVMt value. The repeated measures only shows a 

significant effect of measures, FVMt and PST0, F(1,17)=110.817, p<0.001 , r=0.93. The interaction 

between measure and light transition was not significant, F(3.517,59.791)=2.586, p=0.053 , r=0.29. 

Figure 9: Overview of the results from experiment 1. The figure shows mean values for the output of FVMt, PST0 and 
Pst, on a linear scale. The error bars correspond to the 95% confidence interval of the mean. 
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 Second, a one sample T-test was used to test if the mean FVMt, averaged over light transitions, 

significantly differed from 1. We found that FVMt, on average, does not significantly differ from 1; 

t(143)=1.333, p=0.185. Next, one-sample T-tests were performed for each light transition to check if 

indeed each light transition was not significantly different from 1. Because clustering also makes the 

average get closer to 1, as some value are above 1 and some below. However, testing each individual 

light transition increases the chance of false rejection of the null hypotheses. To solve this problem, a 

Bonferroni correction could be applied.  

 

Table 1 shows the results of the one sample T-tests for a value of 1 for each individual light 

transition. 

Table 1: One-Sample Test, Experiment 1 

 

Test Value = 1 

t df 
Sig. (2-tailed) 
p < 0,05 Mean Difference 

95% Confidence Interval of the 
Difference 

Lower Upper 

Type.01: FVMt ,617 17 ,545 ,07344 -,1777 ,3246 

Type.02: FVMt 1,152 17 ,265 ,17483 -,1455 ,4952 

Type.03: FVMt 1,550 17 ,140 ,30700 -,1109 ,7249 

Type.04: FVMt ,212 17 ,834 ,02334 -,2087 ,2554 

Type.05: FVMt -1,341 17 ,198 -,16106 -,4145 ,0924 

Type.06: FVMt -,763 17 ,456 -,10351 -,3897 ,1827 

Type.07: FVMt ,552 17 ,588 ,08483 -,2393 ,4089 

Type.08: FVMt ,937 17 ,362 ,15598 -,1951 ,5071 

 

None of the light transitions show a significant difference from 1 at a significance level of p=0.05. A 

Bonferroni correction would decrease the significance level. However, this will not alter the 

conclusions 

 

The results from experiment 1 show a significant difference between the measures FVMt and Pst. 

FVMt was not significantly different from 1 and, hence, makes correct predictions. As Pst is generally 

lower, as visible in Figure 10, and is significantly different from FVMt, as shown by the repeated 

measures, we can conclude that Pst generally under predicts the visibility of light transitions. 
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EXPERIMENT 2 

In experiment 2, the same methodology was used as in experiment 1, with the exception that 

different light transitions were evaluated and the number of participants was increased. The larger 

amount of participants increases the power of the experiment, and allows for detection of smaller 

differences from 1. The values of the measures were calculated in the same way as in experiment 1.  

 
Figure 11 is a plot containing FVMt, Pst and PST0 as well as 95% confidence intervals around the 
means.  

 
From Figure 11 we can see that Pst and PST0 are again lower than FVMt. The expected value of 1 is 

indicated by the horizontal line. For some light transitions the calculated FVMt value is very close to 

1, but for some other light transitions FVMt  is much lower than 1. For the same reason as in 

experiment 1, from this point on only PST0 will be analyzed and Pst will be disregarded. 

To evaluate how accurate FVMt predicts flicker visibility, similar statistical tests as in experiment 1 

were performed on the means, for each individual light transition at threshold. First, a repeated 

measures analysis was performed, with the measures, FVMt and PST0, and the 16 light transitions as 

within subject variables, to test for differences between light transitions and compare the difference 

between Pst and FVMt. 

Figure 10: Overview of the results from experiment 2. The figure shows mean values for the output of FVMt, PST0 and Pst, on 
a linear scale. The error bars correspond to the 95% confidence interval of the mean. 
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Also here the mauchly test indicated that the assumption of sphericity has been violated. For the 

main effect of light transition, X2(119)= 380.333, p<0.001, and for the interaction of measure* light 

transition, X2(119)= 561.909, p<0.001. Therefore degrees of freedom are corrected using 

Greenhouse-Geisser estimates of sphericity (ԑ=0.441 for the main effect of light transition and 

ԑ=0.278 for the main interaction effect). 

 The analysis revealed a significant main effect of light transition F(6.608,224.678) = 41.762,  p<0.001, 

r = 0.73. Therefore, a Tukey’s-b post hoc analysis shown in Table 2 was used to create two subsets. 

Subset 1 containing type 13 to 16, and subset 2 containing type 1 to 12.   

The repeated measures also shows a significant main effect for measure, FVMt and PST0, 

F(1,34)=428.513, p<0.001 , r=0.96, and for the interaction between measure and light transition, 

F(4.177,142.033)=33.874 , p<0.001, r=0.70. Again the prediction of Pst is in general significantly lower 

than FVMt, confirming the finding of experiment 1, that Pst generally under predicts the visibility of 

light transitions. 

Table 2: Tukey B on FVMt of mean output. The dashed line indicates the subset division for this dataset. 

Type N 

Subset 

1 2 3 4 5 

16 35 ,3014     

15 35 ,3827     

13 35 ,4091     

14 35 ,4338     

10 35  ,7104    

11 35  ,7544 ,7544   

12 35  ,8237 ,8237 ,8237  

9 35  ,8660 ,8660 ,8660  

4 37  ,8685 ,8685 ,8685  

1 37  ,9018 ,9018 ,9018  

6 37  ,9379 ,9379 ,9379  

3 37   1,0311 1,0311 1,0311 

7 37   1,0331 1,0331 1,0331 

5 37   1,0342 1,0342 1,0342 

2 37    1,0612 1,0612 

8 37     1,2189 

 

Secondly, a one sample T-test was used to test if the mean FVMt, averaged over light transitions of 

subset 2, significantly differed from 1. We found that FVMt, on average, does significantly differ from 

1; t(435)=-2.899, p=0.004. Next, one-sample T-tests were performed for each light transition to check 

which light transitions were significantly different from 1. 
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Table 3: One-Sample Test, Experiment 2, with * indicating significance after a Bonferroni correction. The dashed line 
indicates the subset division based on Tukey’s-b post hoc analysis found in Table 2.  

 

Test Value = 1 

t df 
Sig. (2-tailed) 
normal  p < 0,05 

Mean 
Difference 

95% Confidence Interval of the 
Difference 

Lower Upper 

Type.1: FVMt -2,203 36 ,0341 -,09822 -,1886 -,0078 
Type.2: FVMt ,603 36 ,5505 ,06120 -,1447 ,2671 
Type.3: FVMt ,433 36 ,6675 ,03109 -,1145 ,1767 
Type.4: FVMt -2,891 36 ,0065 -,13154 -,2238 -,0393 
Type.5: FVMt ,345 36 ,7320 ,03424 -,1669 ,2354 
Type.6: FVMt -,989 36 ,3292 -,06206 -,1893 ,0652 
Type.7: FVMt ,477 36 ,6360 ,03310 -,1075 ,1737 
Type.8: FVMt 3,136 36 ,0034* ,21893 ,0773 ,3605 
Type.9: FVMt -2,035 34 ,0497 -,13399 -,2678 -,0002 
Type.10: FVMt -6,223 34 ,0000* -,28961 -,3842 -,1950 
Type.11: FVMt -3,441 34 ,0016* -,24560 -,3906 -,1006 
Type.12: FVMt -3,386 34 ,0018* -,17627 -,2821 -,0705 

Type.13: FVMt -32,663 34 ,0000* -,59092 -,6277 -,5541 
Type.14: FVMt -22,851 34 ,0000* -,56624 -,6166 -,5159 
Type.15: FVMt -36,746 34 ,0000* -,61728 -,6514 -,5831 
Type.16: FVMt -72,052 34 ,0000* -,69860 -,7183 -,6789 

 
As Table 3 shows, the stimuli of subset 1 are all significantly different from 1, meaning that the 

measure does not correctly predict these types of light transitions. For subset 2 Table 3 shows 7 light 

transitions with a significant difference from 1, at a significance level of p=0.05. This means, that the 

measure does not correctly predict the visibility for 7 out of 12 light transitions. However, as 

mentioned before, we do need to use a Bonferroni correction. Based on the subset, we consider 

them as separate measurements. Hence for subset 1 the Bonferroni correction will result in a p value 

of 0.05/4 = 0.00625 and for subset 2 in a p value of 0.05/12 = 0.004167. After this correction, type 8, 

and 10 to 16 still show a significant difference from 1, as indicated in Table 3 by a star(*). Types 1 

through 8 are similar to the light transitions used in experiment 1. The difference, between similar 

light transitions of Experiment 1 and experiment 2, of now detecting significant differences from 1, 

may be explained due to the larger power of experiment 2. The larger power makes us able to detect 

smaller differences from 1 then in the first experiment. Secondly it is the only transition that has a 

downwards step. However, we already argued via the findings of Roufs (1974) and shown via an 

ANOVA that this should make no significant difference. 

Even though FVMt does not predict flicker for all types of light transitions, it seems to be better than 

PST0.  

 

 

 

  



 G.L.P. Dubois, 0642724 
22 

Verification of IR-Model FVMt. 

For the verification, amplitude of the second pulse 

will be used as dependent variable. As all light 

transitions are on threshold level the FVMt output is 

assumed to be equal for every light transition. 

Hence, the only variation is in amplitude of the 

second pulse, as the first pulse had a fixed amplitude 

of 10 Lux. The first conclusion in the theory was that 

the amplitude of the second pulse has to be larger in 

all cases. As can be seen in Figure 12 or read in Table 

4, this conclusion is true. 

The second conclusion was, due to the interaction 

effect on visibility, that there would be an ordering 

in amplitude of the second pulse. The ordering was 

described as follows; the amplitudes of the pulses 

with a delay of 26 ms will lie between the 

amplitudes of the short delayed pulses. When this 

would be true then the result should show a 

variation in the mean amplitude from the second pulse, per light transition, at visibility threshold. To 

check this we ran an ANOVA with light transition as independent variable and amplitude of the 

second pulse, at visibility threshold, as dependent variable. A significant effect of light transition was 

found F(3,136)=14.558, p<0.001. What can be seen in Figure 12 is that the amplitude of the light 

transitions with a long delay of the second pulse, 26ms,(Type 9&10) are in between the amplitudes 

of the light transitions of the short delay of the second pulse, 5ms, (Type 11&12).  

The Post Hoc Test in Table 4 shows that Type 10 and 11 each are a subset on their own, indicating 

that they are significantly different from all other types. In addition, the post hoc also shows that 

there is no significant difference between Type 9 and 12, which supports the third conclusion of an 

almost equal interaction effect, when interaction results in increased visibility. As shown in Figure 4, 

the double pulse was expected to have an increased visibility, when the second pulse was a negative 

pulse, with a delay of 26 ms (Type 9). The equal amplitude of type 9 and 12 then implicates that the 

summation effect for both a positive short pulse and a negative long pulse. In addition, the 

suppression effect is also visible, shown by a higher mean amplitude of type 10 (the positive long 

pulse) an 11 (the negative short pulse). So, when a pulse is delayed by 26 ms and the direction of the 

second pulse, positive or negative, is unchanged the effect of the interaction indeed changes from 

suppressing to increasing visibility and vice versa, although the effect the is less strong at the 26 ms.   

Table 4: Tukey B on amplitude of second pulse. 

Type N 

Subset 

1 2 3 

12 35 11,8686   
9 35 14,6919   
10 35  20,6653  
11 35   26,0592 

Figure 11: Mean intensity level of second pulse at visibility 
threshold for 500 Lux time averaged Double pulse light 
transitions. The first pulse had a fixed, 10 Lux, positive 
amplitude. 
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This data thus validates that the use of an IR-model within FVMt can predict the interaction between 

successive pulses, in general lighting applications. This is also in line with the findings from Roufs 

(1974), who proved this holds for stimuli with a lower light level and limited visual field, using a 

different IR. However, the currently used IR-model within FVMt seems slightly off. Because for all 

values, of these 4 double pulse light transitions, FVMt is significantly lower than 1, shown in Table 3.  
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Discussion 

The research reported in this report was conducted to test and validate the new measure FVMt for 

predicting flicker visibility. During this research two experiments were conducted, in which the 

visibility threshold for a variety of transient light transitions at an average level of 500 lux were 

measured. Using these threshold values the measures FVMt and Pst were calculated. The results of 

this research showed that FVMt is a reasonable good predictor for visibility, as long as the light 

transitions are simple transient light effects, such as a single increase, decrease and pulse. For more 

complicated signals, such as double pulses and a change of frequency, FVMt is not able to predict 

visibility very well. The measure was also compared to Pst, a measure currently used by industries. 

The analysis showed that Pst drastically under predicts the visibility of aperiodic flicker, and that 

FVMt is a big improvement compared to Pst as a measure for predicting flicker. 

During the first experiment the time to complete the task was too long for the attention span of the 

participants. Participants reported that their eyes got tired and they had difficulty to keep on 

focussing on the wall. Therefore during the second experiment the sessions were only half the length 

of the first experiment. Participant reported that near the end of the experiment, they got slight 

weary eyes, and a small lack of focus on the wall. Secondly, during the second experiment the light 

was turned off very shortly between the presented stimuli. According to some of the participants 

that participated in both experiments, this made the task a bit more energy consuming and more 

tiring for the eyes. In the end this short off period between the stimuli could have resulted in an 

increased error. However, participant, who participated in both experiments, considered this as 

better and less tiring than the first experiment. In general, participants considered the second 

experiment as do-able with a reasonable duration.  

Before discussing whether the measures predict flicker visibility accurately, let us take a look at the 

accuracy of the performed experiments. 

Both experiments are aimed to test if a value is significantly different from 1. To do so, we wanted to 

be able to detect a difference of 0.35 from 1, with at least a power of 0.9.  

 

Experiment 1, had 18 participants and a standard deviation of SD = 0.624 over all 8 light transitions. 

Using a detectable difference of 0.35 from 1 and a type one error of 0.05, this experiment only had a 

power of 0.61. When assuming a power of 0.9 and a type one error of 0.05, experiment 1 is only able 

to detect a difference of 0.5 from 1. Therefore, in the first experiment we may have overestimated 

the correctness of FVMt for predicting visibility of the transient effects. 

 

With the standard deviation from experiment 1, we calculated that a minimum of 32 participants 

was required to reach a sufficient power. 

Experiment 2, had 35 participants and the light transitions were divided into two subsets. The first 

subset of 4 light transitions was so clearly different from 1 that they do not need further discussion 

on accuracy. The second subset of 12 light transitions had a standard deviation of SD = 0.436. Using a 

detectable difference of 0.35 from 1 and a type one error of 0.05, this experiment had a power of 

0.99. When assuming a power of 0.9 and a type one error of 0.05, experiment 2 is able to detect a 

difference from 1 as small as 0.2458. 
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Thus, experiment 2 may show significant differences, where experiment 1 was not able to detect a 

difference. Therefore, the earlier mentioned explanation of the larger power is indeed a plausible 

and valid explanation of the differences in results between the experiments.  

Now we will continue discussing the results and our findings about FVMt and Pst. 

The results of the first experiment indicate that the new measure FVMt predicts flicker visibility, of all 

tested light transitions, reasonably well. None of the means at threshold were found to be 

significantly different from the expected value of 1. This means that FVMt is an accurate measure for 

predicting visibility of simple transient light effects. However, with the relatively small number of 18 

participants and already discussed low power, there is a relatively high probability for type 2 error. In 

context of the experiment, this means that we find a non-significant difference where it actually was 

a significantly difference. Therefore experiment 1 is not sufficient to validate FVMt. Nonetheless, 

experiment 1 gives valuable data on effect sizes and a good indication on the accuracy of the new 

measure. Besides that, experiment 1 also gave a rough indication on how FVMt outperforms Pst.  

The results of the second experiment, again show that FVMt is in general much closer to a correct 

prediction than Pst, that always seems to under predict visibility for all 16 light transitions. Pst was 

below and significantly different from FVMt for all light transitions. From the simple stimuli, FVMt is 

able to correctly predict 7 out of 8 light transitions. FVMt over predicted the visibility of exponential 

step down. For the more complex light transitions FVMt under predicts the visibility. FVMt was only 

able to correctly predict 1 out of 8 light transitions, a long negative double pulse, and only barely. 

The rest of the complex light transitions, frequency transition and double pulses, showed a strong 

significant difference from 1. Nonetheless, FVMt does predict double pulse significantly better than 

the frequency changing light transition.  

 

Besides prediction validation, the double pulse set was also developed to be able to check if the IR 

model used for FVMt correctly represents the human visual system for general lighting applications. 

Ikeda (1986) already made a hypothetical suggestion that double pulses can create a response and 

that those responses per pulse can increase or decrease visibility via summation of these responses.  

Roufs (1974) took the step of modelling an IR, and with this explain the deviations between the 

double pulses and block threshold characteristics, from the de Lange (1958). Using this method, 

combined with the characteristics of the IR used by FVMt, a delay of 26 ms for the second pulse 

should have an inverse effect to when the delay was only 5 ms. In case of a negative second pulse 

this would then result in a summation of visibility with the fist pulse. This also holds in case of a 

positive second pulse, this would then result in a subtraction of visibility with the fist pulse. As can be 

seen in Figure 4, the amount of visibility that the first pulse add or subtracts at 26 ms delay is slightly 

lower than at 5 ms. When comparing the y-values on the maximum of the red line and the minimum 

of the green on 26 ms, with the y-values at the 5 ms markers. Thus, when looking at the amplitudes 

of the second pulses, at visibility threshold level, the reduced effect of the first should be visual in 

less extreme amplitudes. The data shows that the mean amplitude of a short positive pulse (5ms) 

and long positive pulse (26ms) is significantly different, and that the mean amplitudes of the long 

pulses are closer to the average overall mean amplitude, as they lay between the amplitudes of the 

short pulses. This shows that the effect is indeed les powerful after 26 ms then when there is a small 

delay. The data also showed that the mean amplitude of the long negative pulse is not significantly 

different from the positive short pulse by ANOVA post hoc. This proves that, the summation of a 

positive and a negative pulse can result in an increased visibility. Which is also in line with the 
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findings of Roufs(1974). These findings verify that the use of an IR model, as interpretation of the 

HVS, also holds for general lighting conditions. 

 

What future research can focus on is to try to get a closer fit to the HVS by fine-tuning the 

parameters of FVMt and broadening the knowledge about the HVS responses. They can do so by 

more extensively measure thresholds of complex stimuli and try to fit a new model. For instance, a 

future research could use double pulses while varying the time interval between the pulses, to gain 

more insight on characteristics like where the maximum summation effects occur. These can indicate 

the locations of the peaks of the IR that represents the HVS. 
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Appendix 

INFORMED CONSENT  

 

Participant information experiment 1 
 
You are invited to voluntarily participate in a research experiment on the Flicker Visibility – Transient 
Effects, which is a part of the project Quality of Light. 
Participation in this study consists of one session of 45 min  

During the experiment you will be presented with different lighting conditions. Your task is to 

indicate in which of the two consecutive lighting conditions you see a flash. You will receive oral 

instructions and a short training session to get you familiar with the task. It is very important that you 

understand the task correctly, therefore please ask if anything is unclear to you.   

 

Participant information experiment 2 
 
You are invited to voluntarily participate in a research experiment on the Flicker Visibility – Transient 
Effects, which is a part of the project Quality of Light. 
Participation in this study consists of four sessions of 30 min, which combined will take up to 120 

min.  

During the experiment you will be presented with different lighting conditions. Your task is to 

indicate in which of the two consecutive lighting conditions you see a flash. You will receive oral 

instructions and a short training session to get you familiar with the task. It is very important that you 

understand the task correctly, therefore please ask if anything is unclear to you
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 INFORMED CONSENT 

Volunteer 
 

√ I have read and understood the information letter about this research study and all my 
questions have been answered by the responsible researcher. 

 

√ I had sufficient time to consider my participation in this study and I am fully aware that my 
participation in this study is voluntarily. 

 

√ I know that I can decide not to participate of stop my participation at any time without giving 
any reason for this decision.  

 

√ I understand and agree that my personal data will be collected, used and processed, for the 
purposes of the research study, by the responsible researcher and other parties involved in 
the research study. The personal data may be related to my health. I understand that my 
directly identifying personal data (i.e. name) will be separated from the research data and 
replaced by an assigned number/code. Access to the key/link between the assigned number 
and my identity will be limited to the responsible researcher and might only be disclosed to 
auditing bodies, if necessary. 

 

√ I agree to the use of my personal data for other research and development purposes. 
 

√ I know that I have the right to request an overview of the personal data collected about me 
and can have it corrected or deleted. 

 

√ I agree that I will be informed about findings related to my medical condition that are 
detected during the research study. 

 

√ I understand that any and all information related to the study, including, but not limited to, 
information brochures, study descriptions, prototypes, user manuals, instructions as well as 
information generated by myself during the study, e.g., measurement results, user feedback, 
constitutes confidential information of Philips. I hereby agree to keep the aforesaid 
information confidential, use it exclusively for the purpose of my participation in the study, 
and not to disclose such information to any third party 
 
 
 
 

√ I agree to participate as a volunteer in this research study. 
 

 

________________________   ____________________                  __________ 

Name     Signature                       Date 
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Briefing 

Welcome participant, 

 

You may first take a seat at the table and carefully read and sign the informed consent.  

…(wait for participant to sign, and store the informed consent safely) 

 

Thank you, you may now take a seat at the high chair facing the wall. 

…(wait for participant to take a seat) 

 

in a few moments I will start the experiment, in which you will be asked to indicate the interval in  

which you saw a flash. When you’re not sure of which interval make a guess. An interval is 3 seconds 

and the flash is located roughly in the middle. 

 

The task sequence is as follows.  

First you will hear a single beep after which the first interval is shown. Directly after the first interval 

you will hear two consecutive beeps after which the second interval is shown. When the second 

interval is finished a single beep sounds and a progress bar is shortly visible on the laptop screen. 

When the progress bar disappears you can give your response via the keyboard. Pressing the left 

arrow key for the first interval and the right for the second interval. Please make sure not to press 

any other keys. If a new stimuli is not presented press the arrow key again. 

 

During this experiment the flash can be perceived as a;  

- Light level increase    (Step, Exp)  

- Light level decrease   (Exp)  

- Light level increase and decrease (Exp)  

- short flash (Exp, Cos, Double Pulse)  

 

Any questions?  If something comes up during the experiment I will be in the basement. (Explain 

where k0.54). When you are finished please open the door, I will be waiting outside after 25 min.  

(alternative, not my preference due to disturbance; I will return in about 25 min, please just continue 

at your own pace until you finish and don’t mind me entering the room.) 

 

… (Start the experiment, and watch the first couple stimuli if)  

 

Any more questions? 

 

… (Leave the room) 

 

…(Get back thank the participant and give a treat. Next rename the data file and make the setup 

ready for the next participant.) 
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Participants procedure 

 

 

 

  

Please indicate the interval 
containing the flash. 

1
st

 left arrow  2
nd

 right arrow 
Progress 

bar 
Give 

response 

Beep sound, please ignore the flashes 
during the beep. 
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