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Introduction

1

As I write this page, it is already dark outside, and I sit in front of my laptop. The brightness
of the display is almost fully on, creating a high luminous contrast with the background: my
rather dark living room. When I look around I see that the light emitted by my fancy lamp is
subtly changing colors, and I can see the headlights of cars, which are rapidly passing by in
the street outside. Indeed, my visual field encompasses scenes of a substantial complexity, but
despite that, I can clearly see the shapes and colors of different objects. This rather incredible
perceptual ability is enabled by the intricate structure and processing of our visual system,
one of the most complex systems in the human body [110]. Then again, I could hardly see
anything at all, once the sun is down, if not for the artificial lighting, which for decades has
been readily available to illuminate our homes, offices, and cities [23].
The natural lighting comes from the Sun, and presumably the performance of our visual
system is optimal under conditions of such natural illumination. An artificial lighting comes
from electric light sources, and since it can differ from natural lighting in many aspects, it
can also have an impact on our visual perception. How the artificial lighting differs from the
natural one largely depends on the technology, and over the last century the most commonly
used conventional lighting technologies included hot and highly inefficient incandescent
bulbs, and different types of gas-discharge lamps, best-known of which are fluorescent lamps
[23, 120]. As lighting quality of these sources is defined by their limited technological
capabilities, their impact on visual perception is also easily defined. However, the same cannot
be said about light emitting diodes (LEDs), the rapidly-evolving semiconductor technology,
which is currently transforming the world of artificial lighting. One indication of just how
valuable LEDs are, is the fact that in 2014 the Nobel Prize in physics was awarded to three
scientists: Isamu Akasaki, Hiroshi Amano and Shuji Nakamura, for the invention of “efficient
blue light-emitting diodes leading to bright and energy-saving white light sources” [3]. Making
the announcement, the Nobel jury stated that “[. . . ] the Prize awards an invention of greatest
benefit to mankind”. The superiority of LEDs over conventional sources is underpinned by,
next to energy-efficiency, a flexible control of properties of their illumination, which can be
tailored to different applications and specific needs. LEDs, which can be very small sources,
have bright luminous output, the spectrum of which can be almost arbitrary, and which can be
changed at a very fast rate. These versatile qualities of LED lighting can have a huge impact
on our visual perception.
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The topic of this thesis is derived from one property of luminous output of LEDs, namely
its rapid change rate. It occurs because LEDs respond almost instantaneously to the changes of
the driving current, meaning that a modulation of the current is converted into modulation of
the luminous output. On one hand, this is advantageous as it allows for unique functionalities,
that are not possible with conventional light sources, for instance one can transfer data via
LED light output, a method known as LiFi [53]. On the other hand, modulated luminous
output can result in unwanted changes in the perception of our environment, called temporal
light artefacts (TLAs) [41]. The modulation is most commonly induced by mains power, which
is an alternating current (AC) supply, delivered at a frequency of 50 Hz or 60 Hz. Additionally,
modulation can be induced by mains voltage fluctuations typically caused by overloading
on the network or it can result from interactions between the (incompatible) driving and
dimming electronics.
Exposure to such modulated lighting, that gives rise to TLAs, not only impacts our perception of lighting quality, leading to annoyance and irritation, but studies in this area suggest
that it can also have a negative impact on our physiology, for instance, it can trigger migraines
[52] and epileptic seizures [175]. It is known that TLAs can be prevented by suppressing
the modulation in the light output of LEDs, however this typically requires a trade-off with
other aspects of the sources, like cost, size, lifetime or efficiency [8, 137]. The challenge is to
find such modulation of the luminous output, that does not give rise to visible TLAs, and at
the same time, that does not compromise on the other aspects. Such balance can be realized
provided that the visibility and occurrence of TLAs is understood.
The main goal of studies conducted under the scope of this thesis is to model the visibility
of two different TLAs, being flicker and the stroboscopic effect. As the temporal behavior of
luminous output of LEDs depends on several factors, such as the type of driver used, or supply
power characteristics, it can be composed of virtually an infinite number of different kinds of
modulations. Thus, quantifying visibility of TLAs requires a fundamental approach that starts
from understanding of how the human visual system (HVS) responds to temporal variations
of light. Then, based on this understanding combined with lighting applications expertise,
models can be developed and used to optimally design light sources.
The introduction consists of two main sections: a fundamental section on visual perception
and an applied section on lighting technologies and systems. In Section 1.1 the human visual
system is described, and it is explained how it processes light and what the consequences
are for the visibility of temporally modulated light stimuli. Then, it shows how the response
of the HVS to different light stimuli can be quantified by applying linear system theory, in
spatial and temporal domains. In Section 1.2 different lighting technologies are introduced,
focusing on LEDs, and it is explained how their luminous output can lead to occurrence of
different temporal light artefacts. Then, the TLAs are described in detail, together with the
measures used by the lighting industry to quantify their perception, revealing the need for
new solutions.
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1. Introduction

1.1 Light and visual perception
The human visual system processes information about the outside world that is delivered
to us through light, more particularly, through that part of the electromagnetic spectrum to
which our visual system is sensitive, having wavelengths roughly ranging from 380 nm to
780 nm. This light can be described as an intensity function distributed over three dimensions,
being wavelength, space, and time. Variations in wavelength allow us to see color, and spatial
variations allow us to distinguish shapes. This thesis focuses on the variations over time, which
provides information on the appearance of objects that we see, and how this appearance
changes with time. It also controls our temporal sensitivity to light stimuli, determining which
stimuli are seen, and which are not, and this topic is further elaborated on in section 1.1.5.

1.1.1 Light processing in the Human Visual System
In the very first stage of its journey, light reaches our sensory organ, the eye. Figure 1.1 shows
a photograph of an eye of a friend and a schematic representation of a cross-section of a
human eye, labeling the main composing parts.

Fig. 1.1: (a) A photograph of an eye of a friend, showing the iris and the pupil. (b) Cross-section of the
human eye, with labels of the main composing parts. At right, a close-up of the retina, showing
layers of different cells that process light. Image repainted from http://www.webvision.med.
utah.edu.

The blue part of the eye in Figure 1.1 is called the iris. This thin structure can adjust the
size of the aperture, the pupil, to regulate the amount of light entering the eye. Beyond the
pupil, the incoming light is projected by a lens onto a thin neural tissue at the back of the eye,
called the retina, where the actual visual processing begins [92, 110]. The retina consists of
several layers of cells, which convert light into an electrochemical signal suitable for further
transmission to the brain. The outer layer of the retina contains millions of densely distributed
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photoreceptive cells, differing in their response to light, and known as rods and cones, which
convert the incoming photons, into an electrical signal through operation called transduction
[43]. The remarkably high sensitivity of rods to light enables us to perceive details at very
low light levels, referred to as scotopic vision. At the same time, rods are characterized by
a rather low dynamic range and slow response kinetics. This means that in scotopic vision
spatial and temporal resolution is reduced. Cones facilitate photopic vision; their sensitivity to
light is an order of magnitude smaller than that of rods. However, their response time is much
shorter, their dynamic range is higher, and they have high temporal and spatial resolution.
Both types of photoreceptors are not evenly distributed across the retina. Cones are mostly
concentrated in the center, known as the fovea, while rods dominate the periphery of our
retina [110]. The interplay between rods and cones enables light-dark adaptation, which is
is the change in sensitivity when exposed to a new or intense stimulus [209]. Adaptation
is primarily achieved by regulation of gain and response time course of the rods and cones,
and its purpose is to sustain the retinal response to visual objects approximately the same
with the changing illumination conditions. It occurs when the illumination changes from
dark to bright (which is referred to as light adaptation), and when the illumination changes
from bright to dark (which is referred to as dark adaptation). Owing to light-dark adaptation,
it is exceptionally challenging to quantify different visual percepts, such as brightness: an
environment of some specific illumination level can be perceived either as bright or as dim,
depending on the adaptation state of the observer.
The neural signals from rods and cones are further processed in the retina by different
layers of cells, notably by horizontal, bipolar, amacrine and finally ganglion cells, where
the electrical signal is integrated and transformed into nerve spikes [92]. Physiological
measurements performed on ganglion cells, show that their receptive fields have a centersurround organization, which means that the receptive field is arranged into two concentric
circles with different luminance contrast polarities [6]. There are two types of ganglion cells.
On-center ganglion cells respond only when the center of the receptive field is stimulated
and not when the surround is stimulated, whereas for off-center cells this is the opposite.
Transmitting information about the differences in firing rate of cells in the center and surround
of the receptive fields enables retinal cells to act as detectors of edges, and so to provide
information on spatial contrast. Further, the ganglion cells are divided into three types, with
each type transmitting their signal to different visual pathways [49]. The midget ganglion cells
are numerous in the fovea and they have one-to-one connections with photoreceptors. Their
responses are slow and sustained and they carry high spatial information at low contrast. The
midget ganglion cells project signal to the parvocellular pathway. The second type, the parasol
ganglion cells connect several bipolar cells and several photoreceptors. Their responses are
fast and transient, and they carry high contrast information at low spatial frequency. They
respond to turning on or off a light stimulus with a short burst of firing lasting for only a few
hundreds of milliseconds, acting as a temporal contrast detector. The parasol ganglion cells
project their axons to the magnocellular pathway. The third type, bistratified ganglion cells
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projecting to the koniocellular pathway, is of minor importance for this thesis. An overview of
properties of midget and parasol ganglion cells is given in Table 1.1.
Tab. 1.1: Properties of midget and parasol ganglion cells

Midget ganglion cells

Parasol ganglion cells

Receptive field size

Small

Large

Approximate number

1 000 000

100 000

Location

Mainly in the fovea

Mainly in the periphery

Response speed

Slow & sustained

Fast & transient

Peak spatial sensitivity

High frequencies (i.e. high acuity)

Lower frequencies

Contrast sensitivity

Low

High

Contrast perception is further enhanced by lateral and delayed inhibition [186]. Lateral
inhibition occurs when an excited cell suppresses the activity of its neighbors across visual
space, resulting in contrast enhancement at the borders of a stimulus and perceptual suppression at non-borders. Similarly, delayed inhibition occurs when the contrast of temporal
stimuli is enhanced at the onset and termination but suppressed in its middle part. As a result,
perceived temporal contrast is highest when a stimulus is turned on or off. As such, delayed
inhibition further enhances the visibility of flicker. Delayed inhibition and its impact on flicker
perception is explained in more detail in the Chapter 3 while discussing the temporal Impulse
Response function.
After passing all the cell layers in the retina, the information is transmitted through the
optic nerve to the brain. In the brain, it passes through the lateral geniculate nuclei and it
is finally processed in the visual cortex. The information processed by the visual cortex is
only a small fraction of the information that initially reaches our eyes. The latter is a matter
of efficiency. Due to the limited bandwidth in the optic nerve, only a condensed form of the
information can be transmitted from the eye to the brain. At the same time, parallel processing
in the HVS ensures a high sensitivity to those visual characteristics, that are relevant for our
functioning, while compromising on others. For instance, high spatial resolution is provided in
central vision, allowing us to resolve fine structures, but the visibility of detail in peripheral
vision is compromised, while temporal resolution is enhanced.
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1.1.2 Psychophysics
There is a fundamental difference between the physically defined characteristics of light and
the related subjectively perceived qualities of light. This can be explained using the concept of
brightness. Brightness is a perceptual attribute related to the physical amount of light, and the
latter is often expressed as luminance or illuminance. Luminance corresponds to the luminous
energy emitted or reflected from a surface in a given direction, expressed in the SI units of
candela per square meter (cd · m−2 ). Illuminance refers to the luminous energy falling on a
surface, expressed in the SI units of lux (lx). Brightness though is not a simple function of
the luminance or illuminance, but rather it is affected by, among other things, the adaptation
state of the visual system, preceding intensity changes and the intensity distribution in the
environment. This demonstrates that to model the response of the human visual system to
light, one needs to understand how much of a stimulus or what difference between stimuli
people can detect, in a given context. Therefore, a discipline called psychophysics is employed.
It provides stimulus-response relationships often in the form of functions that describe basic
functionality of vision.
Central to psychophysics is the concept of sensitivity. It involves the determination of the
smallest amount of a stimulus intensity necessary to produce a perception, called the visibility
threshold, as a function of a physical characteristic of the stimulus, for example the wavelength
or frequency of light. The visibility threshold is defined to be the point at which a stimulus
is detected with a probability of 50 %. However, psychophysical measurement of visibility
thresholds can be tricky since observers are intrinsically different, and moreover they do not
always produce a constant response to the same stimulus. Hence, threshold measurements
generally exhibit a variable degree of within- and between-observer uncertainty, and the
underlying representation of the stimulus dimension has normal probability distribution (also
called Gaussian distribution).
Literature reports several methods to measure visibility thresholds, including, among other
things, a wide range of adaptive methods and methods of adjustment [61, 164]. Basically,
the observer’s task is to either detect a stimulus or to discriminate between two stimuli. The
main method, applied in the experiments reported in this thesis, is called a staircase. In this
adaptive method the stimulus is increased or decreased depending on the response of the
observer to the preceding stimulus. Details on the implementation of a staircase, and other
applied methods, are given in the relevant chapters.
Visibility thresholds provide information on the minimal intensity of a stimulus needed
to be detected, but do not say anything on how perception changes with increased stimulus
intensity. A psychometric function [61, 249] relates the probability of detection (over observers
or over multiple repetitions of the stimulus within one observer) to the physical quantity of
an experimental stimulus, and as such more fully characterizes observers’ perception with
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stimulus intensity. The psychometric function can be specified in several different ways, for
instance, by using a logistic function, which is defined as follows:
f (x) =

1
1 + e−α (x − β)

(1.1)

,

where
f (x)
e
α
β

is the probability of detection,
is the natural logarithm base,
defines the slope of the function,
defines the position of the function.

The impact of the different values of parameters α and β on the logistic function is shown in
Figure 1.2.

Fig. 1.2: Plots of the logistic function with (a) varying values of the position parameter β, and a constant
parameter α, (b) varying values of the slope parameter α, and a constant parameter β.

Figure 1.2 shows that the position parameter β defines the x-value of the function’s 0.5 probability of detection. The larger the parameter α the steeper the slope of the logistic function. It
was demonstrated that a psychometric function, such as a logistic function, generally provides
a good model for results of perception experiments employing discrimination and detection
tasks [157].

1.1.3 Linear systems theory and Fourier methods
Stimulus-response functions provide basic understanding of relatively simple processing of
the human visual system, but to completely describe it in an empirical manner, a response to
all possible light stimuli is needed. This might not be possible, since the number of different
stimuli is infinite. Therefore, further modeling of the performance of the HVS has been
predominantly carried out under the assumption of the HVS being a linear system [127, 135,
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216]. In that case, it is possible to characterize the visual system by using responses to a finite
set of light stimuli and, based on these responses define filters to predict responses to more
complex stimuli. Defining HVS as a linear system, however, means that it needs to obey the
principle of superposition, which requires satisfying two properties, being homogeneity and
additivity. A system is homogeneous if an increase of the magnitude of an input stimulus
results in the same increase of its output. A system is additive if the response to the sum of two
input stimuli equals the sum of the responses to each of the two stimuli presented separately.
Even though multiple investigations suggest that processing in the HVS is non-linear in many
aspects (e.g. [33, 145]), we still can rely on the principle of superposition for light stimuli at
the proximity of visibility thresholds and at a constant state of adaptation (e.g. [246]). As
such, by empirically measuring responses to suitable basic functions, like sinusoids, generic
filters can be developed and used to predict responses to more complex stimuli, as for example
square waves or an irregularly shaped output from a commercially available light source.
To predict the response to a complex stimulus, the input signal needs to be convolved with
the developed filter. The convolution can be a complex operation, which can be simplified to a
multiplication if both the input stimulus and the filter are expressed in the frequency domain.
The Fourier theorem states that any periodic function f (x), having a period λ or frequency
1/λ, can be constructed from a sum of a set of sine or cosine waveforms, called Fourier series,
each having a specific amplitude and phase coefficients, called Fourier coefficients. The Fourier
transformation of a square waveform is shown in Figure 1.3, as an example. The periodic
square waveform shown in Figure 1.3 (a) can be described as a sum of sinusoidal waveforms
with harmonically related frequencies at different amplitudes, as shown in Figure 1.3 (b). The
Fourier transform of the square waveform, given in Figure 1.3 (c), consists of an amplitude at
various frequencies, here depicted for the first 5 frequencies at odd harmonics.

Fig. 1.3: (a) Square waveform and its (b) Fourier series, being a sum of sinusoids (of which only the first
3 waveforms are shown), and (c) the corresponding Fourier transform, limited to showing the
amplitudes of its first 5 frequencies.
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The concept of filtering Fourier transformed light stimuli is popular in vision science, and
it is used to understand spatial and temporal contrast sensitivity. As such, it is also extensively
used in the various chapters of this thesis.

1.1.4 Spatial vision and contrast sensitivity
Spatial contrast is determined by the relative difference in luminance, or color, of an object
with respect to its background, within our field of view. It is well established that the HVS is
more sensitive to contrast rather than absolute luminance, and consequently environments
can appear to be equal despite illumination differences [15]. The minimum contrast necessary
to be detected, or just visible, is called contrast threshold. Even though various stimuli can be
used to determine contrast thresholds, usually sinusoidal luminance gratings are used, and in
that case, contrast is defined as the modulation depth (MD), expressed as Michelson contrast:

MD =

Lmax − Lmin
,
Lmax + Lmin

Lmin
Lmax

corresponds to a minimum luminance of the stimulus,
corresponds to a maximum luminance of the stimulus.

(1.2)

where

Accordingly, the modulation depth at visibility threshold is called modulation threshold.
Contrast sensitivity is the reciprocal of the contrast modulation, and the plot of the contrast
sensitivity, as a function of frequency is called contrast sensitivity function (CSF) [15, 241].
The shape of the spatial CSF depends on several parameters, and most notably on luminance.
At high luminance levels, a typical CSF, measured in foveal vision, has a band-pass form:
sensitivity increases with spatial frequency, reaching a peak between 3 and 10 cycles per degree
of visual angle, followed by a decrease to 1 at about 50 cycles per degree. The sensitivity of 1
defines the upper limit of our eye’s spatial resolution, known as visual acuity. The shape of the
CSF is related to the spatial structure of the ganglion cells’ receptive field. The response of an
on-center cell is highest at a frequency for which the bright part of the sinusoidal stimulus
falls over the center of the receptive field and the darker part over the surround. At lower
frequencies, the response signals of the center and surround oppose each other, resulting in
diminished response and thus lower sensitivity. At higher frequencies, the stimulus is averaged
in the center, which also results in diminished sensitivity. At low luminance levels, in scotopic
vision, the CFS is more of a low-pass, for which the decrease in sensitivity at lower spatial
frequency is less pronounced. More detailed explanation of the spatial CSF can be found in
the book of Wandell [241].
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As explained in the section 1.1.3, any complex visual stimulus can be expressed as a sum
of several different sinusoidal components by means of Fourier transformation. The CSF can
be used as a filter predicting contrast visibility of each of the Fourier components, and as such
it can show what is visible from the original stimulus. The applicability of this approach has
been demonstrated in numerous studies, and particularly in the work of Campbell and Robson
[34]. They showed that the contrast sensitivity of sinusoidal waveforms at various frequencies
can be used to predict the sensitivity of a square waveform through the amplitude of its
fundamental Fourier frequency component. If a square waveform has modulation depth of m,
then the amplitude of its fundamental Fourier component is 4m/π, and thus the amplitude
ratio between the square and a sinusoidal waveform at the same modulation depth is 4/π.
Empirical results of Campbell and Robson [34] indeed showed that the contrast sensitivity of
a square waveform is higher than that of a sinusoidal waveform by this predicted amount, at
several spatial frequencies and different luminance levels.

1.1.5 Temporal vision and contrast sensitivity
Any stimulus within our visual field can include temporal luminance modulation, or changes
that occur across time, for instance when the light is switched on or dimmed. The contrast
sensitivity of such temporal changes can be described in essentially the same way as for spatial
modulations. As such, a light stimulus, sinusoidally modulated at a temporal frequency, has a
modulation depth (defined as in Equation 1.2), ranging between 0 and 1. If the modulation
depth is sufficiently small, the luminance variation cannot be perceived, but at sufficiently
large modulation depth the luminance variation can give rise to flicker.
Analogous to concepts defined in the spatial domain, the modulation depth at which the
luminance modulation is just visible is referred to as modulation threshold, with its reciprocal
being the contrast sensitivity. A plot of temporal contrast sensitivity as a function of frequency
is known as the temporal contrast sensitivity function (TCSF). The TSCF has been measured
in a study of De Lange [127] and Kelly [119]; and it is replotted from Kelly in Figure 1.4
for four selected mean luminance levels. An apparent feature of the TCSF is its luminance
dependency, with higher sensitivity at higher luminance. There is also a strong dependence
on frequency, distinct per luminance level. At the lowest luminance shown in Figure 1.4, i.e.
0.06 cd · m−2 falling into the scotopic vision region, the shape of the curve is low-pass, having
constant sensitivity at low frequencies followed by a systematic fall-off. The sensitivity at
higher luminance levels, characteristic to photopic vison, exhibits band-pass characteristics: it
increases with frequency reaching a peak at around 10 Hz to 20 Hz, after which it falls rapidly.
Sensitivity of 1, also known as the critical flicker frequency (CFF), corresponds to an upper limit
of flicker resolution, and it is one of the most extensively studied quantities in temporal vision.
The CFF is directly proportional to the logarithm of stimulus luminance, as described by the
Ferry-Porter law [177, 232].
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Fig. 1.4: Temporal contrast sensitivity function measured at different mean background luminance levels,
replotted from Kelly [119]. With the increasing luminance of the stimulus, sensitivity is higher
and peaks at higher frequencies. The maximum frequency at which flicker is perceived, known
as critical flicker frequency (CFF) is maximally around 80 Hz.

Apart from luminance, the temporal sensitivity also depends on several other parameters,
including eccentricity or retinal location, and stimulus size or area [112, 146, 200, 201]. A
relation known as the Granit-Harper Law states that the CFF is directly proportional to the
logarithm of stimulus area [78]. Flicker at low frequencies of 1 Hz to 10 Hz is more readily
perceived in foveal than in peripheral vision, whereas at frequencies above 30 Hz this is
reversed. Another factor that can impact measurements of temporal contrast sensitivity is
flicker adaptation [113, 163]. The sensitivity to temporally modulated light is lower after
adaptation to a flickering light than it is after adaptation to a steady light of the same
time-average retinal illuminance. The latter is particularly important when selecting the
experimental method to measure temporal contrast sensitivity (for detailed explanation,
see Chapter 2). Asking participants to tune the modulation depth towards the threshold is
particularly susceptible to adaptation-induced reduction of contrast sensitivity, since these
participants are then continuously exposed to temporally modulated light. As such, the
resulting measurements typically underestimate the visibility threshold. Finally, the TCSF is
also affected by the spatial pattern, present in the field of view [115, 194]. TCSF is typically
determined for spatially unstructured stimuli, and that leads to measurements of higher
sensitivity as compared to temporal light modulations superimposed on a spatial pattern.
Temporal sensitivity varies with age [121, 150]. Whereas no significant change in sensitivity
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occurs at low temporal frequencies, a gradual decline in sensitivity at the higher frequencies
throughout the life span is apparent [231]. As TCSF is a commonly used tool to predict the
flicker visibility, it is essential to understand how temporal sensitivity changes with different
parameters. This subject is addressed in more detail by Watson [246].
Similar to the spatial domain, applying Fourier transformation and filtering is the central
concept to model the response of the HVS to temporal contrast. Since the TCSF is defined
by the sensitivity to sinusoidally modulated waveforms, it can serve as a linear filter in the
frequency domain to predict the visibility of complex temporal modulations of light. Pioneering
studies, employing and propagating this approach, were conducted by de Lange [127]. He
demonstrated that the modulation threshold of different complex waveforms, like squares
with various duty cycles, can be predicted from the threshold of the sinusoidal waveform
through the amplitude ratio of their respective fundamental Fourier components.
One distinct characteristic of all the light stimuli employed by de Lange was that the
amplitude of the fundamental Fourier component was significantly larger than that of the
other harmonics. This was recognized by Levison [135], who carefully designed a study,
measuring the modulation threshold of light stimuli consisting of two frequency components,
each having an amplitude at their respective threshold. His results provided evidence that not
only the fundamental frequency, but also the other harmonics, contribute to flicker visibility at
threshold. As such, predicting visibility of light modulation over time includes filtering of the
Fourier components of the input stimulus with TCSF followed by a certain summation of the
filtered Fourier frequency components.
Another finding of Levison [135] was that flicker visibility depends on the phase difference
between the frequency components of a complex stimulus. This has consequences for modeling
the response of the HVS to such complex stimuli in the frequency domain using TCSF as a
filter. As TCSF contains the information about the amplitude and not the phase spectrum,
frequency-based methods can be limited in predicting visibility of certain light modulations,
particularly of aperiodic flicker. Hence, for such stimuli, predicting the response of the HVS
requires calculating a convolution with a filter in the time domain. A time domain filter can
be described by the temporal impulse response function (IRF), which corresponds to the
response of the system to an infinitely short stimulus. IRF is generally accepted to be a precise
tool to specify the temporal processing of the HVS (e.g. [98, 199, 221, 235]), however, it
is more complicated to be determined than the TCSF. The approaches that can be used to
determine an IRF include (1) calculating the inverse Fourier transformation of the TCSF, (2)
measuring contrast sensitivity to two successive pulses as a function of their separation and
applying the summation-index technique, and (3) employing a verified model developed using
notions of psychophysical detection mechanisms. Using each of these approaches has certain
advantages and disadvantages, and these are further described in Chapter 3. By employing an
adequately determined IRF, a response to any arbitrary light waveform, varied across time,
can be predicted.
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1.2 Visual aspects of time-modulated lighting systems
In this section different lighting technologies are briefly introduced and LEDs are described in
more detail. It is explained what are the root causes of the temporal modulation of luminous
output and that this modulation can induce perception of different temporal light artefacts
(TLAs), being flicker, the stroboscopic effect and the phantom array effect. The aspects of the
TLAs are characterized, following the description of the measures used by the lighting industry
to quantify the TLAs, revealing the demand for new solutions.

1.2.1 Light sources
The sun is the world’s major, natural source of light. It dictates the natural day-night pattern,
and people have been following it for centuries, working during the day and sleeping at
night. This gives reasons to believe that the human visual system has evolved to function
optimally under daylight illumination conditions. The invention and advancements of artificial
light sources weakened the dependency of people on daylight, enabling us to function also
at night, but disturbing our natural circadian rhythm. Long-term effects from exposure to
artificial lighting on the development of the HVS have not been yet established, however
studies comparing artificial and natural lighting have shown the latter one to be beneficial for
health, productivity, safety, and lower stress of building occupants (e.g. [17, 57, 148]).
Several types of artificial light sources have been developed to provide general illumination.
They can be divided into two major categories of incandescent and discharge lamps. Incandescent lamps generate light by heating a tungsten filament until incandescence, whereas
discharge lamps emit light by an electric discharge in a gas. A more detailed description of
different light sources has been provided by Boyce [23].

1.2.2 Light Emitting Diodes
Over the last decade, another category of light sources has become prevalent in different
lighting applications, namely the light emitting diodes (LEDs). They are a type of a solid-state
lighting (SSL) source, which means that they use semiconducting properties to emit light
through a process of electroluminescence. More specifically, the light is produced by the
motion of electrons across the junction of the N-type and P-type part of a diode, activated by
an electrical connection. Electrons that jump over the p-n junction loose a portion of their
energy, which is released in the form of light particles. The amount of energy that is lost defines
the wavelength, and thereby the color of the emitted light. During the electroluminescent
process, virtually no energy is lost or converted into heat, which means that light is generated
with high efficiency. As such, the global adoption of LED lighting can lead to substantial
energy savings. Moreover, LEDs are more durable than the conventional light sources, and
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they are made of environmentally friendly materials. As about one fourth of world electricity
consumption is used for lighting purposes, several different organizations have estimated the
tremendous savings potential and impact on the environment, through the application of LED
lighting systems (e.g. [40, 50, 171]).
Undoubtedly, energy efficiency is the key motivation for advancement of LEDs, however
their universal application is also a consequence of other distinct features. LEDs can be very
small in size; the so-called micro-LEDs are microscopic and they cannot be easily seen by
the naked eye [104]. The small size enables the creation of high-resolution spatial lighting
configurations. Intensity of the luminous output of LEDs can be extremely high, exceeding
6 × 106 cd · m−2 . Such bright light emitted from a small surface allows us to create unique
effects, such as sparkle [5]. However, designing for sparkle requires thorough understanding
of its visibility, because looking into bright light sources can also cause visual discomfort, also
known as glare [73, 203]. LEDs are further characterized by an almost arbitrary wavelength
spectrum and by a fast temporal response, and these features enable the creation of complex
dynamic light scenes and attractive lighting atmospheres [236]. This can pose a challenge, as
the dynamic atmospheres need certain properties to be aesthetically pleasing, for instance the
light transitions need to be perceived as smooth [207].
A unique characteristic of LEDs, most important in view of this thesis, is their almost
instantaneous response to the driving current, which can be as short as a couple of nanoseconds.
This means that the luminous output of an LED closely follows the time course of the driving
current, and the latter one is almost always modulated. Modulation of the driving current can
originate from several sources. LEDs are typically powered from the AC mains, modulated at
50 Hz or 60 Hz depending on the country, and the mains supply constitutes the most common
source of current modulation. Typically, a full waveform rectifier is added to an LED, so the
resulting modulation has a shape of a “chopped” sinusoid, at twice the supply frequency of
100 Hz or 120 Hz. Such waveform is characteristic for one class of LEDs, operated directly
using mains power, namely the alternating current light emitting diodes, or AC-LEDs. They
have an advantage of using cheap and small resistors instead of expensive and bulky ballasts,
and they also have a higher overall system efficiency as no power is lost in the AC to DC
conversion. However, these advantages come at the expense of temporal quality of light as the
modulation of luminous output of AC-LEDs is very deep. An example of light waveform from
an AC-LED is shown in Figure 1.5 (a).
Most LEDs are not operated directly from mains, but they contain a piece of electronics,
called a driver, that converts the input AC power to a DC voltage, and regulates the current
flowing through an LED during its operation. Thereby, a driver reduces the modulation of the
current through an LED, but it does not fully suppress it. The remaining modulation depends
on the type of a driver, and Figure 1.5 (b) - (d), show examples of the variation in luminous
output of LEDs in combination with different drivers.
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Current modulation can be further induced by dimming, or intensity control of the luminous
output, enabled by drivers by regulating the time-averaged current through an LED. Two main
methods can be used, being analog or pulse-width modulation (PWM) dimming, and most
dimming drivers operate using PMW scheme. Dimming is achieved by varying the duty cycle
(i.e., the ratio of time on and time off) of a current waveform, and as a result the light output
of an LED rapidly switches on and off. An example of PMW dimming is shown in Figure 1.5
(e).

Fig. 1.5: Relative luminous output from (a) a typical AC-LED showing modulation at twice the mains
frequency of 50 Hz, (b) - (d) an LED when different drivers are applied, (e) an LED when
PMW dimming is used, showing that 10 %, 50 % and 90 % of the maximum luminous output is
achieved by changing duty cycle of a square waveform.

The modulation in light output of LEDs can be also aggravated because of mains voltage
fluctuations, which are mainly caused by the distortion induced by other loads on the network
drawing non-sinusoidal or irregular current. Typical loads that exhibit such behavior include
office equipment, household appliances, or fluorescent lighting ballasts [46]. An additional
current modulation can be induced by incompatible external electronics, such as phase-cut
dimmers, and such modulation has often a form of aperiodic, abrupt spikes.
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1.2.3 Temporal Light Artefacts
Daylight provides natural and constant illumination. Using visual perception under daylight as
a reference, Temporal Light Artefacts (TLAs) are changes in perception induced by modulated
luminous output of artificial sources. Three different types of TLAs have been defined by the
International Commission on Illumination (CIE), being flicker, the stroboscopic effect and the
phantom array effect, also known as ghosting [41]. The definitions provided by the CIE capture
the entire spectrum of perceptual effects, caused by modulated light, and therefore they are
cited here, together with some of the supplementary entries.
Flicker
Flicker is the most commonly used term in lighting industry, and it is defined as “perception of
visual unsteadiness induced by a light stimulus, the luminance or spectral distribution of which
fluctuates with time, for a static observer in a static environment”. Flicker can be periodic,
such as for a sinusoidal or square modulation at one frequency, or non-periodic, such as for
a transient modulation or a modulation with random frequency components. It should be
emphasized that in the remainder of this thesis the term aperiodic instead of non-periodic is
used. The CIE defines a static observer as one “who does not move her/his eye(s)”. This calls
for some explanation, as it is well-known that, even during an intended fixation, our eyes
spontaneously produce involuntary small movements, such as micro-saccades and ocular drifts
[13, 54]. Occurrence of such movements, however, does not restrict the definition of a static
observer, because, as explained by the CIE, “only large eye movements (saccades) fall under this
definition”. A static environment is exactly what it implies, namely a motionless environment,
or one “that does not contain perceivable motion under non-modulated lighting conditions”.
The stroboscopic effect
The second type of the TLA is the stroboscopic effect, defined as “change in motion perception
induced by a light stimulus, the luminance or spectral distribution of which fluctuates with
time, for a static observer in a non-static environment”. As this definition might not be as
straightforward as the definition of flicker, the CIE provides two examples of the stroboscopic
effect:
1. If an object is moving and it is illuminated by a square periodic waveform with full
modulation depth, this moving object is perceived to move discretely rather than continuously.
2. If the frequency of a modulated periodic light waveform coincides with the frequency of
a rotating object, the rotating object is perceived as static.

16

1. Introduction

Figure 1.6 shows an impression of how the stroboscopic effect can look like when a person is
waving a hand in front of a white wall.

Fig. 1.6: An impression of the appearance of waving a hand under temporally modulated light, giving
rise to the perception of a stroboscopic effect.

The phantom array
The third type of the TLAs is the phantom array effect, also known as ghosting, and it is
defined as “change in perceived shape or spatial positions of objects, induced by a light stimulus,
the luminance or spectral distribution of which fluctuates with time, for a non-static observer in a
static environment”. The phantom array is most readily perceived in environments with a high
contrast and sharp transition between a small light source with modulated light waveform
and its background. In such conditions, making a saccade over the light source results in the
perception of a series of spatially extended copies of this sources.

1.2.4 Vocabulary
It is important to use the right definitions and vocabulary in relation to the TLAs, as it enables
accurate communication of topics related to these perceptual effects to different lighting users,
like end customers, specifiers or designers. There is a large body of research on the TLAs
(e.g. [119, 127, 134]), and it is disconcerting that in some studies temporally modulated
luminous output has been referred to as ”flicker”, irrespective of whether it induced perceptible
effect or not. Moreover, luminous output, temporally modulated at frequencies above the
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critical flicker frequency (CFF), has been referred to, in some studies, as ”invisible flicker”
or ”stroboscopic flicker”, (e.g. [26, 102, 133, 251]). This can be misleading and confusing,
however the authors, who use the term ”invisible flicker” argue that it is justifiable because
human neurological system can ”sense” the luminous modulation, even if it is not consciously
perceived, consequently inducing some biological response [251]. It is well-established that
TLAs, and especially flicker, can cause a biological response, and this topic is discussed
in section 6.5, however it is highly improbable that such a response is triggered by direct
observation of a light waveform modulated at frequencies above the critical flicker frequency
(CFF, see section 1.1.5). This can be verified using the results of physiological studies,
measuring the response of primate retinal cells to temporally modulated light stimuli [81, 131,
214]. Lee et al. [131] recorded the activity of ganglion cells, and used these recordings to
derive a physiological contrast sensitivity function. Then, they psychophysically measured a
temporal contrast sensitivity function (TSCF, see section 1.1.5) of human observers, showing
that it closely parallels the physiological sensitivity of macaques. Smith et al. [214] recorded
the activity of horizontal cells to temporally modulated sinusoidal stimuli, showing that at this
processing stage the TCSF is primarily low-pass. More importantly, the highest frequency of
modulated light stimuli that was found to evoke responses of retinal cells’ was, in both studies,
78 Hz, which approximates the CFF. If the retinal cells do not respond to light modulated at
frequencies above the CFF, it is highly unlikely that our neurological system can ”sense” such
modulations and trigger biological response. Thereby, using the term ”invisible flicker” is not
substantiated; it is a misconception and it should be avoided to prevent confusions.

1.2.5 Concerns for well-being of people
An exposure to illumination with a waveform giving rise to visible TLAs can be experienced
as irritating and annoying. Moreover, stimulation with flickering light stimuli can induce
physiological responses, which has been reported for people suffering from certain neurological
disorders, for instance, migraine [52], and photosensitive epilepsy [175]. As established
through clinical studies flicker in the frequency range of 5 Hz to 20 Hz can influence the
basic brainwave pattern (EEG) [20, 153], and thereby it is used as a diagnostic tool to
induce epileptic seizures [175]. However, it should be stressed that the flickering stimuli
used in hospitals characterized by large, periodic modulations and low frequencies, and such
flickering stimuli do not occur, unless intended, in general lighting applications. Evidence of
physiological effects on people is less strong for the stroboscopic effect and the phantom array.
Some studies indicate that exposure to light modulated at frequencies of 100 Hz or 120 Hz can
reduce accuracy of visual task performance [101, 233], but increase speed of performance,
which has been explained by increased arousal [124]. Findings of another study suggest that
it can increase the incidence of headaches among office workers [253], however a subsequent
research failed to replicate these findings [124].
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To prevent the adverse effects that might be caused by TLAs, their occurrence and visibility
need to be understood. Based on such knowledge, models that quantify the perception of TLAs
can be developed and applied to optimally design LED sources. This is important, because
reduction of the modulation in the light output of LEDs is typically traded off for other features,
resulting in increased cost and size, shortened lifetime or lower efficiency of the sources [8].
For instance, to reduce the modulation in current to drive an LEDs, which also reduces the
visibility of TLAs, a large storage capacitor, such as electrolytic capacitor, is required. However,
use of such capacitors significantly shortens the lifetime of the LED, as they are found to
have the highest failure rate among all components [244]. Another solution to lower the
visibility of TLAs is to increase the frequency of the driving current, however this decreases the
efficiency of the system and it increases its overall size [72]. Several designs of LED driving
electronics have been proposed that aim at resolving the above-mentioned trade-offs [71, 72,
83], however to quantify the perception of TLAs the authors used outdated measures, not
suitable for use in general light applications, as it is described in the following section.

1.2.6 Standardized measures to quantify the visibility of TLAs
Several measures have been proposed to quantify the perception of TLAs, and especially of
flicker. One of the most commonly used measures to evaluate flicker perception is the flicker
percent. It describes the maximum luminance difference within one cycle of a periodic light
modulation with respect to the sum of its minimum and maximum luminance, expressed in
percentage. The flicker percent is also referred to as the peak-to-peak contrast, the Michelson
contrast, or the modulation depth (MD), and its definition, expressed as proportion, is given
in Equation 1.2. However, by definition, the flicker percent is a measure of the temporal
modulation of a stimulus, rather than of the flicker visibility. It depends only on luminance
peaks, and therefore it does not differentiate between waveforms. To account for the effect
of waveform, Eastman and Campbell have introduced the flicker index (FI ) and showed that
it correctly quantifies the flicker visibility of fluorescent light sources [56]. The flicker index
was adopted by the Illuminating Engineering Society of North America (IESNA) as a basis for
recommendation for the acceptable amount of flicker of the cyclic variation in output of a
light source [187]. Figure 1.7 shows a periodically modulated light waveform, depicting areas
used for calculations of the flicker index.
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Fig. 1.7: A periodic light waveform depicting the areas used to calculate the flicker index.

The flicker index is computed as follows:
FI =

A1
,
A1 + A2

(1.3)

where
A1
corresponds to the area under the luminous output curve that is
above the average luminous output level,
A1 + A2 correspond to the total area under the luminous output curve for
one cycle of a periodic modulation.
The flicker index is a positive proportion, and IESNA recommends that for good lighting quality
it should remain below 0.1 [187]. Next to the flicker percent, it is a commonly used criterion
in industry to quantify flicker visibility of different light sources. However, the calculation of
both the flicker index and the flicker percent are based on one cycle of light modulation, so
they do not account for the effect of frequency.
Light flicker is mainly caused by power quality disturbances, or voltage fluctuations in
electrical power systems that a device might produce. To prevent the occurrence of flicker,
the International Electrotechnical Commission (IEC) has developed the flickermeter method,
which is a standard used for determining the limits on allowed voltage fluctuations [94,
95]. The flickermeter method consists of a few blocks, one of which simulates the human
visual system response to flickering light based on the TCSF measured by de Lange [126]
and the following work of Rashbass [185]. The flickermeter method yields a short-term
LM
flicker indication, PLM
st , over a 10-minute period and its associated limit Pst = 1 defines the
threshold of irritability from flicker. The IEC model considers the 60 W incandescent lamp as a
reference light source that translates the voltage fluctuations on the mains to light fluctuations.
By removing the block that simulates the incandescent lamp, PLM
st can be used as a general
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measure to predict the visibility of luminance modulations from LEDs. However, the basis
of the flickermeter is the TCSF of De Lange, who used sharp-edged stimuli at a relatively
small size of 2° visual field, and with the observer adapted to the flickering stimulus. Such
conditions might not be suitable to use in a general lighting applications, where the stimulus
covers almost the full visual field.

1.3 Objective
Extrapolating from the current trends, it can be expected that within the next years the use
of LEDs for general lighting purposes will become commonplace, rather than an exception.
Therefore, it is essential that the light output generated by LEDs is of high temporal quality,
meaning that it does not produce visible temporal light artefacts, which can have a negative
impact on people. Simultaneously, the quality of lighting should not come at the expense of
other aspects, such as cost and lifetime of LEDs. Optimally balancing these aspects with the
temporal quality lighting demands models, predicting the perception of temporal light artefacts,
which can be implemented during the design of LED sources. The current standardized
measures suffer from several disadvantages and they are not applicable to objectively quantify
the perception of TLAs occurring in LED-based lighting systems. The need for the development
of suitable measures justifies the current research.
The general goal of this thesis is to model the visibility of temporal light artefacts, introduced by LED lighting. The numerous possible combinations of LED characteristics with their
driving electronics result in virtually indefinite diversity of their light waveforms, and it is
essential that the models account for their entire spectrum. Hence, quantifying the visibility of
TLAs requires a fundamental approach, essentially understanding the response of the human
visual system to varied light stimuli and model this response by applying general models, such
as linear system theory. There are three different temporal light artifacts, being flicker, the
stroboscopic effect and the phantom array effect, and the thesis is limited to modeling the
visibility of the first two, because they are more problematic in general lighting applications,
as compared to the phantom array. As the phantom array effect is mostly present in road and
street lighting, when the contrast is very high and the light sources are small, modelling of the
phantom array effects is outside of the scope of the current research.

1.4 Outline
The following chapters of this thesis present the studies conducted to quantify the visibility
of flicker and the stroboscopic effect. Chapter 2 presents a study aiming at modelling the
visibility of periodic flicker. As previous research in the field have demonstrated that flicker
visibility depends on several factors, flicker visibility is quantified by accounting for the effect
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of frequency, waveform, and flicker adaptation for nearly full visual field. Three perception
experiments are reported, and based on the results, the Flicker Visibility Measure (FVM) is
proposed, calculated in the frequency domain. Next, the measure is compared with the data
obtained for realistic waveforms (i.e. waveforms of LEDs available on the market), showing
a high correlation of flicker predictions of FVM with this data, in contrast to other existing
measures, including the flicker index and the flicker percent. However, as FVM is calculated in
the frequency domain, its capability to predict aperiodic flicker, such as transient modulations
or modulations with random frequency components, is considerably limited. Therefore, the
goal of the study presented in Chapter 3 is to develop a measure to quantify both periodic
and aperiodic flicker in general lighting applications. The basis for the development of the
measure is an existing model characterizing temporal processing of the human visual system
and the results of two perception experiments. The computation of the measure, termed Time
domain Flicker Visibility Measure (TFVM), are performed in the time domain, and it is also
consistent with the framework for quantifying light modulations, recommended by the CIE. It
is demonstrated that, contrary to other currently used measures, TFVM accurately quantifies
visibility of periodic and aperiodic light modulations.
In Chapters 4 and 5 the perception of the stroboscopic effect is studied and quantified. In
contrast to research on flicker, research on the visibility of the stroboscopic effect is scarce and
usually not relevant for LED-based lighting systems. Therefore, in Chapter 4, three perception
experiments are reported and a measure is developed, used to calculate the visibility of the
stroboscopic effect, termed Stroboscopic Effect Visibility Measure (SVM). The measure is
calculated in the frequency domain, because the light modulations causing the effect are
typically periodic, and the perception of single aperiodic modulations is negligible. In Chapter
5 the SVM is validated and extended. Five perception experiments are presented, conducted
in the Netherlands and in China, and the stroboscopic effect contrast threshold function of a
“standard observer” is developed, which can be used for normalization in SVM. The results
also show the dependency on illumination level, extending the validity of SVM to other
applications.
Finally, in Chapter 6 the findings are discussed in view of other relevant studies, and the
recommendations for the future research are given.
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Modeling flicker visibility in
the frequency domain

2

Abstract
Three experiments that measure the visibility of periodic flicker are reported. Temporal
light modulations were presented to a large visual field to make the results valid for general
lighting applications. In addition, the experiments were designed to control for flicker
adaptation. In the first experiment, the sensitivity of human observers to light modulations
with a sinusoidal waveform at several temporal frequencies up to 80 Hz was measured. The
results showed that the sensitivity to flicker (i.e. the inverse of the Michelson contrast) is as
high as 500 for frequencies between 10 Hz and 20 Hz, which is more than twice the maximum
sensitivity reported in the literature. In the second experiment, the sensitivity to flicker for
light modulations with complex waveforms, composed of two or three frequency components,
was measured. Sensitivity to flicker was found to be higher than the sum of the sensitivities
of the individual frequency components of the complex waveform. Based on these results,
we defined the Flicker Visibility Measure (FVM), predicting flicker visibility by a weighted
summation of the relative energy of the frequency components of the waveform. In the third
experiment, sensitivity to realistic waveforms (i.e. waveforms of LED light sources available
on the market) was measured. The flicker predictions of FVM showed a high correlation with
the experimental data, in contrast to some other existing flicker measures, including Flicker
Index and Percent Flicker, demonstrating the usefulness of the measure to objectively asses
the visibility of periodic flicker for lighting applications.

This chapter is copied with (slight) adaptations from LEUKOS, Volume 13, Number 3, 127-142 (2017): "Quantifying
the Visibility of Periodic Flicker", Małgorzata Perz, Dragan Sekulovski, Ingrid Vogels & Ingrid Heynderickx [167].
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2.1 Introduction
In recent years, Solid-State Lighting (SSL) sources, such as Light Emitting Diodes (LEDs), have
rapidly replaced traditional lighting, such as incandescent light bulbs and fluorescent light
tubes. This is because they offer a number of advantageous features, one of which is their fast
response to changes in the driving current. This characteristic can be used to easily control the
light output intensity and color, but it may also result in undesired perceived changes due to
the modulated luminous output, called temporal light artefacts (TLAs). Unfortunately, many
LEDs introduced on the market may produce such TLAs. An exposure to such modulated light
can have a number of negative consequences. It is commonly known that it can be irritating,
but also it can result in visual discomfort [220], it can deteriorate task performance [102, 233]
and for some people, e.g. those suffering from photosensitive epilepsy, it might cause negative
health effects [80]. In order to find the right balance between the cost of the light source and
its light quality, it is important to better understand the occurrence and visibility of temporal
light artefacts.
One of the visible artefacts that may occur in the light output of temporally modulated
systems is flicker. Flicker can be periodic and aperiodic (like flashes and transient effects); the
former one is the focus of the current study. The International Commission on Illumination
(CIE) defines flicker as “the sensation of visual unsteadiness induced by a light stimulus whose
luminance or spectral distribution fluctuates with time” [42]. As this definition can lead
to ambiguity in the classification of other temporal artefacts, we define flicker in a manner
consistent with recent work of the CIE [41] as perception of visual unsteadiness induced by a
light stimulus the luminance or spectral distribution of which fluctuates with time, for a static
observer in a static environment. The fluctuations of the light stimulus with time include
periodic and aperiodic fluctuations and may be induced by the light source itself, the power
source or other influencing factors. Static observer is defined as an observer whose gaze is
directed at a fixation point, and therefore does not make large eye movements. Large eye
movements exclude microsaccades, which are involuntary saccades that occur spontaneously
during intended fixation. Microsaccades amplitudes vary between 20 and 300 in a variety of
tasks [60], and an observer making such microsaccades is considered static. Other temporal
light artefacts, like the stroboscopic effect and the phantom array effect (ghosting), only occur
when either the observer or the environment is non-static [68, 88].
Flicker visibility has been studied extensively in the past. It has been shown that it depends
on many parameters, including the temporal frequency of the light modulation, the magnitude
of the modulation, the shape of the waveform, and the light intensity (e.g. [26, 119, 126, 127]).
The relation between flicker visibility and temporal frequency is described by the temporal
contrast sensitivity function (TCSF). It is obtained by measuring people’s sensitivity to light
that varies sinusoidally over time for a number of frequencies. The sensitivity corresponds
to the reciprocal of the modulation depth at which flicker is just visible. Modulation depth
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is defined as the Michelson contrast, being the ratio between the amplitude and the sum
of the maximum and minimum luminance emitted by the light source in one cycle of the
fluctuation (see equation 1.2) Modulation depth ranges between 0 and 1; sensitivity ranges
between 1 and infinity. TCSFs have been measured, for instance, by de Lange [127] and
Kelly [119], for several retinal illuminance levels (the curves measured at illuminance level
closest to the level used in general lighting applications are shown in Figure 2.11). The curves
measured by de Lange show that for illuminance levels higher than 3.75 trolands (i.e. photopic
vision) sensitivity increases with frequency and peaks around 8 Hz, after which it decreases
to a minimum sensitivity of 1 at a frequency of 60 Hz, called the Critical Fusion Frequency
(CFF). The CFF depends on light level, and Kelly showed that it maximally reaches 80 Hz
[119]. The curves of Kelly show that for illuminance levels higher than 7.1 trolands, there is
a much steeper rise of sensitivity at low frequencies as compared to de Lange’s curves and
the peak sensitivity occurs at higher frequencies (10 Hz to 20 Hz). Kelly argued that these
differences originated from employing different stimuli. De Lange used stimuli consisting of
a 2° flickering test-field in central vision, with a 60° surrounding field at the same average
light level. Kelly used a flickering test-field whose luminance was uniform in an area of about
50°, and diminished to zero at 65°. Kelly concluded that the difference at low frequencies
is an artifact resulting from the use of the sharp-edged, 2° field of the flickering stimulus
[114]. It should be noted that in both de Lange’s and Kelly’s studies, visibility thresholds
were obtained by the method of adjustment, with the observer encouraged to take as much
time as necessary to reach the threshold. This means that the observer was increasing and
decreasing the modulation depth of the stimulus at a given frequency until flicker was just
not visible. However, similar to other visual percepts, flicker sensitivity is attenuated after
prolonged exposure to a flickering stimulus, an effect known as flicker adaptation [208]. This
might have resulted in an underestimation of the sensitivity values in both studies, and hence,
an overestimation of the visibility thresholds.
De Lange [126] showed that flicker visibility also depends on the shape of the waveform of
the light fluctuation. He measured the sensitivity to flicker for differently shaped waveforms,
including a sinusoidal modulation and a square wave modulation. He showed that when
sensitivity was expressed in terms of the amplitude of the fundamental Fourier component
of the waveform, the sensitivity was independent of the wave shape. Therefore, given the
modulation threshold for sine waveforms, it is possible to predict the modulation threshold
for waveforms with other shapes. However, this only applies to periodic waveforms for
which the amplitudes of the higher frequency components are much smaller than that of
the fundamental frequency. Current LEDs can have complex waveforms, with high and low
frequency components at any relative amplitude. Therefore, it is possible that not only the
fundamental frequency, but also other frequency components significantly contribute to flicker
visibility. The flicker perception for these types of waveforms was studied by Levinson [135],
who measured visibility of waveforms composed of two sinusoidal components at frequencies
f and 2f . First, he measured the modulation threshold of each of the components separately;
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then he summed these waveforms at their respective thresholds and measured the modulation
threshold of the resulting, composite waveform. Levinson [135] showed that the amplitude
of the composite waveform needed to be reduced by 30 % on average to reach the visibility
threshold. He concluded that the flicker visibility threshold depended on waveform and not
on the energy in the fundamental frequency alone.
To have simpler means than the TCSF to communicate the amount of perceived flicker
of temporal light modulations, a number of measures have been developed in the past. For
a measure to be useful for lighting applications it has to accurately describe the effect of
frequency and waveform on flicker visibility, as described above. Here the measures are
briefly described; for more details, see section 1.2.6. Eastman and Campbell [56] introduced
the flicker index (FI ), which was adopted by the Illuminating Engineering Society of North
America (IESNA) [187] (see Figure 1.7 and equation 1.3 for details). However, the calculation
of FI is based on one cycle of light modulation, so it does not account for the effect of frequency.
Also, as it is based on integration of the area above the waveform’s average light output and
its total area, it does not consider local minima and maxima, so it only partially accounts for
the effect of waveform.
Another measure used to describe flicker perception is the percent flicker (PF ). It describes
the maximum percent luminance difference within one cycle of a periodic light modulation
with respect to the sum of its minimum and maximum luminance. The PF is also referred to
as the peak-to-peak contrast, the Michelson contrast, or the modulation depth (MD), and its
definition is given in equation 1.2. PF is based on one cycle of modulation, so it also does
not account for the effect of frequency. Further, it is based on luminance peaks, so it doesn’t
account for the effect of waveform either.
The International Electrotechnical Commission (IEC) has developed the flickermeter
method, which predicts flicker visibility of light modulations caused by rapid voltage fluctuations in electrical power systems [94, 95]. The flickermeter method yields a short-term
LM
flicker indication, PLM
st and its associated limit Pst = 1 defines the threshold of irritability.
The IEC model considers the incandescent lamp as the reference, but by removing the block
that simulates the incandescent lamp, PLM
st could be used as a general measure to predict the
visibility of luminance modulations. However, the basis of the flickermeter is the TCSF of de
Lange [126], who used sharp-edged stimuli at a relatively small size of 2° visual field, which
might not suitable for general lighting applications, where the stimulus covers almost full
visual field.
To evaluate flicker of LED light sources, we developed another measure, called the Flicker
Visibility Measure (FVM) [169]. This measure is calculated as a Minkowski summation of the
modulation of each frequency component, normalized by the modulation threshold of a sine
wave at the corresponding frequency. A Minkowski summation corresponds to a non-linear
summation of components using a certain exponent. Bodington et al. [22] presented a
similar measure, where a squared summation was used, i.e. a Minkowski exponent of 2.
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The study of Bodington et al. [22] is a basis for the measure recommended by ASSIST [2].
Bodington showed that the measure correctly predicted whether flicker was detected for five
commercially available lamps. However, the quadratic exponent used for the summation was
mathematically determined, based on the assumption of independence (orthogonality) of
the frequency components of a waveform. Further, in Bodington’s research, the participants
directly observed the light sources that had an angular size of about 7°. The light source
emitted about 600 lm, but the average luminance was not reported. Bodington also didn’t
control for flicker adaptation, which, similarly to the studies of de Lange and Kelly, might have
resulted in overestimation of modulation threshold values.
The aim of the current paper is (1) to quantify the visibility of periodic flicker by accounting
for the effect of frequency, waveform, and flicker adaptation for a visual field applicable for
general lighting and (2) to evaluate the summation measures proposed by Perz et al. [169]
and Bodington et al. [22]. Three perception experiments are reported, two of which were
partially presented before [169]. In the first experiment, the visibility of light modulations
with a simple sinusoidal waveform at different temporal frequencies was measured. This
experiment was similar to the ones conducted by de Lange, Kelly and Bodington, but it was
designed to stimulate a visual field realistic for typical lighting applications, and to prevent
flicker adaptation. In the second experiment, light modulations with complex waveforms
were generated. They consisted of a summation of two or three frequency components at a
modulation depth corresponding to their respective visibility threshold. The results were used
to determine the exponent of the Minkowski summation and to determine the accuracy of
the summation measure. In the final experiment, flicker perception of realistic waveforms
(i.e. waveforms of LEDs available on the market) was evaluated and the new measure was
validated with the obtained data.

2.2 Temporal Contrast Sensitivity Function
The experiment aimed at determining the temporal contrast sensitivity function for light covering a visual field characteristic for an office application. Visibility thresholds for sinusoidally
modulated light at nine temporal frequencies, ranging between 1 Hz to 80 Hz were measured.
The light level that was chosen corresponds to the light level in a typical office, where it is
recommended to have around 400 lx measured on the task area [218].

2.2.1 Experimental method
The experiment used a mixed within-between subject design with flicker visibility threshold
as dependent variable and frequency as independent variable. Visibility thresholds were
expressed in terms of modulation depth (equation 1.2).
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Set-up
The experimental set-up is shown in Figure 2.1 (a). Two luminaires were equipped with
LEDs. Each luminaire contained four rows of cool white LEDs (Lumileds, LUXEON Rebel, color
temperature of 6500 K) and four rows of warm white LEDs (Lumileds, LUXEON Rebel, color
temperature of 2700 K). Only the cool LEDs were used in the experiments. The luminaires
were mounted 0.8 meter from each other in a frame at a height of 2.5 meter from the floor,
close to a white wall. The voltage of the LEDs was controlled by a programmable waveform
generator via a laptop. Proper calibration of the setup was ensured by measuring and
transforming the relation between voltage and illumination. During the perception experiment
a participant was sitting at a chair, one meter away from the white wall, below the luminaires.
In this way the flickering stimuli comprised the intended visual field. There was a fixation
cross on the wall, in front of participants’ eyes. This particular experimental set-up was chosen
because it represents the worst-case conditions in a typical office environment, that is, where
flicker would be the most problematic.

Fig. 2.1: (a) Picture of the experimental set-up, used in Experiments 1 and 2, (b) in Experiment 3.

Stimuli
The LED lighting system was used to generate light temporally modulated with a sine wave
at a frequency of 1 Hz, 2 Hz, 5 Hz, 10 Hz, 15 Hz, 20 Hz, 30 Hz, 50 Hz, 60 Hz and 80 Hz. A pilot
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test was conducted in order to optimize the range of modulation depths per frequency. The
modulation depth ranged from 0 to 0.1 for 1 Hz, 2 Hz and 50 Hz; from 0 to 0.025 for 5 Hz,
10 Hz, 15 Hz, 20 Hz and 30 Hz; from 0 to 0.5 for 60 Hz; and from 0 to 1 for 80 Hz. By doing
so, the visibility thresholds could be measured with high accuracy. The average luminance
level, measured at the wall, in front of participants’ eyes was 209 cd · m−2 , and the average
illuminance, measured at the task surface was about 500 lx. The color temperature of the light
was 6500 K. To give an impression of the stimuli used in the experiment, Figure 2.2 shows four
waveforms, modulated at a frequency of 2 Hz, 5 Hz, 20 Hz and 50 Hz with the corresponding
modulation depth of 0.1, 0.025, 0.025 and 0.1, (i.e. the largest modulation depths that were
used for these frequencies).

Fig. 2.2: Illuminance (lx) as a function of time (s) of four light stimuli evaluated in Experiment 1.

Procedure
Before the start of the experiment participants read through and signed a consent form,
confirming their eligibility for the study. Next, they were explained what light flicker is, they
were given oral instructions on the experimental procedure, and they were given a short
demonstration of the experiment. Participants were instructed to look at the fixation cross at
the wall and to indicate on a portable numerical keyboard whether the light was flickering or
not. Each stimulus was presented until the participants made their decision, so they could
take as much time as they needed to give the answer, but they were encouraged to give
their answers fast. Pilot tests showed that prolonged time of the experiment did not result
in increased accuracy. Participants were instructed to press the right arrow key when they
observed flicker and the left arrow key otherwise. For each frequency, the visibility threshold
was measured using a staircase method [109], meaning that the modulation depth that was
presented for a stimulus with a given frequency depended on the response of the participant
to the preceding stimulus with the same frequency. The starting modulation depth was set at
a random value, well above the visibility threshold, within the range described above. The
modulation depth was decreased if a participant indicated that flicker was visible and increased
otherwise. The modulation depth at which the answer changed from yes to no or from no to
yes was counted as a reversal point. Eight reversal points were measured for each frequency,
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and the visibility threshold was obtained as the arithmetic mean of the 4 last reversal points.
As such, the visibility threshold represents the modulation for which the observer can detect
flicker with a probability of 50 % [196]. In order to prevent flicker adaptation, light at a
constant luminance and color temperature was presented after each stimulus for 4 seconds
and the various staircase stimuli for all lighting conditions were intermingled and presented
in a random order, different per participant. The experiment took about half an hour per
participant.
Participants
Two groups of participants took part in the experiment. The first group measured all frequencies except 15 Hz. This group consisted of 18 participants: 11 males and 7 females, with their
age ranging between 19 and 32 years. The second group measured only a frequency of 15 Hz
and consisted of 10 participants: 7 males and 3 females, with their age ranging between 19
and 28 years. The second group was added after analyzing the data of the first group, which
showed that the peak sensitivity could have been between 10 Hz and 20 Hz. All participants
were either Philips employees or interns at Philips Research. Adhering to the guidelines of the
internal ethical committee, participants were asked if they suffered from epilepsy, had a family
history of epilepsy, or suffered from migraines. If so, they were excluded from the experiment.

2.2.2 Results
Visibility thresholds, expressed in terms of modulation depth, were measured for each participant and frequency. First, the visibility thresholds were averaged across people and the 95 %
confidence intervals were calculated. Then the means and confidence intervals were converted
into sensitivity values, by taking the inverse values. Figure 2.3 shows the log-log plot of the
mean sensitivity as a function of frequency. The error bars in the figure represent the 95 %
confidence interval of the mean. The data points were interpolated, using shape-preserving
piecewise cubic interpolation [69], in order to create a temporal contrast sensitivity curve for
sinusoidal light modulations presented to the large visual field realistic for office application.
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Fig. 2.3: Visibility thresholds expressed as sensitivity (1/modulation depth) for sinusoidal waveforms as
a function of frequency. Error bars correspond to the 95 % confidence interval of the mean. The
solid line was obtained by shape-preserving piecewise cubic interpolation.

Figure 2.3 shows that the sensitivity increases with frequency for frequencies up to 10 Hz.
The sensitivity reaches a peak value of about 500 at 15 Hz. This corresponds to a modulation
threshold of 0.002. The sensitivity decreases for higher frequencies to a value of 1 at 80 Hz.
The error bars are small, showing that the participants were consistent. The error bars of
the 15 Hz stimulus, even though they were measured with a smaller number of participants
(n=10), are smaller than the error bars of other frequencies.

2.3 Flicker Visibility Measure
The temporal contrast sensitivity curve, developed in the first experiment can be used to
predict flicker visibility of sinusoidally modulated light. However, it does not predict flicker
visibility of all complex waveforms, because, as pointed out by Levinson [135], all frequency
components of a waveform, if sufficiently large, contribute to flicker perception. In one of
our earlier conference publications [169], we proposed a measure, called the Flicker Visibility
Measure (FVM) that can be used to predict flicker visibility of such complex waveforms. It
is described by a Minkowski summation of the Fourier frequency components, normalized
by the modulation threshold of a sine wave at the corresponding frequency, and it is defined
in Equation 2.1. The applicability of the Minkowski summation for predicting thresholds of
complex visual stimuli has been demonstrated in several studies on visual perception. Typically,
the Minkowski exponent was found to range between 2 and 4 [226]. The measure is defined
such that at visibility threshold its value is equal to 1.
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where
Cm is the amplitude (i.e. energy) of the m-th Fourier component of the light
waveform divided by the DC value of the waveform,
Tm is the visibility threshold of the sinusoidal waveform at the respective
frequency.
The visibility threshold, being the reciprocal of sensitivity, is expressed in terms of modulation
depth, as measured in the first experiment. Since Cm is the modulation amplitude with respect
to the DC value of the light stimulus, the visibility measure is dimensionless. The ratio of
Cm and Tm is also referred to as normalized energy. If the calculated FVM value for a given
waveform is equal to 1, flicker is just visible, i.e. it is visible with a probability of 0.5. If the
value is larger than 1, flicker is visible with a probability larger than 0.5, and if it is smaller
than one, flicker is visible with a probability smaller than 0.5. It should be noted that the
Minkowski summation is a generalized norm and by varying the exponent n, a number of
different norms are produced. If n = 1, this corresponds to a Manhattan norm, which means
that all frequency components are summed linearly. If n = 2, this corresponds to the standard
Euclidean summation. If n approaches infinity, this corresponds to the Chebyshev summation,
which means that only the frequency with the maximum visibility predicts flicker perception.
The goal of the second experiment is to validate the proposed flicker visibility measure and
to determine the exponent of the summation, which satisfies the conditions of Equation 2.1. It
should be noted that in the study of Bodington [22] the quadratic exponent was determined
mathematically, assuming independence of the frequency components of a waveform. In order
to experimentally determine the exponent, the visibility of both simple and complex waveforms
was measured. The stimuli were constructed using the TCSF measured in the first experiment.
Two simple sinusoidal waveforms at a frequency of 5 Hz and 10 Hz were presented, and several
complex waveforms, consisting of 2 or 3 frequency components. The complex waveforms were
constructed so that the modulation depth of each of the composing frequency component
was equal to the modulation threshold of a simple sine at the corresponding frequency. This
means that the normalized energy (i.e. Cm /Tm ) was equal for all frequency components.
Following the definition of the FVMT (2.1), it is expected that at threshold the normalized
energy of a simple sinusoidal waveform is equal to 1. As non-linear summation is expected,
it is hypothesized that the normalized energy of the frequency components of the complex
waveform is smaller than 1 [135].
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2.3.1 Experimental method
The experiment used a mixed within-between subject design with the visibility threshold as
dependent variable and the waveform as independent variable. In total 18 light conditions
were tested. With every condition taking about 3 to 4 minutes to be executed, the full
experiment would take about 1 hour per participant. Such long experimental time can be
tedious to the participants. Therefore, the light conditions were evaluated by two groups of
participants, each group evaluating 9 conditions (in a blocked way).
Set-up and procedure
The experimental set-up and procedure were identical to that of Experiment 1.
Stimuli
The simple sinusoidal and the complex waveforms were generated using the average modulation threshold measured in Experiment 1. It was decided to use the average modulation
threshold and not the modulation threshold for each participant individually for two reasons.
First, results of Experiment 1 showed that the differences between participants were small,
as indicated by the error bars in Figure 2.3. Second, in a study on modeling the visibility of
related visual percept, the stroboscopic effect, this approach was found to produce significantly
equal errors [170]. Therefore, measuring the sensitivity curve for each of the participants
separately was not needed. To obtain the complex waveforms, the sinusoidal waveforms
were summed at their respective modulation thresholds, which means that for each frequency
component the normalized energy was equal to 1. In order to measure the visibility threshold
of the simple and complex waveforms, the amplitude of the waveforms with a normalized
energy of 1 were multiplied by a gain factor, ranging between 0 to 4, with a total of 100 steps.
Table 2.1 shows the conditions evaluated with the two groups of participants.
Tab. 2.1: Frequency components of composite waveforms evaluated in Experiment 2

Frequency components (Hz)
Group 1

10

10,20

20,30

50,60

1,2

2,5

2,5,10

2,50

2,10,50

Group 2

5

2,15

2,5

5,10

5,15

5,25

5,35

5,50

5,80

Participants
In the first group 17 participants took part: 10 males and 7 females, with their ages ranging
between 19 and 33 years. In the second group 20 participants took part: 14 males and 6
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females, with their ages ranging between 19 and 34 years. Participants’ exclusion criteria were
the same as in the first experiment.

2.3.2 Results
In this thesis, the data is visualized using different graphs, such as a box plot or an error
bar. Mostly, these are standard graphs, they are universally understood and applied in the
psychophysics. One type of graph which might not be so well understood is a violin plot. This
plot is used to visualize the data in multiple parts of this thesis, and thus it is briefly described
here.
Data visualization
A violin plot is an adaptation of a box plot. A box plot only displays the basic summary
statistics, while a violin plot adds information about the distribution of the data to that. The
data distribution is a continuous approximation of the probability density function, computed
using kernel density estimation. More detailed information on how a violin plot is constructed
can be found in [89].
To clarify how a violin plot should be interpreted Figure 2.4 shows data measured by the
participants in Group 2 of Experiment 2 for the last lighting condition (i.e. a light waveform
composed of two frequencies, being 5 Hz and 80 Hz). The data is visualized with a box plot, a
scatter plot and a violin plot.

Fig. 2.4: Data visualized with a box plot, scatter plot and violin plot. The violin plot displays the same
summary statistics as the box plot, including the minimum, first quartile (Q1), median, third
quartile (Q3), and the maximum; additionally it also displays the mean. The shape of the violin
plot indicates a bimodal distribution of the data.
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The violin plot displays the same summary statistics as the box plot, including:
1. The minimum and maximum of the data, not considered as outliers, depicted as the
ends of the whiskers in the box plot, and as light-grey shaded area in the violin plot,
2. The 25th and 75th percentiles, marked with the egdes of the blue box in the box plot,
and with a dark-grey shaded area in the violin plot,
3. The median, depicted as a red line in the box plot and as a dotted line in the violin plot,
4. The mean is not visualized in the box plot but it is depicted as a solid line in the violin
plot.
The scatter plot shows that the data is not normally distributed but rather that it is concentrated
around two different values of about 0.5 and 1.5. The violin plot is wider around the values
with higher concentration of the measured data points, and it is narrower around the values
where data is more sparse. As such, the shape of the violin plot indicates a bimodal distribution
of the data, which cannot be inferred from the box plot.
Results of the Experiment 2
Visibility thresholds were measured for each participant and light condition. Visibility thresholds were expressed in terms of the gain factor (0 to 4) that was varied in the experiment.
This threshold is referred to as normalized visibility threshold, to make a distinction with the
visibility threshold in terms of modulation depth (0 to 1), as measured in Experiment 1. Figure
2.5 shows the mean normalized visibility threshold averaged across participants of the first
group (top) and the second group (bottom) including the 95 % confidence intervals of the
mean as error bars and the violin plots.
First, the data of the waveforms with a single sinusoidal frequency at 5 Hz and 10 Hz were
analyzed with a t-test to check whether the normalized visibility threshold significantly differed
from 1. A value different from 1 means that the visibility thresholds measured in Experiment 2
were different from the average visibility threshold measured in Experiment 1. A t-test was
performed per group of participants separately. In the first group, the analysis showed that the
normalized visibility threshold was not significantly different from 1, (t(16) = 1.21, p = 0.24),
whereas in the second group the threshold was found to be significantly different from 1 at a
significance level of 0.05 (t(19) = 2.09, p = 0.04). Further, a two sample t-test was performed
comparing normalized visibility thresholds of the simple sines measured in Experiment 2 with
visibility thresholds measured in Experiment 1. The two sample t-test was not significant in
both groups (t(33) = 0.60, p = 0.60); (t(33) = 0.63, p = 0.54), respectively, meaning that the
thresholds measured in Experiment 2 and 1 come from normal distributions with equal means.
Therefore, it was concluded that the visibility thresholds of single sinusoidal waveforms are
the same in Experiment 1 and in Experiment 2.
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Fig. 2.5: Error bars and violin plots of the mean normalized visibility threshold for various complex
waveforms measured in the first (top) and second (bottom) group of participants of Experiment
2; the darker-shaded areas correspond to 25th and 75th percentiles; the error bars correspond
to the 95 % confidence interval of the mean.

For the complex waveforms (i.e., with multiple frequency components), a t-test showed
that on average their normalized visibility threshold significantly differed from 1 in group
1, (t(143) = 14.66, p < 0.01) and in group 2, (t(170) = 5.56, p < 0.04), as is also clear from
Figure 2.5. A value of 1 means that the frequency components are independent and their
respective modulation thresholds are sufficient to predict flicker visibility. This would mean
that the summation exponent is equal to 1. The normalized visibility thresholds of the complex
waveforms, averaged across the participants of the first group, ranged between 0.61 and
0.89, with a mean of 0.71. For the second group, the average thresholds of the complex
waveforms ranged between 0.76 and 0.93, with a mean of 0.82. Thus, the modulation of the
waveforms composed of sinusoidal frequencies at their respective modulation threshold had
to be decreased on average by 29 % and 28 % in order to become just not visible. This result is
consistent with the study of Levinson [135], who showed that the amplitude of the composite
waveform needed to be reduced by 30 % on average to reach the visibility threshold.
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Figure 2.5 shows that the variance of the visibility threshold was larger for participants
in the second group compared to the participants in the first group. The size of the error
bars of the second group was twice the size of the first group. Also, the violin plots were
much larger for the second group of participants, and appeared to be less normal. Especially
for the complex waveform consisting of the sinusoidal components of 5 Hz and 80 Hz the
spread was very large with a substantial difference between the mean and the median of the
distribution. Therefore a hierarchical clustering was performed to analyze the dissimilarity in
scores between the participants of the two groups. Figure 2.6 shows the dendrogram of the
cluster analysis, for group 1 (left) and group 2 (right), where each leaf corresponds to one
participant. To construct a dendrogram, the Euclidean distance was calculated between pairs
of all participants. Then, the participants that were the closest in proximity were linked. As
participants were linked into binary clusters, the newly formed clusters were further linked
into larger clusters until a hierarchical tree was formed. In the final step, an Euclidean distance
larger than 1 was used to define different subgroups of participants.

Fig. 2.6: Dendrogram of the participants for group 1 (left), and group 2 (right). Group 2 shows two
subgroups of people, differently sensitive to flicker.

The hierarchical cluster analysis showed no participant effect in group 1 (i.e. Euclidean
distance < 1). However, in group 2, two distinct subgroups of participants were found:
subgroup 1, depicted with black lines in Figure 2.6, and subgroup 2, depicted with grey lines.
Therefore, the normalized visibility threshold obtained in group 2 was calculated separately
per subgroup, as shown in Figure 2.7. The errorbars with crosses of Figure 2.7 shows the
results of subgroup 1 (depicted with the black lines in Figure 2.6), and the errorbars with
circles shows the results of subgroup 2 (depicted with the grey lines in Figure 2.6). It is
apparent that the two groups of participants produced different results, suggesting that they
are differently sensitive to flicker. The sensitivity of the first subgroup was as expected: the
normalized visibility threshold of the waveform with a frequency of 5 Hz was equal to 0.96
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and the visibility threshold of the complex waveforms was 0.69 on average, ranging between
0.52 and 0.76. Subgroup 2 was less sensitive to flicker, with a visibility threshold of 1.45 for
the simple sine wave at 5 Hz, and an average threshold of 1.1 for the complex waveforms,
ranging between 0.87 and 1.54.

Fig. 2.7: Mean normalized visibility threshold for various complex waveforms for the two subgroups of
participants from group 2: subgroup 1 (crosses) corresponds to participants with sensitivity to
flicker as expected, whereas subgroup 2 (circles) corresponds to participants with decreased
sensitivity to flicker. The error bars correspond to the 95 % confidence interval of the mean.

A two sample t-test showed that the visibility threshold for a sinusoidal waveform at
5 Hz did not differ from the visibility threshold of the participants in Experiment 1 (t(28) =
0.28, p = 0.78) for the participants of subgroup 1, but it did for the people of subgroup 2
(t(24) = 2.37, p = 0.02). In addition, a t-test showed that on average the normalized visibility
threshold of the complex waveforms significantly differed from 1 in subgroup 1 (t(95) =
17.1, p < 0.01), but it did not significantly differ from 1 in subgroup 2 (t(63) = 1.19, p = 0.24).
Interestingly, a large difference in visibility threshold for the complex waveform consisting of a
5 Hz and 80 Hz frequency component can be observed between the two subgroups. The mean
visibility threshold for this condition was 0.52 for subgroup 1, whereas it was 1.54 for subgroup
2. This threshold was significantly different from the threshold of the sinusoidal waveform
at 5 Hz for subgroup 1 (t(11) = 6.15, p < 0.01), but not for subgroup 2 (t(7) = 0.59, p = 0.58).
This could suggest that the participants of subgroup 2 are less sensitive to flicker and they
cannot perceive the 80 Hz component in the complex waveform, since their normalized
visibility threshold for the complex waveform wasn’t significantly different from the threshold
of the 5 Hz simple sinusoidal waveform. This implies that their CFF was below 80 Hz.
The observation of having two subgroups of participants in the data suggests individual
differences in flicker sensitivity, although it might also be that participants were using different
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strategies while executing the experiment, which is further discussed in section 2.5. Despite
possible individual difference, it is beneficial for the LED industry to define a standard observer
for flicker visibility. The results of the people of subgroup 2 did not match the TCSF measured
in Experiment 1. Apparently most people have a similar sensitivity (i.e., 29 people out of the
37 that were measured), and this sensitivity is hence considered as the standard observer
sensitivity. The standard observer is considered to represent average sensitivity in the general
population, and the implications of using such formulation are further discussed in section
6.1.2. Therefore, the results of people from subgroup 2 are excluded from further analysis.
Hence, the rest of the analysis could be considered as results for a standard observer based on
the results of the people of subgroup 1.

2.3.3 Parameter Estimation for the Visibility Measure
In order to fit the Minkowski exponent of the FVM, the following procedure was used. First,
the normalized energy of the Fourier components of the 16 complex waveforms at visibility
threshold, was calculated, i.e. Cm /Tm , in Equation 2.1. This corresponds to the normalized
visibility threshold of Experiment 2. This was done for every waveform and every participant.
It should be noted that the visibility thresholds of the simple sinusoidal waveforms (Tm )
were the same for every participant, because, as mentioned before, it was decided to use the
average TCSF measured in Experiment 1. Next, the normalized energy was summed over
the contributing Fourier components using a Minkowski summation (given by Equation 2.3)
with the exponent n ranging between 1 and 4, in steps of 0.5. This was also done for every
participant and every waveform. Finally, the resulting values of the FVM were averaged
across the participants for each waveform, resulting in 16 FVM values per exponent.
Figure 2.8 (a) shows the mean FVM value averaged across waveform and its 95 % confidence interval. According to the definition of the measure, the FVM should have a value
of 1 at visibility threshold. Figure 2.8 (a) shows that this value is reached with a Minkowski
exponent of around 2.
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Fig. 2.8: (a) Mean Flicker Visibility Measure, as defined in equation 2.1, as a function of the Minkowski
summation exponent n. The error bars correspond to the 95 % confidence interval of the mean.
(b) RMS error of the FVM prediction averaged over the complex waveforms of Experiment 2,
calculated against the estimated value of 1, for different values of the Minkowski summation
coefficient.

To assess the difference between the FVM, which is expected to equal 1 at threshold and
the values measured in Experiment 2 for different values of the Minkowski exponent, the
root-mean square (RMS) error was calculated. This was done for every waveform and every
participant as follows:

v
p
n u
X
u1 X
2
1
t
RMSE(m) =
F V M (mi,j ) − 1 ,
n

i=1

p

(2.2)

j=1

where
m ∈ {0.4 + 0.1 k | k ∈ N+ , k < 46} is the Minkowski exponent,
n ∈ {1, 2, 3..., 16}, is the number of the complex waveform,
p ∈ {1, 2, 3, .., 29}, is the number of the participant.
Figure 2.8 (b) shows the mean RMS error as a function of the Minkowski summation exponent.
It illustrates that the minimum error is equal to 0.075, which is considered small; this minimum
error is found with a Minkowski exponent of 2.
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Therefore, the measure to predict visibility of periodic flicker for the large visual field, realistic
for an office application, called the Flicker Visibility Measure (FVM) is computed as follows:


v
u ∞ 
u X Cm 2  < 1 not visible
2
FVM = t
= 1 just visible
Tm

m=1

(2.3)

> 1 visible,

where
Cm is the amplitude of the m-th Fourier component of the light stimulus
divided by the DC value of the waveform,
Tm is the visibility threshold of the sinusoid at the corresponding frequency.

2.4 Flicker visibility of realistic waveforms
The third experiment aimed at comparing the FVM with several flicker measures, explained
in the introduction, i.e. MD, FI , PF , and PLM
st , for their capability to predict perceived flicker
of light modulations with realistic waveforms.

2.4.1 Experimental method
The experiment used a within-subject design with standard scores as dependent variable and
waveform as independent variable. A two-alternative forced choice (2AFC) procedure was
used. In total 11 light conditions were tested, which resulted in 55 different pairs of stimuli.
The total number of pairs can be computed using a binomial coefficient, which is given by

11
.
2
Set-up
In addition to the setup used in the previous two experiments, a white cardboard was mounted
in between the two luminaires, perpendicular to the wall, as shown in Figure 2.1 (b). By
doing so, different waveforms could be simulated in each of the two luminaires and the light
patterns generated by the luminaires did not overlap.
Stimuli
The luminance, varied over time, of 42 LED light sources, available on the market, was
measured, using a photodiode and an oscilloscope. The measurements were 50 seconds long
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and had sampling frequency of 10 kHz. The light output of all light sources was visually
examined by the experimenter, and based on this, 11 light sources were selected. For some of
these light sources the temporal light quality was evaluated by the experimenter as good (i.e.
flicker was not perceived), and for some the light quality was evaluated as bad (i.e. flicker was
perceived). The temporal fluctuation of these waveforms could either be periodic or aperiodic.
Three examples of these waveforms are shown in Figure 2.9 (all the waveforms are available
by request to the authors). The light output of the 11 selected light sources was simulated in
the experimental set-up.

Fig. 2.9: Relative illuminance (a.u.) as a function of time (s) of realistic waveforms evaluated in
Experiment 3.

Procedure
Participants were seated 1 m away from the wall, at the end of the cardboard. In each of
the luminaires a different waveform was presented and the participants’ task was to indicate
on a portable numerical keyboard which of the two stimuli, presented on the left or on the
right side of the cardboard, flickered most. Participants were instructed to look to each side
of the cardboard; they could freely move their head and they could look to each side of the
cardboard for as long as necessary in order to make their decision. Participants were instructed
to press the right arrow key when the stimulus on the right side flickered most, and otherwise
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the left arrow key. All combinations of lighting conditions were presented in a random order,
different per participant. The experiment took about half an hour per participant.
Participants
In total 18 participants took part in the experiment: 10 males and 8 females, with their ages
ranging between 19 and 36 years. The exclusion criteria were the same as in Experiment 1
and 2.

2.4.2 Results
The experimental results were represented in a count matrix C, where each element ci,j
corresponded to the number of responses in which waveform Ai has been selected as more
flickering than waveform Aj . The count matrix C was divided by the number of participants
(n=19), resulting in a matrix of proportion estimates (p̂j,i ). Using Thurstone’s law of comparative judgment [61, 225] the proportion estimates were transformed into score differences, as
follows:
di,j = Φ−1 (p̂i,j ),

(2.4)

where
Φ−1

is the inverse of the standard normal cumulative distribution function.

It should be noted that the range of distances in the resulting matrix D was restricted to be
between −5 to 5, to prevent infinite values. Standard scores, q̂, were estimated such that the
distances between the different scores approximated the distances in the matrix D [61]:

Pk

(di,j )

Pk
i = 1

(di,n )

q̂j =

i = 1

k = 11

is the number of stimuli used in the experiment.

k

− minn

k

,

(2.5)

where

In addition, the value of the different flicker measures was calculated for the luminous
output of the 11 light sources. The values of modulation depth and the flicker index were
calculated for all the cycles of each light waveform and the average value was used. Figure
2.10 shows the standard scores of the light sources against the values of the flicker measures.
A first degree polynomial, p (x) = p1 x + p2 , (i.e. linear equation) was fitted through the data
points, using the least-square method, and the best fit for every flicker measure is depicted in
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Figure 2.10 as a solid line. Figure 2.10 clearly illustrates that the fit for the MD and FI is poor
as compared to the fit for PLM
st and FVM.

Fig. 2.10: Standard scores as a function of different measures predicting flicker visibility. The solid line
shows the best linear fit.

The Pearson correlation was computed to assess the relationship between the standard scores
and the values of the different flicker measures. There was no significant correlation of the
standard scores with MD or FI (MD: R2 = 0.33, p = 0.32; FI : R2 = 0.06, p = 0.87), but there
LM
2
was a positive significant correlation with PLM
st and FVM (Pst : R = 0.84, p < 0.001; FVM:
2
LM
R = 0.77, p = 0.005). This means that both Pst and FVM appear to be good measures to
predict flicker visibility.
The visibility threshold for both PLM
st and FVM equals 1, meaning that if the value of the
measure is larger than 1, flicker is visible, and if the value of the measure is smaller than
1, flicker is not visible. Figure 2.10 shows that three out of eleven waveforms have a PLM
st
larger than 1, whereas seven waveforms have a FVM above 1. In the experiment the relative
differences between the stimuli were measured, rather than the visibility thresholds. Since
some fluctuation was present in all the stimuli, it was not possible to directly derive from
the data which conditions were visibly flickering and which were not. However, during the
briefing immediately after the test, participants reported that they perceived the majority of
the presented stimuli as flickering. This suggests that PLM
st might be underestimating absolute
flicker visibility.
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2.5 Discussion
In the first experiment of the current study, the temporal contrast sensitivity curve for simple
sine waves was developed. Similar curves have been measured before by de Lange [126], Kelly
[119] and Bodingtion [22]. Figure 2.11 shows the comparison of these curves. Both Kelly
and de Lange measured several illumination levels and the level closest to the illumination
level of our study (i.e., 209 cd · m−2 measured at the wall) was chosen for the comparison
(de Lange: 10 000 photons, Kelly: 9300 td). Bodington measured a TCSF for a light source
emitting 600 lm.

Fig. 2.11: Flicker sensitivity curves measured by Kelly [119] (dash-dot line), de Lange [126] (dotted
line), Bodington et al. [22] (dashed line), and in our study (solid line)

There are several differences and similarities between our curve and the other three curves.
For frequencies below 20 Hz the shape of the curve measured in the current study is quite
similar to the shape of the curve measured by Kelly, but the absolute sensitivity is a factor
of 3 higher for frequencies between 1 Hz and 5 Hz and a factor 5 higher between 5 Hz and
20 Hz. Between 20 Hz and 50 Hz the curve we measured is falling of much more rapidly than
the curve of Kelly. Above 50 Hz the two curves overlap. Our result is consistent with the
study of Kelly [119] showing that for relatively high luminance levels the CFF corresponds to
about 80 Hz. The difference between the two curves could be attributed to flicker adaptation,
which was controlled for in the current study, by showing a reference of constant light after
each stimulus of modulated light and by using interleaved staircases that randomized the
subsequently observed frequencies. Kelly used a tuning method to obtain visibility thresholds,
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which means that participants might have been adapting to flicker over time, which in turn
might have resulted in an underestimation of the sensitivity.
The curves measured by de Lange [126] and Bodington et al. [22] have a different shape.
Above 5 Hz the sensitivities are lower than what we measured in the current study. This
difference can also be attributed to differences in methodology. De Lange used a tuning
method, similar to Kelly. Bodington et al. used a staircase method, similar to the current study.
However, Bodington presented the stimuli directly after each other, without breaks, a reference
with constant light, or interleaving different frequencies, which means that also during this
study, participants might have been adapting to flicker over the course of the experiment.
Not all sensitivities found in the three previous studies are lower than what was measured
in the current study. The sensitivity measured by de Lange is higher than what we measured
in the low frequency region, between 1 Hz and 5 Hz. This difference is attributed to the shape
of the stimuli employed in the different studies. De Lange used a 2° visual field with sharp
edges, whereas the almost full visual field with a smooth gradient was used in the current
study. It was already argued by Kelly that the behavior of the curve by de Lange in the low
frequency range is an artifact of using sharp-edged stimuli [114].
In the second experiment the Flicker Visibility Measure (FVM) was evaluated. The exponent in the FVM that best described the data of the complex waveforms was experimentally
found to be 2. In the study of Bodington et al. [22], the summation exponent was mathematically determined also to be 2. So, we found the same exponent even though the two studies
used different methodologies, and were based on a different TCSF.
Two distinct groups of participants were found, differing in their sensitivity to flicker. One
group of participants had their flicker sensitivity the same as what was measured in experiment
1 and the other group of participants was significantly less sensitive to flicker. This result is not
surprising, as literature on flicker visibility indicates that it varies between people. Sensitivity
to modulated light might be affected by several factors, both internal, as gender and age, as
well as external, like time of the day [105]. We strived to develop a measure for a standard
observer and therefore the data of the participants, whose sensitivity substantially deviated
from the average sensitivity, was excluded from the analysis.
In the last experiment it was shown that PLM
st might be underestimating flicker visibility.
The weighting filter used in PLM
is
based
on
the TCSF measured by de Lange [126] for
st
a 2° visual field. As shown above, the sensitivity of de Lange at frequencies above 5 Hz is
lower compared to the sensitivities measured in the current study for light presented to the
large visual field, used in typical lighting applications. This could explain why PLM
st cannot
accurately predict the absolute visibility of flicker of the stimuli used in this experiment. A
more detailed analysis of the experiment showed that PLM
st predicts better the visibility of
aperiodic flicker, as compared to the FVM. Such aperiodic fluctuations are not uncommon in
the lighting domain. One of the waveforms used in the third experiment contained a single
transient effect, a flash. After removing this waveform from the analysis, the correlation of the
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FVM with perceived flicker was slightly higher than the correlation of PLM
st with perceived
flicker (FVM: r = 0.86, p < 0.001; PLM
st : r = 0.82, p < 0.001).
Ideally, a flicker measure should predict both periodic and aperiodic flicker (e.g., single
flashes and pulses). Since PLM
st is calculated in the time domain it is better able to account
for both types of flicker. The summation exponent of the FVM is equal to 2, and therefore
the Parseval’s theorem can be used. It states that the sum of the square of a waveform x(t) in
time domain is equal to the sum of the square of the Fourier transform X(f ) in the frequency
m
domain. If a frequency-domain normalization ( C
) is correspondingly applied in the time
Tm
domain, for instance, by convolving the input light waveform with a suitable impulse response
function, the FVM can also be calculated in the time domain. By doing so, similarly to PLM
st ,
it has a potential to account for both periodic as well as aperiodic flicker.
There are some limitations in the usability of the results. FVM was determined under
typical office conditions, which means with an illuminance of about 500 lx, measured on the
task area. Therefore, the measure is valid for applications with comparable light levels, being
office, hospitality, home and retail. It is known that flicker visibility depends on adaptation
level (e.g. Kelly [119]). It should be investigated to what extent the same approach is able
to accurately predict perceived flicker in applications with other light levels, like outdoor. In
this study complex waveforms were used to develop FVM, but there was no phase difference
between the different frequency components. In order to generalize the validity of the
established FVM, additional experiments with complex waveforms including phase shifts
between the components should be done.
In the second experiment the less “sensitive” observers were excluded from the general
analysis, and consequently only the average sensitivity was used to validate the visibility
measure. The reason is that the sensitivity curve used in the flicker visibility measure was
based on the average sensitivity obtained in Experiment 1 and these less sensitive observers
significantly deviated from the average in the case of a single frequency (5 Hz). It should be
noted that using only the average sensitivity might not be sufficient for defining good quality
lighting for all people, e.g. people with still higher sensitivity to temporal light modulations.
The current study does not propose any specific sensitivity curve that can cover all uses; one
should realize that the focus of the current study was on flicker visibility at one particular
illuminance level, covering a large part of the visual field of people. Having a sensitivity
curve for all uses would undoubtedly be beneficial for lighting communities, but we did not
have access to enough "sensitive" observers. Conversely, the two groups of participants that
were found in the second experiment might not have differing sensitivity, but they can be
using different strategies while executing the experiment. Due to hardware limitations, an
experiment, based on two-alternative forced choice (2AFC) method could not be conducted
and it is known that yes-no methodologies can have innate biases, also participant dependent.
The second group of participants can in fact be less sensitive as compared to an average
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observer, but it can also be using a different strategy. How the sensitivity of the observers
varies with differing methodologies should be studied in the future.
The task of the participants in the current study was to look at a white, spatially unstructured wall. This is similar to the most critical case in a typical office, when workers look at
white walls. Other cases include situations when spatial patterns are present in the workers’
field of view. How the temporal sensitivity changes with addition of spatial patterns has been
previously studied. Robson [194] measured temporal visibility thresholds for a number of
spatial frequencies (square-wave gratings). He showed that the fall-off in sensitivity at high
temporal frequencies is independent of the spatial frequency of the pattern. In addition, a
fall-off in sensitivity at low temporal frequencies occurs only when the spatial frequency is also
low (0.5 cpd). Finally, for higher spatial frequencies (4, 16 and 22 cpd), the absolute temporal
contrast sensitivity decreases with increasing spatial frequency. Kelly [115] also measured
sensitivity to temporal frequencies at a number of spatial frequencies. By plotting sensitivity as
a function of both spatial and temporal frequency he constructed a complete spatio-temporal
threshold surface. The results were very similar to those of Robson [194]. Both, the results
of Robson and Kelly can be used to determine how the temporal contrast sensitivity changes
when spatial patterns are present in workers’ field of view. In most cases, addition of a spatial
pattern results in attenuation of human temporal sensitivity. This confirms the assumption
that by using the current experimental setup, the worst-case spatial structure for an office
application was probed.
A last point of consideration is the influence of saccades. The task of the participants in
the current study was to indicate whether flicker was visible or not while fixating on a cross,
marked on the wall in front of them. This means that they were not making large eye saccades.
This, in combination with the fact that the wall was white and spatially unstructured, means
that the phantom array effect was not visible during the experiment (e.g. Roberts and Wilkins).
However, normal vision is accompanied by micro-saccades, and it can be argued that this
might have influenced the flicker visibility thresholds. Kelly [118] conducted an experiment
in which he measured spatio-temporal contrast sensitivity by stabilizing the image on the
retina. The results showed that normal (unstablized) and stabilized threshold surfaces have
essentially the same shape for frequencies higher than 0.1 Hz. It means that even though
participants were constantly making micro-saccades during the experiment, it did not affect
their visibility thresholds.

2.6 Conclusions
The light output of LED light sources introduced to the market nowadays is often temporally
modulated with different kinds of irregular waveforms and at various temporal frequencies.
To ensure that the light has a high perceptual quality, it is important to accurately quantify the
visibility of temporal light artifacts. In the current study three experiments were conducted
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with the general aim of developing a measure that predicts flicker visibility of periodically
modulated waveforms of light presented to the large visual field and at an illumination level
typically used in office applications.
In the first experiment, the temporal contrast sensitivity function (TCSF) for simple sine
waves was developed. The shape of the TCSF was comparable to earlier studies; however the
maximum sensitivity was more than twice the sensitivity reported in literature.
In the second experiment, a measure for predicting flicker visibility of periodic waveforms
with different shapes and frequency components was evaluated. The measure, called the
Flicker Visibility Measure (FVM), consists of a Minkowski summation of the Fourier frequency
components in the light modulation normalized by the modulation threshold of a sine wave at
the corresponding frequency. In order to determine the Minkowski exponent, the visibility
threshold of complex waveforms, consisting of 2 or 3 frequency components, was measured.
The TCSF, measured in Experiment 1, was used for normalization. The best fitting exponent
was found to be 2.
In the last experiment different flicker measures, including FI , PF , PLM
st and FVM were
evaluated on their capability to predict flicker visibility of realistic waveforms. The results
showed that the commonly used measures, FI and PF , are not suitable measures to accurately
quantify flicker visibility. The correlation of FVM and PLM
st with perceived flicker was high,
with PLM
st showing a slightly higher correlation than FVM. However, it was also shown that
FVM predicts the absolute flicker visibility better, whereas PLM
st might be underestimating
flicker visibility.
Finally, it was shown that the measure has a potential to be calculated in the time domain.
This means that the measure could be extended and be applicable for aperiodic flicker as well.
Future work should focus on validating such a measure.
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Abstract
This paper presents the results of two perception experiments that measure the visibility
threshold for several aperiodic light modulations. The results are used to develop a measure,
termed Time domain Flicker Visibility Measure (TFVM), to quantify the visibility of periodic
and aperiodic flicker in general lighting applications. The measure is based on an existing
model that characterizes the temporal behavior of the human visual system, using a combination of two impulse response functions, a band-pass and a low-pass. First, the parameters of
the model are determined, based on the results of previous studies on the visibility of periodic
flicker. Then, the short-term absolute difference is computed, and finally a single-order statistic
is determined, based on the results of the experiment, in which the visibility of transient
modulation functions was measured, using a two-alternative forced choice method. Results of
the second experiment demonstrate that the measure accurately quantifies aperiodic flicker,
contrary to other available measures.

This chapter is submitted for review to Journal of Vision: ”Modeling visibility of periodic and aperiodic flicker based on
the temporal impulse response function”, Małgorzata Perz, Dragan Sekulovski, Ingrid Vogels, and Ingrid Heynderickx.

51

3.1 Introduction
Light emitting diodes (LEDs) are a rapidly developing technology, and since a few decades,
LEDs are replacing conventional light sources, such as incandescent and fluorescent lamps (e.g.
[40, 50]). The key motivation behind the growing use of LEDs is their high energy efficiency,
which results in lower power consumption and considerable energy savings. Several other
advantages that have driven the prevalent use of LEDs for general lighting purposes, but also
the challenges their use can pose, have been described in detail (e.g. [24, 202, 205]).
The challenge that motivates this study concerns the visibility of flicker, which is defined by
the International Commission on Illumination [41] as the ”perception of visual unsteadiness
induced by a light stimulus the luminance or spectral distribution of which fluctuates with
time, for a static observer in a static environment”. Flicker is not a recent issue in the lighting
industry, for instance, it has been a topic of concern for fluorescent lighting [59]. However,
the fast temporal response of LEDs results in different types of light fluctuations as compared
to conventional light sources. There is a lot of anecdotal evidence as well as a few reported
case studies on customer complaints about flicker from LED lighting systems in the field [21,
79, 165].
A fast temporal response means that the luminous output of an LED closely follows the
time course of the driving current. This feature can be advantageous when controlling the
light output intensity, for instance by using pulse-width modulation (PWM) dimming [8] or to
create dynamic light effects. However, the modulated light output of LEDs may also result in
the perception of undesired spatio-temporal changes, called temporal light artefacts (TLA),
including not only flicker, but also the stroboscopic effect and the phantom array effect (or
ghosting) [41]. Besides, exposure to flickering light stimuli can have negative consequences
as demonstrated through numerous (clinical) studies (e.g. [161, 227]).
Apart from intended driving current modulations, LED lighting systems, like other lighting technologies, might also suffer from non-intended current modulations, due to power
disturbances or voltage fluctuations. The latter are defined by the Institute of Electrical
and Electronics Engineers (IEEE) as systematic variations of the voltage waveform envelope,
or a series of random voltage changes, the magnitude of which falls between the specified
limits [97]. In other words, voltage fluctuations are the response of the power system to fast
changing loads, and the response of LED lighting systems to such load variations may result in
the perception of flicker.
Different loads can induce various fluctuations, including periodic changes at frequencies
of 1 Hz to 20 Hz, step functions, irregular variations and transients [4, 79]. It has been
demonstrated that the response of LED systems depends on the complexity of the input voltage
[11]. Figure 3.11 (a) shows an example of the luminous output that results from a rapid
voltage change associated with a capacitor switching [14, 142]. More recently, it has been
shown that the LED light output may also change in the presence of high frequency voltage
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distortions in the rage of 2 kHz to 150 kHz, induced by the active switching of power electronic
converters that are present in e.g. computer power supplies or battery charges [195]. These
high frequency voltage distortions resulted in rapid as well as slow changes (i.e. < 1 Hz) of
the luminous output [212].
Most LED systems require an electronic driver circuit when operated from the mains in
order to regulate the input voltage to the level required by the LED. Such a driver circuit can
in principle be very simple, but becomes more complex in case it is designed to prevent flicker
visibility as a consequence of voltage distortions or incompatibility with a dimmer. These
better designed driving electronics may increase the costs of LEDs, decrease their efficiency,
require more physical space, and negatively impact their lifetime [8]. Understanding the
occurrence and visibility of flicker can thus help to find the right balance of temporal light
quality at minimal impact of circuit design.
The above mentioned fluctuations in the driving current, and the resulting fluctuations of
the light stimulus can be either periodic, such as sinusoidal modulations at one frequency, or
aperiodic, such as transient modulations or modulations with random frequency components.
A realistic luminous output of LED lighting systems often consists of a combination of both
periodic and aperiodic fluctuations. Figure 3.11 (b) shows transitions that can be observed
when visual light communication (VLC) is employed; VLC which is a method that utilizes LEDs’
fast response time for optical wireless communication [183]. The modulation is a periodic
square with a fundamental frequency of 200 Hz, switching to 100 Hz at one point and then
back to 200 Hz. A light modulation at a frequency of 100 Hz or 200 Hz is not perceived as
flickering, however the transition between the two frequencies are often perceived as a flash.
Figure 3.11 (c) shows the measured light output of a real LED-based product. It has a
fundamental frequency of 100 Hz, but it is still perceived as flickering, due to the presence of
single transient events that originate from power quality disturbances.

Fig. 3.1: Examples of luminous output of an LED lighting system with periodic and aperiodic modulations.
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The above demonstrates the importance of modelling the visibility of flicker in general
lighting applications. Models on the visibility of flicker can be defined in either the frequency
or time domain and they typically assume that the human visual system (HVS) is linear (e.g.
[113, 127]). It is known that the HVS does not obey linear superposition under all possible
circumstances, but it does so for over a large range of stimuli in the proximity of the visibility
threshold and at a constant state of adaptation. In the frequency domain, the response of
the HVS is usually expressed as the amplitude and phase response of the (complex) transfer
function. The Fourier transform of this transfer function is an impulse response function (IRF),
described in the time domain.
To characterize the perception of both periodic and aperiodic flicker, the CIE recommends
using time domain models, because they allow for additional statistical processing, contrary
to frequency domain models [41]. The CIE proposes a framework consisting of three main
steps, being (1) temporal filtering, (2) computing short-term variance and adjustment, and (3)
statistical processing.
As an implementation example, the CIE offers the IEC flickermeter [94, 95], which is a
commonly used standard for determining the limits on allowed voltage fluctuations. The IEC
model consists of 5 different blocks, and one of them considers the incandescent lamp as the
reference light source. By removing this component, the IEC flickermeter can be used as a
general measure to predict the visibility of luminance modulations in LEDs’ output.
The flickermeter method yields a short-term flicker indication, PLM
st , and its associated
limit of 1 defines the threshold of flicker irritability. However, the temporal filtering of the
flickermeter method is based on the data obtained by de Lange [127], measured using a
2° visual field in the fovea, and with the observer adapted to the flickering stimulus. Since
temporal sensitivity depends on the size of the stimulus and its retinal position (e.g. [146,
200, 201, 232], see section 1.1.5 for more details), as well as on the adaptation state of the
observer (e.g. [163]) the applicability of PLM
st for general lighting applications, where the
light stimulus can cover the full visual field, might not be suitable.
Within the lighting industry, several other measures are commonly used to quantify flicker
perception, such as the flicker index (FI ) [56], the modulation depth (MD), also referred to
as the Percent Flicker (PF), and the Flicker Visibility Measure (FVM) [167]. However, since
FI and MD are computed on one cycle of a periodic fluctuation, and FVM is calculated in
the frequency domain, they are intrinsically inappropriate to quantify visibility of aperiodic
modulations, such as those shown in Figure 3.1.
The par 1789 working group of the Institute of Electrical and Electronics Engineers (IEEE)
recently published ”Recommended Practices for Modulating Current in High-Brightness LEDs
for Mitigating Health Risks to Viewers” [96]. These recommendations, however, are defined
in terms of modulation depth as a function of (fundamental) frequency, and thereby they can
only be used for sinusoidal light waveforms.
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Evidently, there is a need for a measure quantifying both periodic and aperiodic flicker
visibility in general lighting applications, so for a large field of view. To develop such a measure
a temporal filter needs to be determined, as indicated by the first step in the CIE framework
[41]. The characteristics of such a filter can be described by the temporal impulse response
function (IRF). The IRF, which is the theoretical response to an infinitely short stimulus, can
predict the response to any temporally modulated light stimulus, and it is generally accepted
to be an adequate tool for characterizing the temporal behavior of the Human Visual System
(HVS) (e.g. [32, 98, 221]).
IRF has been extensively researched in numerous studies and using different approaches.
In the first approach, IRF was determined mathematically by calculating the inverse Fourier
transformation of the temporal contrast sensitivity function (TCSF). The latter is the amplitude
response of the transfer function of the HVS (e.g. [119]). It is a convenient approach, as TCSF
can be easily determined by measuring the contrast sensitivity (defined as the reciprocal of
the modulation depth at the visibility threshold) for sinusoidally modulated light as a function
of temporal frequency [119, 127]. However, the TCSF does not contain information about
the phase response, therefore in several studies the temporal IRF was reconstructed under a
minimum phase assumption (e.g. [221]).
The validity of the minimum phase assumption has been questioned by Victor [235]. He
demonstrated that, in the absence of additional assumptions, any TCSF is consistent with
numerous phase spectra. As the shape of the IRF heavily depends on the phase spectrum, the
predictions of an IRF based on the minimum phase assumption do not necessarily correspond
to the responses of the HVS.
In the second approach, the temporal IRF was determined empirically by measuring the
contrast sensitivity to two successive pulses as a function of their temporal separation. This
approach was used, among others, by Ikeda [99]. First, he measured the temporal summation
of pairs of pulses as a function of the stimulus onset asynchrony (SOA). Second, he estimated
the IRF by applying the summation-index technique. However, since Rashbass [185] has
shown that by measuring the contrast sensitivity to stimuli pairs the phase information of
the temporal IRF cannot be determined, using this approach might also produce incorrect
predictions.
In the third approach, estimations of the temporal IRF are based on accepted notions of
psychophysical signal detection mechanisms. Such approach was employed by Fredericksen
and Hess [67], who used an impulse response basis set to create a response model. Since the
model was defined in the time domain, the phase information was automatically specified in
the frequency domain. The development of the flicker measure in the current study is based
on this approach, and it is treated in detail in the following section.

3.1
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3.1.1 Goal of the current study
The main goal of the current study is to develop a measure that quantifies the visibility of
periodic and aperiodic flicker in conditions typical for general lighting applications. There
are three prerequisites for the intended measure. First, it should be simple enough to be
implemented in various electronic systems. Second, it should be physiologically plausible,
meaning that its components should have (approximate) physiological interpretation. Third,
it should be consistent with the three-step framework for quantifying light modulations as
recommended by the CIE [41].
The measure that we developed is based on an existing model, characterizing temporal
processing of the HVS, explained in the next section. Then, the time domain flicker visibility
measure is described, and its different components are explained. Next, the parameters of the
measure are determined based on the results of studies on periodic flicker visibility, previously
reported in literature, and on the results of an experiment in which the visibility of transient
modulations (i.e. aperiodic flicker) was measured. This experiment was designed to simulate
conditions typical to a general lighting application, as – for example – an office. Finally, the
measure is validated using results of another experiment, measuring the visibility of aperiodic
flicker. The results show that the measure accurately quantifies the visibility of transient light
modulations, contrary to other measures commonly used by lighting communities.

3.2 Temporal processing of the HVS
The measure developed in the current study is based on the model proposed by Fredericksen
and Hess [67]. In line with the current CIE recommendations to quantify flicker perception,
the selected model is defined in the time domain, which ensures that it can account for
both periodic and aperiodic flicker. The model includes multiple temporal filters, which are
needed to describe human temporal processing characteristics (e.g. [215, 246]). In the model
of Fredericksen and Hess [67], the set of temporal filters are derived from a basic IRF, as
described by Koenderink [122]:
h0 (t) = u(t) exp[−(ln(t/τ )/σ)2 ],

(3.1)

where
u(t) is the unit step function (t >= 0), which means that it is a causal filter;
it ensures that the present state is calculated only from the past values of the
input stimulus,
τ
specifies the peak position of the basic impulse response function,
σ
specifies the width of the basic impulse response function.
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The complete set of IRFs is generated by taking successive temporal derivatives of h0 (t).
Consequently, the shapes and positional relationships of the resulting set of impulse responses
are defined by just two parameters. The number of lobes of each consecutive IRF is one more
than its derivative index, i.e. h0 (t) is monophasic, h1 (t) is biphasic, h2 (t) is triphasic, etc.
An example illustrating the impact of the parameters τ and σ on the shape and position
of the IRF is shown in Figure 3.2. The second derivative of the function defined in Equation
3.1 was computed, resulting in a triphasic function (h2 (t)). Figure 3.2 (a) shows h2 (t) with a
constant value of the parameter σ = 0.3 and a varied value of the parameter τ . The shape of
the resulting functions is preserved, and their position is varied. Figure 3.2 (b) shows h2 (t)
with a constant value of the parameter τ = 0.03, and a varied value of the parameter σ. The
resulting functions have a different shape, but they are roughly co-located in time.

Fig. 3.2: An example of a triphasic IRF, computed as the second derivative of the function defined in
Equation 3.1; (a) shows the impact of the parameter τ on the position of the IRF; (b) shows the
impact of the parameter σ on the shape: width and height of the IRF.

Fredericksen and Hess [67] designed an experiment, in which they measured detection
thresholds for light stimuli with sinusoidal light waveforms, modulated at several temporal
frequencies at different contrast levels. Each stimulus was masked with another sinusoidally
modulated waveform at a different frequency and with a fixed contrast. A maximum likelihood
fitting procedure was used to derive the number and type of impulse response functions and
the parameter values that best described the detection thresholds. They showed that two
temporal filters were sufficient to describe the temporal characteristics of the HVS, being h0 (t),
which has a low-pass shape, and h2 (t), which has a band-pass shape.
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Since temporal filtering in the retina intrinsically is a very complex process with many
steps from phototransduction to spike emission, simplification is a prerequisite to obtain a
usable model. The two temporal IRFs proposed by Fredericksen and Hess [67] are not directly
grounded in physiology, yet they can be physiologically interpreted; they approximate several
different stages of retinal filtering.
The first filter, h0 (t) is monophasic and represents the low-pass properties of filtering in the
retinal pathway, presumably occurring due to successive delays in the internal transmission of
the signal [254].
The second filter, h2 (t) is triphasic: in response to an input signal, for instance a step
function, the activity of the filter peaks, then it decreases to negative values (an inhibition)
after which a third positive lobe occurs. The existence of the inhibitory phenomenon has been
demonstrated in several studies on temporal summation (e.g. [98, 185]). It reflects the linear
filtering of cones, as measured to a light step function in macaques [204] and the transient
behavior of retinal ganglion cells, measured in response to a uniformly flickering screen [111].
A delayed inhibition is received by transient cells (e.g ganglion cells) from other cells, which
helps to cut their response [254]). The triphasic shape of IRF has been found in several studies
(e.g. [31, 147, 211, 221]), and a trimodal response has been recorded in magnocellular cells
in macaques [130].

3.3 Derivation of the Time domain Flicker Visibility Measure
Temporal filtering, using the two IRFs, h0 (t) and h2 (t), constitute the first step of a flicker
visibility measure computation. The two following steps, following the recommendations of
the CIE [41], include (2) computing short-term absolute difference and adjustment, and (3)
statistical processing, and the current section describes these steps.

3.3.1 Step 1: temporal filtering
In the first step of the time domain flicker visibility measure, the input light waveform,
described by f (t), is convolved with the two IRFs: h0 (t) and h2 (t), as described by the model
of Fredericksen and Hess [67]. However, the values of the best-fit model parameters that
they have determined cannot be used for the intended measure, because their stimuli were
presented on a display covering a small visual field (1° x 10°), whereas in general lighting
applications stimuli typically cover the (nearly) full visual field. Therefore, the parameters
should be determined in another way, for instance, by using a TCSF measured under relevant
conditions.
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The combination of the two IRFs, represented in the frequency domain after Fourier
transformation, results in a TCSF, which can be described with the following equation:

s
p

TCSF(ω) = S

|H0 (ω)|

p

ratio

p

+ |H2 (ω)| ,

(3.2)

where
H0 (ω) is the Fourier transform of the first IRF,
H2 (ω) is the Fourier transform of the second IRF,
S
is a general scaling factor, which is needed because during optimization
the filters are normalized to a unitary peak (i.e. having a maximum at 1),
ratio defines the relative contribution of low-pass and band-pass filters to the
flicker visibility,
p
is a general summation exponent.
The temporal contrast sensitivity function (TCSF) measured by Perz et al. [167], and
described in detail in Chapter 2 was used to determine the parameter values of the Equation
3.2. The TCSF, as shown in Figure 2.3, is the sensitivity of the observers to light modulations
with a sinusoidal waveform plotted as function of temporal frequency. The sensitivity is the
inverse of the visibility threshold, expressed in terms of modulation depth, defined in Equation
1.2. The TCSF was measured in conditions where flicker is most critical in a general lighting
application. Observers were looking at a white, spatially unstructured wall, and the light
stimuli comprised nearly the full visual field. The light level was 209 cd · m−2 measured at the
wall in front of the observers’ eyes, which is a realistic luminance value for an office. It can be
read from Figure 2.3 that the sensitivity begins at a value of 25 and increases with frequency
reaching its peak of about 500 at a frequency of 15 Hz. Then, the sensitivity decreases to a
value of 1, also known as the critical fusion frequency (CFF), at around 80 Hz, meaning that
sinusoidal modulations at frequencies above 80 Hz are no longer perceived as flicker.
The parameters of Equation 3.2 were optimized using the f minsearch function in Matlab,
which uses the Nelder-Mead simplex algorithm [125]. The inverse of the coefficient of
determination, R2 , was used as the minimization criterion.
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R2 , which is a commonly used statistic to measure how well the model fit explains the
variance of the data, was calculated as follows:
N
X

R2 = 1 −

(yf − ŷf )2

f = 1
N
X

,

(3.3)

2

(yf − ȳ)

f =1

where
N
yf
ŷf
ȳ

∈ {1, 2, 5, 10, 15, 20, 30, 60, 80}, corresponds to the measured frequencies,
is the contrast sensitivity value measured at a frequency f ,
is the contrast sensitivity value at a frequency f computed using Eq. 3.2,
is the mean of the measured contrast sensitivity values.

R2 can vary between 0 and 1 and the best fit resulted in R2 of 0.99, indicating that the model
is a good representation of the empirically measured TCSF.
The determined parameter values are shown in Table 3.1, together with their 95 % confidence interval (CI). This confidence interval was computed assuming the normal distribution
of the measured contrast sensitivity values as follows:
CIβ̂i = β̂i ± 1.96 SEβ̂i ,

(3.4)

where
β̂i
1.96
SEβ̂i

are the values of parameters predicted with Equation 3.2,
corresponds to the 97.5 percentile of the normal distribution,
are the standard errors of the estimated parameters.

The standard error of each parameter was calculated as the square root of the corresponding
value of the estimated covariance matrix, Cov(β̂i , β̂j ). For i = j, the covariance matrix was
computed as follows:
Cov(β̂i , β̂j ) = σ 2 (J > J )

−1

,

(3.5)

where
σ 2 is the estimated variance of the residuals between measured and predicted
values of contrast sensitivity,
J
is the Jacobian matrix of the function defined in Equation 3.2 with the
determined parameter values [55].
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Tab. 3.1: Values of parameters and the 95 % CI of the best fit

parameter

value

95 % CI

τ

0.059

0.056

0.061

σ

0.376

0.365

0.391

S

690

628

751

p

4

3.5

4.5

ratio

2.2

1.5

3.4

The two resulting impulse response functions h0 (t) and h2 (t) are shown in Figure 3.3 (a),
the corresponding temporal contrast sensitivity functions, H0 (ω) and H2 (ω) in Figure 3.3 (b),
and the resulting TCSF in Figure 3.4, depicted by blue dots.

Fig. 3.3: (a) The two impulse response functions of the model, and (b) their corresponding Fourier
transforms. The first IRF has one lobe, and its Fourier transform has a low-pass shape the second
IRF has 3 lobes and its Fourier transform has a band-pass shape.

The parameter τ = 0.059 equals to the peak position of h0 (t). Consequently, the temporal
delay of inhibition (the peak negative lobe) of h2 (t) occurs at 56 ms, which is consistent with
the literature: typically, the temporal delay of inhibition of IRFs has been found between 50 ms
and 70 ms (see Ikeda [98] for an overview). The parameter σ = 0.376 corresponds to the
width of h0 (t).
It should be emphasized that the model proposed by Fredericksen and Hess [67] was used
because it required fitting of only 5 parameters to model the TCSF. As shown in Figure 3.4,
the modeled function approximates the TCSF over the entire range of temporal frequencies.
Other formulations of an IRF are possible and could have been used to model the TCSF (e.g.
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Fig. 3.4: Depicted as black dots is TSCF empirically measured in a study by Perz et al. [167]; error
bars correspond to 95 % CI of the mean across the participants. Depicted as blue dots is TCSF
determined using Equation 3.2 and the parameter values of Table 3.1.

[98, 246]). An example of an IRF, proposed by Watson et al. [246] is shown in Figure 3.5
(a). This IRF is bi-phasic and it requires fitting of 7 parameters to model the TCSF. Figure 3.5
shows that the modeled function approximates the TCSF at the frequencies above 10 Hz, but
it is not precise at the lower frequencies.

Fig. 3.5: (a) Bi-phasic impulse response function as proposed by Watson et al. [246] with the parameters
optimized to fit the TCSF measured in a study by Perz et al. [167]. (b) Depicted as black dots
is the TSCF, error bars correspond to 95 % CI of the mean across the participants. Depicted as
blue dots is the amplitude response determined using the formulation of IRF from Watson et al.
[246].
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3.3.2 Step 2: Computing short-term absolute difference and adjustment
In line with the recommendation of the CIE [41], the computation of a time domain flicker
visibility measure consists of three steps. In the first step, which is described in the previous
section, the input light waveform is convolved with two IRFs (h0 (t) and h2 (t)), resulting in
two response functions, r0 (t) and r2 (t).
In the second step, the first function, r0 (t), is normalized by taking the difference between
the response and its mean, resulting in a short-term time average of zero. The short-term
time average of r2 (t), with the band-pass contrast sensitivity function originating at zero, also
equals to zero. Then, the absolute difference is taken of both responses.

3.3.3 Step 3: Statistical processing
In the third step, the instantaneous value of the visibility measure is computed by summing
the averaged short-term absolute difference of the two continuous response functions, r0 (t)
and r2 (t) using the parameters’ values shown in Table 3.1. Finally, a single-order statistic [9]
needs to be determined so that a single value, quantifying flicker visibility, can be computed.
Having no a priori knowledge to assume any specific statistic, a perception experiment has
been conducted to empirically determine the optimal statistic.

3.4 Determining single-order statistic
The experiment used a set-up designed to simulate worst-case general lighting conditions (i.e.,
relatively high illumination over a nearly full field of view). Several transient light modulations
were generated and their visibility threshold was measured using a two-alternative forced
choice (2AFC) method. Based on the measured visibility thresholds a single-order statistic,
that best characterizes the results, was determined.

3.4.1 Method
Set-up
The custom-built set-up, shown in Figure 2.1, was used in the experiment. To generate the
light stimuli two typical office luminaires were used, each containing several cool white LEDs
(CCT = 6500 K). The luminaires were mounted in a frame at a height of 2.5 m and placed in
front of a white wall. The voltage of the LEDs was controlled by a programmable waveform
generator (Agilent, 2255) via a laptop. Suitable calibration of the set-up was ensured by
measuring and translating the relation between voltage and luminous output. During the
experiment participants were sitting below the luminaires, 0.8 m from the wall. As a result,
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the light stimuli covered nearly the full visual field of the participants. The time-averaged
luminanceof all stimuli was 209 cd · m−2 , measured at the wall at eyes’ height.
Procedure
Before the start of the experiment, participants read and signed a consent form, confirming
their eligibility for the study. Next, they were given oral instructions on the procedure, and
followed a trial experiment, which used a two-alternative forced choice (2AFC) procedure.
Participants were instructed to look at the fixation cross on the wall in front of their eyes,
whilst the LED system generated two, consecutively presented light stimuli. The start of the
first stimulus was marked with a ”beep” sound from the laptop; the stimulus was presented
for 3 seconds, after which a constant light output with the same time averaged luminance
was presented for 1 second. Then, a double sound marked the beginning of the second
lighting stimulus, also presented for 3 seconds. One of the light stimuli contained a transient
light modulation at a specific modulation depth, while the other remained constant. Then a
constant light, again with the same luminance was presented, and participants were instructed
to indicate on a portable numerical keyboard whether they observed a transient modulation
(typically perceived as a flash) in the first, or in the second stimulus, by pressing the left or
the right arrow key, respectively. If no modulation was observed, they were asked to choose
randomly. The constant light was presented for as long as it was needed for participants to
give an answer.
For each transient modulation, the visibility threshold was measured using a weighted
up-down staircase method, meaning that the modulation depth that was presented depended
on the response of the participant to the preceding stimulus of the same transient modulation
[109]. The modulation depth was decreased if a participant correctly identified the interval
with the transient modulation and increased otherwise. The starting modulation depth was set
at a random value, well above the visibility threshold. In a 2AFC method, chance performance
results in 50 % correct responses, and thus the visibility threshold is defined as the stimulus
level with 75 % correct responses. For the procedure to converge to this point, the magnitude
of the increasing step (Sup ) was three times larger than the magnitude of the preceding
decreasing step (Sdown ) [109], and the step sizes were: 20, 10, 5, 3 and 1, within the range
described in the following section. The point at which the answer changed from correct to
incorrect, or vice versa, was counted as a reversal point and ten such reversal points were
measured for each condition. The visibility threshold was obtained as the arithmetic mean of
the last four reversal points. As such, the visibility threshold represents the modulation depth
for which the observer can detect a transient effect with a probability of 50 % [196]. All the
staircases were intermingled and presented in a random order. The experiment took about
45 min per participant.
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Stimuli
The visibility thresholds of the 8 transient modulation functions, as shown in Figure 3.6, were
measured. They included four pulses of different time duration, being 7 ms, 12 ms, 20 ms and
33 ms; one increasing and one decreasing step function; one increasing step function followed
by an exponential decay with a time constant of 1.5 s; and finally, one exponential rise with a
time constant of 1.5 s followed by a decreasing step function. The duration time of the light
stimuli was 3 s, and the events occurred randomly between 0.5 s and 2.5 s.

Fig. 3.6: Impression of the transient modulation functions evaluated in Experiment 1.

The pulse functions were selected because their simple shape most closely approximates
the infinitely short stimulus, for which the theoretical response is defined by an IRF. The step
functions were also chosen because of their basic shape; moreover, step functions commonly
occur in general lighting applications, for instance when light is being switched on or off. To
balance complexity, the third type of stimuli with a more intricate shape was chosen. A pilot
test was conducted to optimize the modulation depth per transient modulation function, and
thus it ranged between 0 and 0.1 for the first two pulse functions, and between 0 and 0.05 for
all the remaining conditions.
Participants
Eighteen observers took part in the experiment: 10 male and 8 female employees or interns of
Philips Lighting, aged 19 to 36 years. In accordance with regulations of the internal ethical
committee, participants who might be oversensitive to temporal light modulations were
excluded from the experiment. Thus, participants who were included did not suffer from
epilepsy nor had a family history of epilepsy and did not suffer from migraines.
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3.4.2 Results
The visibility thresholds of the transient functions, expressed as modulation depth, are shown
in Figure 3.7. The results are presented as violin plots, showing the mean and median
thresholds together with the probability density distributions [89] and the error bars. For
the pulse functions, the threshold modulation depth decreases with increasing duration of
the pulse, having the largest mean value of 0.013 at 7 ms, and the smallest of 0.004 at 33 ms.
The latter can be expected, as the pulse duration of 33 ms approximates the width of the first
positive lobe of h2 (t). The mean threshold modulation depth for both step functions is on
average 0.005, and for the exponential functions 0.006.

Fig. 3.7: Violin plots of the visibility threshold, expressed as modulation depth, for the 8 transient
modulation functions used in Experiment 1. The mean and median threshold values are
depicted as a solid and dotted line, respectively. The borders of the darker shaded areas mark
the 25th and 75th percentiles. The error bars correspond to the 95 % CI of the mean.

All stimuli at visibility threshold (so, the threshold waveform per transient type and
participant) were further used to determine a single-order statistic for the flicker visibility
measure. Following step 1, the light waveform of all these stimuli was convolved with the two
IRFs, resulting in two response functions. Following step 2, the short-term absolute difference
of these functions was calculated. Following step 3, functions were summed to obtain an
instantaneous function per transient waveform and participant. These functions were then
used to determine the statistic. A single-order statistic is obtained by arranging the values of
the instantaneous function in increasing order of magnitude and selecting a specified value
from this arranged function. The statistic can be defined by a percentile, ranging from 0 % to
100 %, and indicating different probabilities of detecting flicker. As at threshold, the visibility
measure needs to output a value of 1, an appropriate percentile was determined by minimizing
the root mean square error (see Equation 2.2) between the percentiles of the instantaneous
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visibility functions and 1. Figure 3.8 shows the RMS error per percentile ranging between 90
and 100 using the conditions of Experiment 1.

Fig. 3.8: RMS error per percentile between 90 to 100 (of the instantaneous visibility functions averaged
across participants and conditions) and the estimated value of 1 of the flicker visibility measure.
Error bars correspond to 95 % CI of the mean of the conditions.

The minimum error, first averaged over participants, then over conditions was found at
98th percentile; the corresponding error was 0.31. Hence, the 98th percentile was chosen.
As a validation, the value of the flicker visibility measure for the waveforms at threshold
was computed for every participant in the experiment, following steps 1 through 3, and using
the 98th percentile as a single-order statistic. Figure 3.9 shows the resulting mean of the
measure across participants and the 95 % confidence interval for each transient modulation.

Fig. 3.9: Mean flicker visibility measure computed for the transient modulation functions at threshold,
measured in Experiment 1, per participant, using the 98th percentile as the single-order statistic.
The error bars correspond to 95 % CI of the mean.
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Indeed, the value of 1, depicted in Figure 3.9 with a dotted line, falls within the 95 %
confidence interval of the mean, confirming that using the 98th-percentile as the single-order
statistic in calculating the time domain flicker visibility measure results in accurate estimations
of the empirically measured visibility threshold.

3.5 Time domain Flicker Visibility Measure
The measure, resulting from following steps 1 to 3, is now termed the Time domain Flicker
Visibility Measure, TFVM, where the T denotes the time domain calculations. It is computed
using the following equations:
r0 (t) = f (t) ∗ h0 (t),

(3.6)

r2 (t) = f (t) ∗ h2 (t),

(3.7)

where
f (t) is the input light waveform function,
hn (t) correspond to impulse response functions, defined as:

h0 (t) = u(t) exp[−(ln(t/0.059)/0.376)2 ],

(3.8)

h2 (t) = h000 (t).

(3.9)

The instantaneous value of the measure is computed at each sample, as follows:

s
TFVMinst (t) = 690

4

|r0 (t) − r̄0 (t)|
2.2

4

+ |r2 (t)|4 ,

(3.10)

where
t

is the time of the input signal.

The single value of the measure, TFVM, is obtained by computing the 98th percentile of the
TFVMinst (t) [128, 230].
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3.5.1 Interpretation of the TFVM
The TFVM is developed to predict if a temporal modulation of light is visible or not. Typically,
visibility thresholds correspond to the modulation at which an average observer can detect
flicker with a probability of 50 %. As the TFVM is specifically developed to predict the
visibility of aperiodic waveforms, it is useful to discuss the interpretation of its output value
at threshold. First, let us call any time window, in which the modulation is larger than the
threshold, a visible event. Given this, a value of TFVM< 1 means that the probability of a
visible event within 3 s is at most 2 %.

3.5.2 Requirements for computation
To accurately compute the TFVM, the measurement of a light waveform needs to adhere to
the following requirements. In accordance to the Nyquist criterion, the sampling frequency
should be at least twice the highest frequency within the waveform to be measured, which for
a sinusoid with a full modulation depth is about 80 Hz. Other light waveforms, such as step
functions and pulses, have Fourier amplitudes larger than a fundamental of a sinusoid, thus
higher sampling frequency is required. Measurements of the luminous output of some types of
lamps may contain high frequency components (>1 kHz) that do not produce visible flicker.
If undersampled, these higher frequency components may lead to aliasing that gives rise to
artefacts that impair the estimation of the visibility measure. Moreover, the implementation of
the IRFs and the statistical processing typically requires oversampling.
All the above considerations have been analyzed and applied in the recommendations of
the IEC to accurately calculate the PLM
st [95]. Following the IEC, it is recommended that a
measurement of luminous output has the minimum sampling rate of 2 kHz.

3.6 Validation of the TFVM and other measures
The TFVM is defined in the time domain, which means that next to quantifying the visibility of
periodic flicker it can also account for aperiodic modulations, including transient modulations
and modulations with random frequency components. Here, we describe an experiment,
performed to (1) test whether the measure is capable of accurately quantifying single transient
light modulations, and (2) compare the performance of various flicker visibility measures used
in the lighting industry. The experiment used a set-up designed to simulate general lighting
conditions. Visibility threshold to several distinct transient light modulations was measured
and used to calculate the TFVM as well as other known measures, including the PLM
st , the
flicker index (FI ) and the modulation depth (MD).
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3.6.1 Method
The same experimental set-up and procedure as in Experiment 1 was used.
Participants
Sixteen participants took part in Experiment 2: 10 males and 6 females, with their age ranging
from 18 to 38 years. Five of these participants were the same as in Experiment 1. The inclusion
criteria were the same as in Experiment 1.
Stimuli
Visibility thresholds of the 9 transient modulations, shown in Figure 3.10, were measured.
As in Experiment 1, we included one increasing and one decreasing step function. We added
one increasing and one decreasing logistic function, described by the equation
f (t) = L [1 + exp(−α(t − β))], with a constant parameter α of 0.004, determining the
function’s slope, meaning that the duration of this transient varied for different modulation
depths (determined by parameter L), with a minimum and maximum duration of 15 ms and
1.25 s, respectively. We also included one function with an exponential growth followed by
an exponential decay, both with a time constant of 1.5 s, and one function with a negative
exponential growth followed by a negative exponential decay, both with a time constant of
1.5 s. The logistic and exponential functions were chosen because such transients can occur in
lighting applications, for instance during light dimming.

Fig. 3.10: Impression of the transient modulation functions evaluated in Experiment 2.

Modulation functions with multiple pulses were added. One of these functions had two
positive pulses, each with a duration of 30 ms and with a time between the two pulses of
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10 ms, where the first pulse had a fixed modulation depth of 0.02 and the modulation depth
of the second pulse was varied. One other of these functions had a positive pulse with a
duration of 30 ms and a fixed modulation depth of 0.02, followed, after 10 ms, by a negative
pulse with duration of 30 ms and a variable modulation depth. Double pulse functions were
selected because their visibility was previously studied to determine the shape of the IRFs
(e.g. [98]). The last function consisted of a square modulation with a change in frequency
from 100 Hz to 200 Hz, which is a commonly occurring transient, for instance in visible light
communication methods. The range in modulation depth used to measure the threshold for
each transient function was optimized after performing a pilot test. Following the order at
which the transient functions are listed above and presented in Figure 3.10, the modulation
depth ranged between 0 and 0.05, 0.05, 0.08, 0.08, 0.06, 0.06, 0.075, 0.075 and 1, respectively.
The step sizes within each stimulus were: 20, 10, 5, 2 and 1.

3.6.2 Results
The measured visibility thresholds, expressed as modulation depth of the stimuli, are presented
in Figure 3.11 as violin plots. The lowest thresholds were measured for the step functions,
having a median modulation depth of just below 0.005, which is consistent with the results
of Experiment 1, where the threshold for the step functions was also measured at 0.005. The
highest threshold value was measured for the change of frequency function, with a median
modulation depth of 0.42 (note that the results of the last condition are plotted on a different
scale).

Fig. 3.11: Violin plots of the visibility threshold, expressed as modulation depth, measured in Experiment
2. The mean and median threshold values are depicted as solid and dotted lines, respectively.
The boarders of the darker shaded areas mark the 25th and 75th percentiles; error bars
correspond to 95 % CI of the mean, across the observers.
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3.6.3 Predicting visibility of transient modulations using TFVM
The TFVM was calculated for the transients at visibility threshold for each participant, using
Equations 3.6 to 3.10. Each light waveform had a duration of 3 s and a sampling frequency of
2.5 kHz. The mean TFVM values, together with their 95 % confidence intervals, are shown in
Figure 3.12. At threshold the measure is expected to output 1, which is depicted as a dotted
line in Figure 3.12.

Fig. 3.12: Mean TFVM computed for transient modulations at threshold measured in Experiment 2; the
error bars correspond to the 95 % CI of the mean. The dotted line depicts the value TFVM is
expected to output at threshold, i.e. 1.

It can be seen from Figure 3.12 that the expected value of 1 falls within the confidence
interval of the mean TFVM for 8 out of 9 conditions evaluated in Experiment 2. A series
of t-test was performed to test whether the TFVM of each condition deviated from a mean
of 1. The analysis revealed that the mean measure value of 8 out of 9 conditions was not
significantly different from 1 at a significance level of 0.05 (the corresponding p values were:
0.57, 0.38, 0.005, 0.11, 0.61, 0.39, 0.11, 0.20 and 0.57). Further, an ANOVA was performed, to
test if the mean TFVM of the different conditions was different from one another; TFVM
was used as dependent variable, condition as independent variable and participant as random
factor. The analysis showed that there is no statistically significant difference between the
conditions’ means (F (8, 104) = 1.59, p = 0.14, ω = 0.03); and just statistically significant
difference between the participants (F (13, 104) = 1.91, p = 0.04). A Kruskal-Wallis test did
not reject the hypothesis that the data for each transient modulation came from the same
distribution (p = 0.06), and therefore an overall t-test was performed, combining the results
of all transient modulations, to test if the overall TFVM was different from 1. The null
hypothesis was not rejected at a significance level of 0.05 (t(125) = 1.70, p = 0.09). Hence,
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we conclude that, in general, TFVM predicts the visibility of transient light modulations
sufficiently well.

3.6.4 Predicting visibility of transient modulations using PLM
st and flicker
index
The literature contains alternative flicker visibility measures that are generally adopted by
the lighting community, to predict flicker of temporal light modulations, including the PLM
st
[94, 95], and the flicker index (FI ) [56]. It should be noted that the latter was designed to
basically predict periodic flicker, while the design of the former was based on data obtained for
a limited field of view. Still it is relevant to see how well these alternative measures are able
to predict full field-of-view aperiodic flicker. To do so, we calculated values of these measures
for the transient light modulations of Experiment 2, at visibility threshold, per participant.
Calculation of the PLM
st , following the procedure of the IEC Flickermeter, requires an input
signal with a duration of minimally 60 s, whereas the waveforms measured in the Experiment
2 and used to calculate the TFVM had a duration of 3 s. Therefore, to calculate the PLM
st ,
the stimuli were adjusted, by repeating the transient events multiple times, and varying the
time in between each repeat. As a result, the modulations of the 60-second stimuli had a
fundamental frequency of 1/60 Hz, 1/6 Hz, 1/3 Hz, 1/2 Hz, 1 Hz, 2 Hz, 3.34 Hz and 5 Hz. This
was done for the pulse functions, shown in Figure 3.13 (a) and (b), and for the change in
frequency, shown in Figure 3.13 (d). The duration of the exponential functions was 1.5 s;
therefore, their highest frequency was 1/2 Hz, as shown in Figure 3.13 (c). Repeating the step
and psychometric functions would result in a continuous decrease or increase of the overall
illuminance, and therefore, these transient modulation conditions are excluded from further
analysis.
According to its definition, the limit of irritability of the PLM
measure is 1, which is
st
depicted as a dotted line in each of the plots of Figure 3.13. Note that irritability in [95] is
defined as 50 % chance of detecting flicker, and so in that sense can be considered equivalent
to visibility. For the functions with double pulses (Fig. 3.13 (a) and (b)), PLM
st underestimates
visibility of the transient stimuli modulated at a fundamental frequency ranging between
1/60 Hz and 5 Hz. But the computed values increase with frequency, so it can be expected
LM
that the limit of PLM
st = 1 is reached at higher frequencies. Similarly, the mean Pst values
computed for the functions with an exponential growth and decay and with a frequency
change (Fig. 3.13 (c) to (d)) are below the limit of 1, but they also increase with frequency
and the latter modulation function reaches the limit of 1 at 5 Hz. Overall, Figure 3.13 shows
that evaluating flicker using the PLM
st results in underestimations of the visibility thresholds,
nevertheless the measure outputs values that are somewhat consistent.
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Fig. 3.13: Mean PLM
st values of stimuli modulated at several frequencies, adapted from the transient
functions at visibility threshold measured per participant in Experiment 2: (a) function with
two positive pulses, (b) function with one positive and one negative pulse, (c) functions with
an exponential growth and decay, and (d) function with a change in frequency. The error bars
correspond to the 95 % CI of the mean.

Further, the flicker index was calculated consistently with the definition provided by [56],
as the ratio of the area under the luminous output curve that is above the average illuminance
level to the total area under the luminous output curve for one cycle of a periodic modulation.
The flicker index was computed for transient light modulations that have again been adapted
from modulations at threshold as measured in Experiment 2. For each condition, except the
frequency change, we varied the time above and/or below the average illuminance level to
obtain time ratios ranging between 0.1 (i.e. the time above the average illuminance level is
10 times shorter than the time below the average illuminance level) and 10 (the time above
the average illuminance level is 10 times longer than the time below the average illuminance
level). Adapting the frequency change condition in a corresponding manner would require
changing the phase between the composite waveforms of 100 Hz and 200 Hz, and therefore
it was excluded from further analysis. It should also be noted that the averaged illuminance
level for these adapted light waveforms varied. Flicker index values of the adapted stimuli
averaged across the participants are shown in Figure 3.14.
The flicker index can vary between 0 and 1 and it is recommended that for good lighting
quality it should remain below 0.1, but this limit is not based on a clear validation. Figure
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Fig. 3.14: Mean values of the flicker index, computed for stimuli adapted from the transient functions
at visibility threshold measured per participant in Experiment 2; the threshold stimuli were
adapted by varying the time ratio for which the transient was above and/or below the average
illuminance level. The error bars correspond to the 95 % CI of the mean.

3.14 shows that all the computed values are far below the limit of FI = 0.1, suggesting that
all stimuli are of high temporal quality, while they were actually measured as being at the
flicker visibility threshold. For the step and psychometric light modulations, the mean FI
values follow an inverted U-shape function of the time ratio (i.e. the time above divided by the
time below the average illuminance level), with the highest values computed for waveforms
with the time ratio of 1. The behavior of the mean FI values computed for the functions
with double pulses and with an exponential growth and decay is considerably different: the
mean FI increases with the increasing time ratio. Thereby, the flicker index is not a suitable
measure to predict visibility of full field-of-view aperiodic flicker, such as modulations used
in Experiment 2. Further, it should be noted that there is a large variation in the computed
values; note that the results in Figure 3.14 a logarithmic scale is used.

3.7 Discussion
In the current study, we developed and validated a measure to quantify the visibility of periodic
and aperiodic light modulations in general lighting applications, and we termed it the Time domain Flicker Visibility Measure, TFVM. The measure fulfils its prerequisites, being simplicity,
physiological plausibility, and consistency with the framework proposed by the CIE. Formulas
used to calculate the TFVM are simple enough to be used by the lighting industry and they
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can be easily implemented in various electronic systems. The two temporal filters of the
TFVM can be physiologically interpreted. The first filter represents the low-pass properties of
the temporal filtering, or the properties characterizing the parvocellular pathway, which is slow
and sustained. The second filter reflects the processing of the magnocellular pathway, which is
fast and transient. Finally, the steps through which the TFVM is computed, are consistent
with the framework proposed by the CIE, an internationally recognized standardization body
on illumination.
The analysis of the results of Experiment 2 show that measures used in the lighting
industry to evaluate flicker visibility are not suitable to quantify the visibility of transient light
modulations. This is not surprising, as it has been demonstrated before that these measures
are also not a good predictor of periodic flicker visibility [167]. The measure developed
by IEC and recommended by CIE, PLM
st , underestimated the visibility of the majority of the
transient modulations we tested. This could have been expected, considering that the basis
of PLM
st is a temporal filter developed for a 2° visual field, while in the current study visibility
thresholds were measured for an almost full visual field. The values of PLM
st , even though
underestimating flicker visibility for transient light modulations, are on average somewhat
consistent (see Figure 3.13). This allows to speculate that if the 2° temporal filter of PLM
st is
replaced with a full visual field filter, PLM
st might become a better predictor of flicker visibility.
Moreover, PLM
st is defined in the time domain, which means that it can account for periodic as
well as aperiodic flicker.
In the current chapter we have described and evaluated the measures currently used by
lighting communities to predict flicker visibility. We showed that a suitable measure needs to
account for full-visual-field periodic as well as aperiodic flicker. There is a large body of more
fundamental research on temporal processing in the HVS. In this fundamental research the
description of periodic flicker (e.g. [119, 127]) typically employs a different approach and
framework than the description of aperiodic flicker (e.g. [99]). Some studies attempted to
establish a relationship between periodic and aperiodic flicker (e.g. [198]) and developed
models that integrate elements from both types of research (e.g. [77]; Wiegand von, Hood
Graham, 1995). Von Wiegand et al. [240], for example, demonstrated that their merged model
quantitatively fits experimental results of both periodic and aperiodic flicker well for stimuli at
the fovea. To become beneficial for the lighting communities, these models need to be further
validated using full-visual-field stimuli, as used in our experiments.
In the introduction we showed a light stimulus with a frequency change and similar
stimulus was evaluated in Experiment 2. Figure 3.15 shows the TFVMinst - the instantaneous
value of TFVM – for this condition. It demonstrates that only at the transition from 100 Hz
to 200 Hz TFVMinst exceeds the value of 1, which corresponds to the perception of a flash.
The magnitude of TFVMinst will depend on the phase shift between the two composite
waveforms with a different frequency. Whether this measure predicts the visibility of flashes in
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such composite waveforms also accurately for other phase shifts than we one we tested here
needs to be evaluated.

Fig. 3.15: Example of TFVMinst – the instantaneous value of TFVM– for a waveform that changes
frequency from 100 Hz to 200 Hz, as evaluated in Experiment 2.

One limitation of the usability of TFVM is that it was determined for general lighting
conditions with an illuminance of about 500 lx, measured on the task surface. As such, the
measure is valid for applications with comparable light levels, being offices, homes or retail.
It is known that flicker visibility depends on the adapted light level (e.g. [119]). However,
we expect that the same approach can be used to accurately predict perceived flicker in
applications with lower light levels, such as – for example – common in outdoor lighting.
Finally, it should be pointed out that the TFVM was developed to represent flicker
sensitivity of a ”standard observer”, or to describe what an average person sees. It is known
that sensitivity to flicker, similarly to other visual percepts, differs across people, even though
the results of studies, relating personal characteristics, like gender, to flicker visibility, are
often inconsistent (e.g. [44, 76]). Therefore, TFVM should not be considered as a measure
covering all special cases, but rather as a measure corresponding to an average person.

3.8 Conclusions
The light output of LED light sources, that are introduced to the market, is temporally
modulated, due to their almost instantaneous reaction to changes in the driving current and
can have different kinds of irregular waveforms at various temporal frequencies. To ensure
that the light has a high perceptual quality, it is important to accurately quantify the visibility
of temporal light artefacts. In the current study, we establish a measure for the visibility of
periodic and aperiodic flicker that is simple, physiologically plausible and consistent with the
CIE framework. The measure uses a temporal model of the HVS, with two impulse response
functions of which the parameters are determined based on a TCSF, measured in a general
lighting condition. The measure is termed TFVM, and we demonstrated that, contrary to
other currently used measures, it correctly quantifies visibility of a multitude of differently
shaped light modulations. As such, TFVM can help to design LED light sources with good
temporal light quality and at the same time having an optimal cost, efficiency, size and lifetime.
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Modeling visibility of the
stroboscopic effect

4

Abstract
Three perception experiments were conducted to develop a measure for predicting the
visibility of the stroboscopic effect occurring in temporally modulated light systems. In the
first experiment, different methodologies were evaluated for their measurement error. In
the second experiment, the visibilities of the stroboscopic effect for square wave and sine
wave light modulations were measured and the results were found to be consistent with
previous findings for flicker perception. In the third experiment, specifically-crafted, complex
waveforms were used to test the theory of frequency summation. Based on the results of these
three experiments a new measure for the visibility of the stroboscopic effect was developed,
consisting of a summation of the energy in all frequency components with respect to the DC
value of the waveform, normalized for human sensitivity.

This chapter is copied with (slight) adaptations from Lighting Research & Technology, Volume 47, Number 3, 281-300
(2015): "Modeling the visibility of the stroboscopic effect occurring in temporally modulated light systems", Małgorzata
Perz, Ingrid Vogels, Dragan Sekulovski, Lili Wang, Yan Tu, and Ingrid Heynderickx [170].
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4.1 Introduction
Lighting can benefit from the large potential of solid state lighting. Light emitting diodes
(LEDs) provide long operating lifetimes, low power consumption and environmentally friendly
material composition. In addition to these advantages LEDs also offer a number of unique
capabilities, namely almost full control of their spectra, spatial and polarization properties
[205].
Another unique capability of LEDs is their fast response to changes in the driving current.
This characteristic can be utilized to easily control the light output, for instance by rapidly
switching the digital signal on and off to simulate a varying voltage, called pulse width
modulation (PWM). Such a control scheme does not introduce significant changes in the
spectrum of LEDs [178]. However, improper selection of the driving parameters can result
in visible temporal light artefacts (TLAs), such as flicker or the stroboscopic effect. Flicker is
defined as the direct perception of temporal changes in the light output (luminance flicker) or
colour (chromatic flicker) of the light, and is a well-known temporal artefact. The stroboscopic
effect refers to the interaction of moving objects with temporally modulated light that causes
the object to appear to move discretely rather than continuously. This effect is not as well
understood as flicker. Solutions to reduce the occurrence of temporal artefacts are known,
e.g. high-frequency (>20 kHz) electronic ballasts effectively eliminate flicker [187], but, in
general, require electronics with increased cost and size.
Recently, a specific class of temporally modulated LEDs has been introduced, namely
alternating current light emitting diodes (ACLEDs). They are operated directly using AC mains
power with the advantage of using small resistors instead of expensive and bulky ballasts. As
a consequence, they also have a higher overall system efficiency as no power is lost in the
AC to DC conversion. However, the light output of ACLEDs typically fluctuates at twice the
supply frequency. Because of their fast response to changing current, ACLED light shows deep
modulation, unless additional electronic components are added. Obviously, if light modulation
exists, it might lead to visible temporal artefacts.
Mostly because of cost issues LEDs introduced to the market still suffer from temporal
artefacts, resulting in visual discomfort and possibly negative health effects [251]. These
health issues can be divided into two classes. First, there are the immediate results of a few
seconds’ exposure to light fluctuations, such as epileptic seizures. These effects are mostly
associated with flicker, typically perceived for temporal modulations within the frequency
range of 3 Hz to 100 Hz.
Some less obvious symptoms resulting from long-term exposure can occur, e.g. malaise,
headaches, migraines and impaired visual performance [151, 251]. These symptoms are
mostly associated with light modulations at higher frequencies (>100 Hz). Measurements
of the electroretinogram have indicated that modulations of light even at frequencies up to
200 Hz are still resolved by the human retina although the flicker is too rapid to be seen [18].
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Wilkins found that fluorescent lighting oscillating with a fundamental frequency component of
100 Hz and with a modulation depth of 0.451 induced headaches in office workers. Headaches
and eyestrain were reduced by a factor of two or more when the controlling circuitry was
changed to high-frequency ballasts (32 kHz) [253]. Further, visual performance scores were
found to be significantly higher in a high-frequency fluorescent illumination (between 20 kHz
and 60 kHz) compared to lower frequency illumination (120 Hz)[233]. In a more recent
study Jaen et al. [101] assessed visual performance (using discrimination and simple search
tasks) under lighting with low (0.03) and high (0.32) temporal modulation. They found that,
even though the two conditions were not perceptually different from each other, the visual
performance was reduced when temporal modulation increased [101]2 . Hence, in order
to prevent possible negative health effects of LED lighting systems it is important to better
understand the occurrence and visibility of the temporal artefacts.
This paper begins by briefly reviewing the existing literature on the perception of flicker and
the stroboscopic effect. Then, three perception experiments on the visibility of the stroboscopic
effect are reported. Based on the results of these experiments, an objective measure that
predicts whether the stroboscopic effect is visible in the output of temporally modulated light
is developed.

4.2 Literature on temporal artefacts
One of the visible artefacts that can occur in the light output of temporally modulated light
systems is flicker. Its visibility has been studied extensively and it depends on many parameters,
notably the frequency of the light changes and the amount of change [117, 119, 126]. The
Illuminating Engineering Society of North America has developed a recommendation for the
acceptable amount of flicker, based on the so-called flicker index (FI ) [187]. The latter is
defined as the area above the average light output divided by its total area for a single cycle of
the fluctuation. The flicker index can vary between 0 and 1 and it is suggested to use systems
which produce light with flicker index of 0.1 or less [187]. It is a widely used criterion in
industry to predict flicker visibility.
Another measure used to evaluate flicker perception is the flicker percent. It is more
commonly used than the flicker index in research on photobiology and visual science [23,
252]. It defines the maximum percent decrease in the luminance from its peak value. The

1

In some of the referenced studies, for instance in Wilkins et al. [253] and Veitch and McColl [233], modulation depth is
expressed as percentage, ranging between 0 % to 100 %, rather than as proportion, ranging between 0 to 1, as defined
in this thesis in Equation 1.2. To enable easy comparison between different studies, all values of the modulation depth
are reported here as proportion.
2
It should be noted that the studies of Wilkins et al. [253], Veitch and McColl [233] and Jaen et al. [101] are reported
here consistently with the conclusions reached by these authors. However, a thorough analysis revealed several
shortcomings notably of the employed method and the data analysis used in these studies; this topic is further
discussed in section 6.5
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flicker percent is also referred to as the modulation depth (MD), expressed as percentage, and
is defined in equation 1.23 .
Finally, one of the most extensively studied measures of flicker relates to the critical flicker
frequency (CFF), which is defined as the highest rate of flicker that still can be perceived as
such [116]. When this frequency is exceeded, the separate flashes of light blend together and,
as a result, a continuous light is perceived. The CFF is known to depend on various factors
(for example, luminance, colour, contrast, and retinal eccentricity), but maximally reaches a
frequency of 80 Hz to 100 Hz [116]. Hence, flicker should not be a problem in ACLEDs as long
as the fluctuations in their light output are only determined by the mains frequency.
The stroboscopic effect, on the contrary, may occur for light fluctuating with frequencies
larger than 100 Hz. Frier and Henderson [68] studied the perception of a rotating table-tennis
ball under fluctuating light of several HID lamps. They observed that the visibility of the
stroboscopic effect depended on the amplitude of the modulation in the light output. They
also observed that the effect was larger when the ball moved across a large portion of the
visual field; small angular movements produced minimal effect. However, no precise visibility
measurements were performed; only qualitative observations were reported by the authors.
Rea and Ouellette [188] performed two experiments to investigate how the stroboscopic
effect caused by HID lamps affected players’ performance and spectators’ reactions at table
tennis. They found that the stroboscopic motion of the ball did not change the players’
performance even under the worst condition (i.e., for a flicker index of 0.25, corresponding
to a modulation depth of 0.84 at a frequency of 120 Hz). However, the spectators found the
stroboscopic motion unacceptable [188].
More recently, the stroboscopic effect was studied by Vogels et al. [238]. A rotating
disk with a black surface and a white spot was illuminated by LEDs that were mounted
in conventional office luminaires. The light output of the LEDs was temporally modulated
with a square waveform. Participants were seated in front of the disk. Visibility thresholds,
expressed in terms of modulation depth (see equation 1.2) were measured. The visibility of
the stroboscopic effect was found to depend on the frequency and duty cycle of the square
wave and on the speed of the rotating disk. With increasing frequency the visibility of the
stroboscopic effect decreased and the dependence on the duty cycle followed a U-shape
function, having a minimum threshold around a modulated depth of 0.3. The threshold was
found to be lower at a speed of the rotating disk of 8 m · s−1 as compared to 4 m · s−1 , so
people are more sensitive to the stroboscopic effect if the object moves faster. The results of
Vogels et al. [238] indicate that the performance of ACLEDs can be improved by increasing
the frequency, adjusting the duty cycle or lowering the modulation depth. Moreover, they
showed that the flicker index was not a suitable measure for predicting the visibility of the
stroboscopic effect, mainly because it did not account for the effect of frequency. Vogels et al.
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[238] pointed out that a new measure, predicting the visibility of the stroboscopic effect was
needed.
An effort to develop such a measure was undertaken by Bullough et al. [26], who assessed
the detection and acceptability of flicker and the stroboscopic effect under different lighting
conditions. They confirmed that the perception of the stroboscopic effect was influenced
by the frequency and the amount of modulation of the light. Within the boundaries of the
conditions tested, they found that flicker perception was negligible at 100 Hz and higher,
but that the stroboscopic effect could still be perceived at 300 Hz. Further, they provided
functional relationships between frequency and modulation depth in terms of detection and
acceptability of the stroboscopic effect. Based on these experimental data the Lighting Research
Centre released a publication where they outlined a method for calculating the detection and
acceptability of the stroboscopic effect [25]. However, their model is only valid for a limited
number of conditions (i.e., for the light output of a square waveform at a duty cycle of 50 %),
and therefore does not cover realistic waveforms.
Another temporal light artefact that results from fluctuating light is the phantom array
effect (also known as ghosting). It occurs when a saccade is made across a point source or
a sharp change in luminance of a fluctuating light. The point source is then perceived as a
spatially extended series of lights. This effect was studied by Hershberger [84] and Roberts
and Wilkins [193], among others. The latter paper showed that, similarly to the stroboscopic
effect, the phantom array effect can be perceived well above the frequency of flicker fusion.
In order to develop a general measure for the visibility of the stroboscopic effect, we
propose to use the approach of de Lange [126]. In his fundamental research on flicker
fusion, he studied the perception of differently shaped waveforms; among others a sinusoidal
modulation and a square wave modulation. He expressed human sensitivity to flicker in terms
of the amplitude of the fundamental Fourier component of the waveform, and found that
by doing so, the flicker fusion threshold of all different waveforms exactly overlapped. For
instance, he found that the modulation depth at flicker fusion for a square wave (Tsquare )
corresponded to the modulation depth at flicker fusion for a sine wave (Tsine ) divided by the
amplitude ratio of the fundamental frequency of the square and the sine wave ARsquare,sine ,
as defined by the following equation:
Tsquare =

Tsine
ARsquare,sine

(4.1)

In other words, knowing the modulation threshold for sine waveforms it is possible to
predict the modulation threshold for square waveforms. Since, as with flicker, the stroboscopic
effect is produced by periodic fluctuations of light, we hypothesize that the results of de Lange
for flicker can be applied to the visibility of the stroboscopic effect as well.
Further, Campbell and Robson [34] used Fourier analysis to evaluate spatial contrast
sensitivity. They showed that the contrast threshold of a grating is determined by the amplitude
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of the fundamental Fourier component of its waveform. They also showed that higher harmonic
components can contribute to the contrast threshold of gratings of complex waveforms if they
reach their individual thresholds. Their fundamental visual task, which is also used in the
current study, is a spatio-temporal contrast sensitivity task. Similarly to Campbell and Robson
[34] we use Fourier theory to evaluate the visibility of the stroboscopic effect. We hypothesize
that not only the fundamental, but all the Fourier components contribute to the visibility of
the stroboscopic effect.
To collect sufficient data for the definition of a new measure for the visibility of the
stroboscopic effect, we conducted three perception experiments. The first experiment mainly
served to establish the most accurate methodology, which was implemented for the later
experiments. In the second experiment the theory of de Lange [126] was evaluated for the
stroboscopic effect. We measured the visibility thresholds for sine and square waveforms and
compared the results. Further, we evaluated how well the flicker index predicted the visibility
of the stroboscopic effect of these waveforms. In the third experiment, specially-crafted,
complex waveforms were generated. We used them to test the theory of frequency summation.
Based on the results of the three experiments, a new measure for predicting the visibility of
the stroboscopic effect was proposed.

4.3 Testing methodology
Pilot tests showed that the methodology used by Vogels et al. [238] to measure the visibility
threshold of the stroboscopic effect (described in more detail later) might result in a relatively
large variance between participants. Hence, we included some variations to the basic methodology. First, instead of asking people to indicate visibility of the stroboscopic effect when the
white spot on the rotating disk was illuminated with ACLED light only, we evaluated the effect
of adding a reference DC illumination. The rotating disk was either first illuminated by DC
light for 4 s, after which a modulated stimulus was shown or only a modulated light condition
with no reference was shown. In the first case participants were instructed to indicate whether
they could see the difference between the two presentations. Second, the effect of the length
of the visible trajectory of the white spot on the measurement accuracy was investigated.
Either the entire trajectory of the spot was shown in each stimulus or two thirds of the rotating
disk were covered with a black box.

4.3.1 Experimental method
Apparatus
Two conventional office luminaires were equipped with LEDs. Each luminaire contained four
rows of cool white LEDs and four rows of warm white LEDs. The luminaires were mounted in
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a room of 6.1 m x 3.7 m x 3 m with a gray carpet and white walls. The voltage of the LEDs
was generated by an Agilent programmable power source that was controlled by a laptop. The
relation between voltage and light output was measured in order to transform the desired
light output into the required voltage.
The luminaires illuminated a disk that was positioned on a small table such that the
height of the disk above the floor was 75 cm, which roughly corresponds to the height of a
regular desk. The disk had a black surface with a diameter of 27 cm and a white spot with a
diameter of 2.6 cm, creating a high contrast between the moving target and the background.
This was considered appropriate as it represented a sensitive situation for the stroboscopic
effect in office applications. This spot was positioned at a distance of 10 cm from the centre
of the disk. The spot rotated at a speed of 4 m · s−1 , which was also used in the study by
Vogels et al. [238] and was considered as an upper limit of speed of hand movements in office
applications (hand movements in sport were used as a reference [159]). The time-averaged
horizontal illuminance on the disk was 500 lx, while the correlated colour temperature of the
light was 4800 K. These values were chosen because they represent typical office conditions.
In addition, they had been successfully used in previous research [238]. Figure 4.1(a) shows
the luminaires and Figure 4.1(b) shows the experimental set-up. In addition, Figures 4.1(c)
and (d) show close-up pictures of the rotating disk under two different lighting conditions:
under DC illumination (which refers to a constant light output with no modulation), giving rise
to the perception of a blurred image, and under AC modulated light, resulting in stroboscopic
illumination showing a discrete movement of the spot.
Procedure
Participants were welcomed and seated on a chair. They read through and signed the consent
form, confirming their eligibility for the study. Next, they were given verbal instructions on the
experimental procedure. What the stroboscopic effect was was thoroughly explained and they
also received a paper with written instructions, which they could refer to at any point during
the experiment. Additionally, they were given a short demonstration of the test in order to
make them familiar with the experiment.
Participants were seated at 0.7 meter from the centre of the disk. This disk was rotating
for the entire duration of the experiment. On the right side of the participants, there was a
small table with a laptop. Participants were instructed to press the right arrow key when they
observed the stroboscopic effect on the rotating disk, and otherwise the left arrow key. To
prevent possible confusion the arrow keys had additional labels. The position of the laptop
was individually adjusted by each participant, so that they felt comfortable.
The visibility threshold was measured using a staircase method [61], consisting of a
combination of ascending and descending determination of limits. The staircase consisted
of a sequence of stimuli for which the participants had to indicate whether the stroboscopic
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Fig. 4.1: (a) The luminaires mounted above the table (b) the experimental set-up with the rotating disk,
(c) the rotating disk under (continuous) DC light, (d) the rotating disk under AC modulated
light.

effect was visible or not. The modulation depth that was presented in a given stimulus
depended on the response of the participant to the preceding stimulus of the same lighting
condition. The starting modulation depth of each staircase was always set to almost a full
modulation (between 0.95 and 1) randomized across participants. The modulation depth was
decreased if a participant indicated that the stroboscopic effect was visible and otherwise
increased. The modulation depth at which the answer changed from ”yes” to ”no” or from
”no” to ”yes” is called a reversal point, and eight such reversal points were measured for each
lighting condition. The visibility threshold for a given lighting condition was then calculated
by averaging the modulation depth over its last four reversal points. It is important to notice
that this visibility threshold corresponds to a modulation depth at which an average observer
detects the stroboscopic effect with the probability of 0.5, often referred to as the detection
threshold [196].
Stimuli
Rectangular waveforms with a frequency of 100 Hz and a duty cycle of 50 % were used as
lighting conditions; their modulation depth was varied to generate the various stimuli in
the staircases. The experiment consisted of a full-factorial 2 (Reference) × 2 (Cover) withinsubject design. The four conditions were presented in blocks, following a Latin-square design.
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The visibility thresholds for the four conditions were obtained from three repetitions of the
staircases, averaged per participant. The three staircases were intermingled within each block.
The entire experiment took about 30 minutes.
Participants
Since the stroboscopic effect is similar to flicker we excluded participants that might be
oversensitive to temporal modulations in light output. As such, we only included participants
that did not suffer from epilepsy nor had a family history of epilepsy, and that did not suffer
from migraines. Experiment 1 included 12 males and 10 females with their age ranging
between 19 and 33 years. All participants were Philips employees or interns at Philips Research
in the Netherlands.

4.3.2 Results
Figure 4.2 shows a boxplot of the visibility thresholds expressed in terms of modulation depth
for each of the four conditions tested in Experiment 1, i.e., resulting from the combinations of
the two variables Reference (2 levels: yes or no) and Cover (2 levels: yes or no). The horizontal
line in each box corresponds to the 50th percentile (i.e., the median). The lower and upper
borders of the box correspond to the 25th and 75th percentiles respectively. The whiskers
indicate the total range in measured thresholds, excluding outliers (which are defined as
deviating more than 1.5 times half the width of the box).

Fig. 4.2: Boxplots of visibility thresholds expressed in terms of modulation depth for the four conditions
tested in Experiment 1.

Figure 4.2 illustrates that the lowest variance, as well as the lowest threshold is obtained
for the third condition. This means that the results were most consistent when the entire
trajectory of the rotating spot on the disk was visible, and when the reference of DC light was
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included in each stimulus. A Levene’s test showed that the variance of the threshold was not
equal across the four conditions (F (3, 84) = 0.026, p = 0.86). In order to test which factors
contributed to the difference in variance, two separate tests were performed with either Cover
or Reference as factor. The variance of the conditions including the black-box cover over the
rotating disk was found to be significantly larger than the variance of the conditions without
this cover (F (1, 86) = 0.30, p = 0.59). In addition, the conditions with a reference had a
significantly smaller variance than the ones without a reference (F (1, 86) = 0.02, p = 0.89).
Even though the variance of the conditions was different, an analysis of variance (ANOVA),
a method used to test differences between two or more means resulting from parametric
data, was performed to test for significant differences in the means of the conditions. One
of the assumptions of the ANOVA is equality of variance, however the literature shows that
the results of the analysis are robust to moderate deviations from homogeneity in case of
equal sample sizes [66]. An ANOVA with Cover and Reference as fixed factors and Participant
as random factor revealed significant effects of Cover (F (1, 63) = 12.9, p < 0.001), Reference
(F (1, 63) = 13.1, p < 0.001), and Participant (F (21, 63) = 17.1, p < 0.001). The interaction
between the fixed factors was not significant. The modulation threshold was lower in the
conditions measured without a black-box cover compared to the conditions measured with
a cover. Conditions measured with a reference had a lower threshold compared to the ones
without a reference.
To conclude, for the most accurate methodology a reference of DC illumination should be
shown before each stimulus and the entire trajectory of the rotating spot on the disk should be
visible to the participants. Participants were instructed to compare the stroboscopic effect of
the rotating spot under the two lighting conditions (i.e., the DC reference and the temporally
modulated stimulus) and to indicate whether they saw a difference between the two stimuli.
This is the methodology used in Experiments 2 and 3.

4.4 Sinusoidal and square waveforms
Experiment 2 consisted of two sessions, one of which was carried out in the Netherlands and
one in China. Session 1 was conducted at Philips Research in Eindhoven and session 2 at the
South East University in Nanjing. At both locations the same experimental set-up was used. In
this experiment, the theory of de Lange [126] was evaluated. We hypothesized that the ratio
of the visibility threshold of a square over a sine wave at the same fundamental frequency
would be equal to the inverse of the amplitude of the fundamental frequency component of
the square wave. Further we wanted to verify whether the flicker index could be used to
predict the visibility of the stroboscopic effect.
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4.4.1 Experimental method
Generally, the same apparatus and procedure as in Experiment 1 was used. The speed of
the rotating disk, however, varied for the two sessions, being 4 m · s−1 in session 1 in the
Netherlands and 8 m · s−1 in session 2 in China.
Stimuli
We measured the threshold for the stroboscopic effect for a sine wave and a square wave light
output of the LEDs. In session 1 light was modulated at four different frequencies, these being
50 Hz, 100 Hz, 200 Hz and 400 Hz. For the square wave a duty cycle of 50 % was used. A 2
(Waveform) × 4 (Frequency) within-subject experimental design was used. The experiment
took about 30 minutes per participant. In session 2 the light was modulated at 100 Hz and for
the square wave a duty cycle of 50 % was used. A full-factorial within-subject design was used.
All staircase stimuli for all lighting conditions were intermingled and presented in a random
and different order for each participant. Note that we implemented the best methodology
resulting from Experiment 1 to measure the visibility thresholds in this experiment.
Participants
In the first session 13 males and 7 females with their ages ranging from 19 to 33 years
participated; whereas in the second session 20 males and 10 females with their ages ranging
between 22 to 48 years participated. For the experiment in China, the participants were
all students or employees of the South East University. In the Netherlands some of the
subjects were different from Experiment 2 to Experiment 1, while others participated in both
experiments. All subjects in China were different from the subjects in the Netherlands.

4.4.2 Results
We hypothesized that the ratio of the visibility threshold of a square wave over a sine wave
at the same fundamental frequency equals the inverse of the amplitude of the fundamental
frequency component of the square wave. The fundamental Fourier coefficient of a square
wave equals 4/π, so the amplitude ratio ARsquare,sine = 4/π. The expected ratio of the
−1
visibility threshold of a square wave over a sine wave is therefore ARsquare,sine
= π/4, which is
approximately 0.79. On the other hand, the current measure used to predict the visibility of
flicker, i.e., the flicker index, might also predict the visibility of the stroboscopic effect. The
flicker index predicts the ratio of the visibility threshold of a square over a sine wave to be 0.6.
In the next sections we compare these predictions against the experimental data, obtained in
the Netherlands and in China.
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Session 1
Figure 4.3 presents the results of Experiment 2 obtained in the Netherlands as boxplots.
The figure shows the modulation depth found at the visibility threshold averaged over the
participants at various frequencies. The crosses (in the middle of boxplots) represent the
visibility thresholds for the square waveforms, whereas the circles represent the visibility
thresholds for the sine waveforms.

Fig. 4.3: Boxplot of visibility thresholds expressed in terms of modulation depth for various frequencies
of square (crosses, as depicted in the middle of boxplots) and sine (circles) waveforms as tested
in Experiment 2 in the Netherlands.

Figure 4.3 illustrates that the visibility threshold increases with increasing frequency.
Further, the visibility threshold for sine waves is higher than for square waves for all the
frequencies tested. An ANOVA with Modulation depth as the dependent variable, Waveform
and Frequency as fixed factors and Participant as random factor was performed. Waveform
was found to have a significant effect on the visibility of the stroboscopic effect (F (1, 119) =
113, p < 0.01). Also Frequency (F (3, 119) = 19.4, p < 0.01) had a significant effect on the
visibility threshold, and a post hoc test showed that all frequencies were significantly different
from each other.
The ratios of the mean threshold of a square over a sine wave are given in Table 4.11 for
each tested frequency. These ratios are reasonably constant across frequencies and equal to
0.79 on average.
A one-sample t-test (which is a parametric test used to determine whether there is a
significant difference between the mean of a set of scores and a fixed value) over all data
and frequencies showed that the ratio was not significantly different from 0.79 (t(79) =
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Tab. 4.1: Ratio of the visibility threshold of a square wave over a sine wave for the various frequencies
tested in Experiment 2 in the Netherlands

Frequency (Hz)

50

100

200

400

Mean

Ratio

0.76

0.78

0.85

0.76

0.79

0.49, p = 0.62). This value was predicted based on the theory of de Lange [126]. On the
other hand, the one-sample t-test showed that the ratio was significantly different from 0.6
(t(79) = 6.6, p < 0.01), which was predicted by the flicker index.
Session 2
Figure 4.4 shows the results of Experiment 2 obtained in China in the form of a boxplot of
the visibility threshold expressed in terms of modulation depth for sine (circles) and square
(crosses) waveforms tested at 100 Hz with a 50 % duty cycle for the square wave. The speed
of the rotating disk was increased from 4 m · s−1 to 8 m · s−1 .

Fig. 4.4: Boxplot of visibility thresholds expressed in terms of modulation depth for square (crosses, as
depicted in the middle of boxplots) and sine (circles) light waveforms as tested in Experiment 2
in the Netherlands.

Figure 4.4 shows that the visibility threshold for the sine wave is larger than for the
square wave. A paired sample t-test showed a significant difference in visibility threshold
between the sine (mean MD = 0.40, SD = 0.06) and square (mean MD = 0.30, SD = 0.09)
waveform (t(119) = 13.4, p < 0.001). The ratio of the mean visibility threshold of a square
over a sine wave was calculated to be 0.79, which is the value predicted by the theory of de
Lange [126]. A one-sample t-test showed that this value was significantly different from 0.6
(t(119) = 6.11, p < 0.001). Hence, from the results obtained in China we can also conclude
that the visibility threshold of the stroboscopic effect for sine waves and square waves is
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consistent with the theory of de Lange [126], and cannot be predicted correctly by the flicker
index.

4.5 Stroboscopic Visibility Measure
In the last experiment we designed complex waveforms to evaluate the theory of frequency
summation. The theory of de Lange [126], as tested in the second experiment, predicts the
visibility of the stroboscopic effect for sine waves and square waves based only on the energy
in the fundamental Fourier component. However, a square wave has most of its energy in this
fundamental Fourier component; the second existing component has an amplitude as small as
one-third of the fundamental and the third one is as small as one-fifth of the fundamental.
Robson [194] showed that other frequency components contribute to the visibility of a spatial
grating once they reach their respective thresholds. Therefore, the small size of harmonic
components of a square wave might have resulted in an underestimation of their predicting
power for the visibility of the stroboscopic effect.
We hypothesize that the threshold of a given waveform depends on the amplitudes of
all Fourier components, each divided by the threshold of a sine wave at the corresponding
frequency. To test this hypothesis, Experiment 3 consisted of two parts: one to determine the
visibility threshold for a sine wave at different frequencies, and one with complex waveforms
for which the visibility of the stroboscopic effect could be predicted from our hypothesis and
the results of the first part.

4.5.1 Experimental method
The same apparatus and procedure as in Experiment 1 were used.
Stimuli
For the first part we measured the visibility threshold of simple sine waves at the frequencies
of 100 Hz, 200 Hz, 400 Hz and 800 Hz. Note that, again, all staircase stimuli were intermingled
and presented in a random order and the best methodology as determined in Experiment 1
was used to measure the thresholds. Based on the results obtained, we determined the sine
wave sensitivity (where sensitivity corresponds to the inverse of a modulation depth). For
the second part, four specially-crafted, complex waveforms, combining simple sine waves at
different frequencies, were generated. The actual combinations used are summarized in Table
4.2.
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Tab. 4.2: Frequency components used in the complex waveforms tested in Experiment 3

No.

Frequency components

1

100 Hz

2

200 Hz
200 Hz

400 Hz

3

100 Hz

200 Hz

400 Hz

4

100 Hz

200 Hz

400 Hz

800 Hz

The complex waveforms in the second part were generated using the visibility thresholds
of the simple sine waves of individual participants as the modulation depth of each frequency
component in the complex waveform. So, the various complex waveforms were crafted
differently per individual. An overall scaling factor of the resulting waveform (per individual)
was then used in the staircase methodology. Doing so implied that we could test our hypothesis
on an individual basis, avoiding that spread between individuals would mask the validity of
the hypothesis. In this way all Fourier components of each particular wave had the same
perceptual contribution to the visibility of the stroboscopic effect for each individual.
Participants
In this experiment, 12 males and 8 females with their ages ranging from 19 to 36 years
completed the two experimental sessions.

4.5.2 Results
In order to test the theory of summation, we defined a measure for the visibility of the
stroboscopic effect that accounted for all frequency components. As there was no a priori
reason to assume a specific form for the norm of the frequency representation, we used a
general Minkowski norm Ln [51]. We defined the stroboscopic effect visibility measure (SVM)
as follows:


v
u ∞ 
u X Cm n  < 1 not visible
n
SVM = t
= 1 just visible
Tm

m=1
>1

(4.2)

visible

where
Cm is the amplitude of the m-th Fourier component, divided by the DC value
of the waveform,
Tm is the visibility threshold for the stroboscopic effect for a sine wave at the
frequency of the m-th Fourier component.
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This visibility threshold is an inverse of the modulation depth, as shown in equation 1.2.
If the resulting value of SVM is larger than one, the stroboscopic effect of the light output
is visible with a probability larger than 0.5. If it equals one, the stroboscopic effect is at the
visibility threshold. Finally, if it is smaller than one, the stroboscopic effect is not visible, i.e.
it is only visible with a probability smaller than 0.5. It should be noted that by varying the
exponent (n) a number of different norms are produced. Setting n = 2 results in the standard
Euclidean norm, while n = 1 corresponds to a Manhattan metric and setting the limit n → ∞
results in the Chebyshev norm [51]. In the case of a square waveform, the rule of de Lange
[126] corresponds to using the Chebyshev norm.
Figure 4.5 shows the results from the first part of Experiment 3 as boxplots. It shows the
visibility thresholds expressed in terms of modulation depth for the various frequencies of
simple sine waves. Clearly the modulation depth increases with increasing frequency, having
its minimum at 100 Hz (mean MD = 0.27 %) and maximum at 800 Hz (mean MD = 0.98 %).
An ANOVA was performed with Modulation Depth as dependent variable, Frequency as a fixed
factor and Participant as a random factor. It was found that Frequency had a significant effect
on the visibility of the stroboscopic effect (F (3, 88) = 237, p < 0.01). A post hoc test showed
that all frequencies, except 100 Hz and 200 Hz, were significantly different from each other.

Fig. 4.5: Boxplots of the visibility threshold expressed in terms of modulation depth for the various
frequencies of the simple sine waves evaluated in the first part of Experiment 3.
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The visibility thresholds found in the first part of Experiment 3 and shown in Figure
4.5 were used for the normalization (Tm in equation 4.2). Figure 4.6 then combines the
results of the first and second parts of Experiment 3. The boxplots show the amplitudes of
the Fourier components at the measured visibility thresholds as calculated for simple sine
waves (measured in part 1, and shown as circles) and for the respective components from
the complex waveforms (measured in part 2, and shown as crosses). The graphs illustrate
that the amplitudes of the frequency components at the visibility threshold are always smaller
for the complex waves than for the simple sine waves. This observation would not hold if
we reject the theory of frequency summation. Therefore, the energy in the various frequency
components should be summed in order to predict the visibility of the stroboscopic effect.

Fig. 4.6: Boxplots of the relative energy for the frequency components of simple sine wave (circles) and
complex waveforms (crosses) as measured in the first and second part of Experiment 3. Each of
the four graphs represents the results of one of the four frequency combinations used in the
complex waveforms, and depicted in Table 4.2.

In the next step, the energy of the frequency components Cm of the complex waveforms
was normalized using the threshold modulation depth Tm to sine waves as shown in Figure
4.5. This normalization could be done in two ways: either the individual threshold modulation
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depths per participant could be used, or the mean threshold modulation depth averaged over
all participants could be used. A paired-sample t-test didn’t show a significant difference
between the thresholds obtained after normalization with the individual threshold modulation
depths (mean MD = 1.05, SD = 0.32) and with the averaged threshold modulation depths
(MD = 1.07, SD = 0.47), i.e., (t(41) = 29, p = 0.77). We decided to use the individual threshold
modulation depths for the normalization in the next analysis. Figure 4.7 shows boxplots of
the normalized energy per frequency component of the complex waves at visibility threshold.
This normalized energy per frequency component of the complex waveforms is equal for
all frequencies. As can be seen by comparing the various graphs, the relative normalized
energy decreases with an increasing number of frequency components used in the complex
waveforms, demonstrating the need for frequency summation.

Fig. 4.7: Boxplots of the normalized energy of individual frequency components within the four different
complex waveforms used in Experiment 3 (each graph represents one of the four complex
waveforms). The energy is normalized using each participant’s sensitivity to simple sine waves.

In the last step, we determined the exponent n in the SVM visibility measure, as defined
in Equation 4.2. The SVM measure predicts that we have to sum the normalized energy over
all frequency components of the complex waveform, and that the resulting SVM value should
be equal to 1 when using the normalized energy values at the visibility threshold. Hence, we
calculated SVM with the normalized energy values given in Figure 4.7 for different values of
n, and checked for which value of n the resulting SVM was equal to 1. The change of SVM
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over the range of n values is shown in Figure 4.8, and it illustrates that SVM approximates
1 for the value of n=3.7. Figure 4.8 also demonstrates that the change in SVM is steep for
small values of n, but that the SVM value hardly depends on the larger values of n.

Fig. 4.8: Visibility measure (SVM), as defined by Equation 3, as a function of the exponent (n) in that
equation. The value of n is selected based on the constraint that SVM should be 1 when
calculated using the normalized energy values of the frequency components at the visibility
threshold of the stroboscopic effect in complex waveforms. The dashed lines indicate the 25th
and 75th percentiles of the scores obtained from all participants.

Hence, based on the gathered data a new measure, called the Stroboscopic Visibility Measure
is defined as follows:


v
u ∞ 
u X Cm 3.7  < 1 not visible
t
SVM = 3.7
= 1 just visible
Tm

m=1

>1

(4.3)

visible

4.6 General discussion and conclusions
Three experiments were conducted with the aim of developing a measure that accurately
predicts the visibility of the stroboscopic effect. In the first experiment we showed that the
measurement methodology influenced the results. We evaluated different methodologies and
selected the one that resulted in the highest accuracy. In the second experiment we evaluated
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the theory of de Lange [126] and hypothesized that the ratio of the visibility threshold of a
square wave over a sine wave corresponds to the inverse of the amplitude of the fundamental
frequency of the square wave. The second experiment showed that the measured ratio is
independent of object speed and is not significantly different from the expected value of 0.79.
On the other hand, the measured ratio is significantly different from the value predicted by
the flicker index. Vogels et al. [238] already showed in their study the inability of the flicker
index to predict the visibility of the stroboscopic effect; this finding is confirmed by the results
of our study. Similarly to Robson [194] we found that not only the fundamental frequency,
but all other frequency components contribute to the visibility of the spatio-temporal contrast
sensitivity. Notably different from the results of Robson [194], we found that the higher
frequency components add to the visibility even below their respective thresholds.
We also found that, similarly to the phantom array effect, the stroboscopic effect can be
perceived at frequencies above flicker fusion. We can also compare the absolute value of
the visibility thresholds with results previously reported by Bullough et al. [26]. The data of
Bullough et al. [26] were limited to the visibility threshold of a square wave at 50 % duty cycle
as a function of frequency so we can only compare these conditions. The comparison of the
visibility thresholds is shown in Figure 4.9.

Fig. 4.9: Visibility thresholds of the stroboscopic effect for a square wave at 50 % duty cycle as a function
of frequency. The solid black curve represents the data of the current study, while the dotted
line represents the data reported by Bullough et al. [26], both expressed in terms of modulation
depth. The two dashed curves around the solid one represent the 25th and 75th percentile of
the data of the current study.

Figure 4.9 shows that the participants of the study performed in the USA were more
sensitive to the stroboscopic effect than our participants. We don’t attribute this difference
to cultural or regional differences. In general, human vision is not so different between
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different cultures or geographical regions (see e.g., a study on differences in sharpness
visibility [141]). Obviously, the results in the Netherlands and China were obtained with a
different methodology than the one used to measure visibility thresholds by Bullough et al.
[26]. In the latter experiment, participants were asked to move a rod by themselves, which
might have resulted in different speeds of the moving object, not only across participants
but also within participants (e.g. a participant might become slower with the progress of the
experiment). In our study the speed was kept constant across all experimental sessions, mainly
because Vogels et al. [238] had already shown that the visibility threshold of the stroboscopic
effect depended on the speed of the moving object. Moreover, the size and shape of the
stimulus were different across the two studies, i.e. we used a dot with a diameter of 2.6 cm,
whereas Bullough et al. [26] used a rod, the exact size of which was not reported. Hence, we
mainly attribute the difference in absolute thresholds between our study and that of Bullough
et al. [26] to differences in the measurement methodology and possibly to differences in the
size and shape of the stimulus.
Based on our data we developed a measure predicting the visibility of the stroboscopic
effect, which we called the SVM. We showed that this visibility measure is robust to normalization with either the individual or averaged threshold modulation depth. This means
that, even though there is a large variability across people in threshold modulation depth for
the stroboscopic effect, an average sensitivity curve (as a function of frequency) can be used.
Therefore, there is no need to first measure individual threshold modulation depths. The
exponent of the visibility measure that fitted the data best corresponds to a value of 3.7. Using
a value in the limit of infinity for the exponent, meaning that only the frequency component
with maximum energy is considered, already gives a good first approximation. Using all values
above 3 gives good predictions, since the visibility measure is relatively insensitive to changes
in the exact value of the exponent for values larger than 3.
To validate the newly proposed measure on data, which has been published before, we
applied Equation 4.3 to visibility thresholds of the stroboscopic effect, measured on square
waves of 100 Hz for different duty cycles (data obtained by Vogels et al. [238]). These data
show that the visibility threshold expressed in terms of modulation depth as a function of
duty cycle follows a U-shape function with its minimum around 30 %. To apply the SVM to
these data, the square waves at different duty cycles at visibility threshold were analyzed in
terms of the amplitude of their Fourier components. Figure 4.10 shows the relative energy
of these Fourier components with each marker representing a different duty cycle, i.e., 10 %,
30 %, 50 %, 70 % and 90 %. It illustrates that the relative energy in the component at 100 Hz
is higher for a duty cycle of 30 % than for other duty cycles. In addition, the relative energy
in the component at 200 Hz is much higher for a duty cycle of 30 % than for a duty cycle at
50 %. As a result, visibility of the stroboscopic effect is already attained at smaller modulation
depths for a duty cycle of 30 % compared to the other duty cycles. When applying the SVM to
these data for a duty cycle of 10 %, 30 %, 50 %, 70 % and 90 % we found values of 1.10, 1.10,
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Fig. 4.10: Relative energy of the Fourier components of a square wave at 100Hz with various duty cycles
(with crosses for 10 %, circles for 30 %, stars for 50 %, diamonds for 70 % and squares for
90 %).

0.98, 0.89 and 0.99, respectively. One-sample t-tests showed that none of these values was
significantly different from 1.0. This indicates that, indeed, our SVM is able to predict the
modulation depth at the visibility threshold for general waveforms.
Based on this additional analysis we can conclude that the newly developed measure,
using the relative energy of the Fourier components normalized with the threshold modulation
depth of simple sine waveforms, predicts the visibility of the stroboscopic effect well. Both the
data of the perception experiments reported in this paper and the data of earlier experiments
reported in literature can be explained with the SVM.
The current dataset used, however, still has some limitations. First, the sensitivity curve in
the current study was obtained by interpolating the visibility threshold from four frequencies
(i.e., 100 Hz, 200 Hz, 400 Hz and 800 Hz). In order to build a more accurate measure the
visibility thresholds for simple sine waves should be determined for more frequencies. The
complex waveforms, used so far, only consisted of harmonics of 100 Hz. Waveforms combining
non-harmonics of 100 Hz have not been tested yet, and therefore, should be included in followup experiments. In addition, there was no phase difference between the various components
of the complex waveforms. Validating the established SVM for complex waveforms including
phase shifts between the components still needs to be done. Moreover, SVM is determined
under typical office conditions, which means with an illuminance of about 500 lx on the
rotating disk. Whether or not the definition of the measure changes for different illumination
levels still needs to be investigated. Finally, the speed of the moving target at the disk was fixed
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at 4 m · s−1 and its contrast was constant over all experiments. Vogels et al. [238] showed
that at 8 m · s−1 the visibility threshold decreases, however, how the definition of the measure
changes across other values of speed and contrast needs further investigation.
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Abstract
The Stroboscopic Visibility Measure (SVM) is a method used to quantify the stroboscopic
effect visibility in general illumination applications. SVM has been defined previously based
on a limited number of frequencies and participants. To validate and extend SVM, five
perception experiments are presented, measuring the visibility threshold of light waveforms
modulated at several frequencies, conducted in two different labs. A power function is fitted
through the aggregated results to develop a stroboscopic effect contrast threshold function for
a “standard observer”, which can be used to normalize SVM. An additional experiment shows
the dependency on illumination level, extending the validity of SVM to other applications.

This chapter is copied with (slight) adaptations from Journal of the Optical Society of America A, Volume 35, Number
2, 309-310 (2018) as: "Stroboscopic effect: contrast threshold function and dependence on illumination level",
Małgorzata Perz, Dragan Sekulovski, Ingrid Vogels, and Ingrid Heynderickx [168].
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5.1 Introduction
Light emitting diodes (LEDs), a type of solid-state lighting (SSL), is a fast-evolving technology
and the advantages of using LEDs for general lighting purposes, as well as the challenges they
can pose, are well-documented (e.g., see [50, 205]). One of the features of LEDs that can pose
a challenge is their fast response to changes in the driving current, meaning that a change in
the driving current is almost instantaneously translated into a change of the light output. This
dynamic capability of LEDs is a clear advantage above other traditional lighting technologies
for creating dynamic lighting. However, it can also lead to undesired temporal effects, such as
flicker, because the current of most LED systems varies over time (e.g., see [24]).
The most common source of current change is the supply of mains power to the light
source, being sinusoidally modulated at frequency of 50 Hz or 60 Hz, or modulated at 100 Hz
or 120 Hz, if the mains power is rectified. In addition, low frequency modulation can be
introduced by disturbances in the mains power induced by additional loads on the network.
Most commercially available LEDs are not directly operated using the mains power, but via
a piece of electronics, called a driver, that converts the mains power into a more constant
current. However, the current through the LEDs remains modulated to some extent even after
the conversion, depending largely on the driver topology. Figure 5.1 shows three examples of
the variation in light output over time when different driver topologies are applied. The light
modulation can become even more pronounced, and additional unwanted lower-frequency
modulations can be exhibited, when dimmers are connected to LEDs [184].

Fig. 5.1: Illuminance (lx) as a function of time (s) for three commercially available LED sources, using
different driver topologies, being (top) single stage driver, (middle) linear (quasi DC) driver,
and (bottom) linear (tapped linear) driver. Several other examples are also shown in [174]
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Methods to suppress modulation in the light output of LEDs, and at the same time lower
the visibility of unwanted temporal effects are known; however, they require compromise with
the costs and efficiency, require physical space, and impact the lifetime of LED systems [8, 39].
According to the International Commission on Illumination (CIE) [41] light modulations
can cause three different temporal light artifacts (TLAs), being flicker, the stroboscopic effect
and the phantom array effect. The stroboscopic effect, which is the focus of the current
study, is defined as a “change in motion perception induced by a light stimulus the luminance
or spectral distribution of which fluctuates with time, for a static observer in a non-static
environment”. A static observer is defined as one who does not make large saccades and,
consequently, is limited to an observer making involuntary micro-saccades that typically occur
in normal vision. Both the stroboscopic effect and the phantom array effect have in common
that they are spatio-temporal effects that occur due to movement of an image across the retina.
However, it is argued that they are distinctly different. CIE defines the phantom array effect as
a "change in perceived shape or spatial positions of objects, induced by a light stimulus the
luminance or spectral distribution of which fluctuates with time, for a non-static observer in a
static environment". As such, the phantom array effect is caused by saccades [86], whereas
the stroboscopic effect is not. Since the projected retinal images during saccades may be
distorted [123], the interpretation of the retinal image may be different for the stroboscopic
effect than for the phantom array effect. Evidence supporting this is given by Bedell et al. [16]
who demonstrated that human observers perceive a smaller extent of motion blur when the
retinal image is a result of an eye or head movement, as compared to when a moving target
generates a comparable image with stationary head and eyes.
The visibility of the stroboscopic effect can be explained in terms of temporal summation,
the capability of the human visual system to integrate information over time, and related to
it, visual persistence [30]. It means that a brief stimulation of the retina results in neural
activity that continues for some time after the stimulus has ceased [82]. When an object
moves, the corresponding retinal image moves across the retina and activates multiple spatially
distributed detectors. Because of visual persistence, this can lead to motion blur or smear for
relatively fast movements. When a moving object is illuminated by modulated light, the retinal
image is modulated as well. When the visual persistence time is shorter than the inverse of the
frequency of the light modulation, the modulation of the retinal image can be perceived, which
leads to a stroboscopic image instead of a blurred image. Hogben & Lollo [90] explained the
dependence of visual persistence on luminance, showing that it increases with decreasing
background levels. Consequently, at low illumination levels, the stroboscopic image merges
faster into a blurred image than at higher levels. The visibility of the stroboscopic effect is thus
a non-linear function of temporal frequency and illumination level.
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5.2 Literature overview
The visibility of the stroboscopic effect was first studied in relation to High-Density Discharge
(HID) and fluorescent lamps by Eastman & Campbell [56], Frier & Henderson [68] and Rea
& Ouellette [188]. A detailed overview of these studies is reported in one of our previous
articles [170].
More recent studies have investigated the visibility of the stroboscopic effect in relation to
light waveforms generated by LEDs. Results of a perception study, executed by Vogels et al.
[238], showed that the visibility of the stroboscopic effect, in an office application, decreased
with increasing modulation frequency. The visibility threshold also depended on the duty cycle
of a light waveform fluctuating at 100 Hz, following a U-shaped function. Consistent with the
results of earlier studies, the visibility of the stroboscopic effect was found to be dependent on
the speed of the moving object, with higher speeds producing lower visibility thresholds than
lower speeds. Perception of the stroboscopic effect was subsequently studied by Bullough et al.
[26, 28]. Based on their measurements Bullough et al. [26] provided relationship between
frequency and modulation depth for detection and acceptability of the stroboscopic effect,
though this relationship only provides meaningful data for square waveforms at 50 % duty
cycle and frequencies above 100 Hz.
In a subsequent paper, Bullough and Marcus [27] showed that the flicker index (FI ) is a
better predictor for detection and acceptability of the stroboscopic effect than the modulation
depth (MD), and they provided a modification of the flicker index, which accounts for the
effect of frequency. Application of the modified flicker index is suitable when a light waveform
has one frequency component with an amplitude that is significantly larger than the amplitude
of all other harmonics.
Later, Tu et al. [229] investigated possible cultural differences in the visibility of the
stroboscopic effect for sinusoidal light waveforms at several frequencies. Their experiments
showed no difference in sensitivity between Asian and European observers.
Perz et al. [170] performed three perception experiments, and they developed a measure
that can be used to predict the visibility of the stroboscopic effect. In extension to the
recommendations provided by Bullough et al. [26], this measure can predict the visibility of
the stroboscopic effect for light waveforms of different shapes and frequencies for a given
range of movement speeds in the environment. The measure was termed the Stroboscopic
Visibility Measure (SVM) and it consists of a Minkowski summation of the energy in the
Fourier frequency components of the light waveform with respect to the DC value of the
waveform, normalized for human sensitivity. SVM is described in detail in Chapter 4, and it is
defined by equation 4.2.
Perz et al. [170] showed that SVM is robust to normalization with either the individual
visibility threshold or the threshold averaged across a group of participants. This means
that, even though there might be variability across people in the visibility threshold of the
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stroboscopic effect, an average contrast threshold (i.e., Tm as a function of frequency) can
be used. The contrast threshold function used to establish equation 4.2 was obtained by
interpolating the visibility thresholds measured for 20 observers at four frequencies, being
100 Hz, 200 Hz, 400 Hz and 800 Hz.
The CIE recommends using SVM as a method for the quantification of the visibility of
the stroboscopic effect resulting from LED sources in general illumination applications where
human movements determine the highest velocity movements [41]; but the CIE also points
out that further verification of SVM is needed. The contrast threshold used to define SVM
was measured for one illumination level of 500 lx, measured at the task surface. This light
level seems appropriate as it closely corresponds to the light level recommended for a typical
office setting (which is around 400 lx at the task area [218]). However, other applications
need different illumination levels; for instance, the light level is typically much lower in
outdoor, street or road lighting. Wang et al. [243] reported results of one experiment in
which the stroboscopic effect visibility thresholds of a sinusoidal light waveform modulated
at 100 Hz were measured at several illumination levels, ranging from 5 lx to 500 lx. Their
results showed that the visibility threshold followed a U-shaped function of the light level.
The visibility thresholds were lower at illuminance levels of 30 lx, 50 lx and 100 lx than at 5 lx,
300 lx and 500 lx. The differences were small though, and a post-hoc test showed that most of
the conditions were not statistically significantly different from one another. Wang et al. [243]
pointed out that the results could not be explained by using temporal and spatial contrast
sensitivity functions [15, 119], and they emphasized that further studies are needed.

5.3 Goal of the current study
The aim of the current study is twofold. First, we want to improve the precision of the stroboscopic effect contrast threshold function, used for normalization in SVM as recommended by
the CIE. The new function is based on the results of five perception experiments, performed
in two different labs. The visibility thresholds for sinusoidal light waveforms were measured
at 10 different frequencies, for over 70 observers in total, which provides confidence in the
generalization of the results to the general population.
The second goal of the study is to expand the usability of SVM into broader contexts by
measuring the visibility of the stroboscopic effect at different illumination levels. We present
the results of an experiment in which the thresholds of sinusoidally modulated light were
measured at several different frequencies and illumination levels. These results can be used
for applications, ranging from outdoor and street lighting, where the illumination levels can
be as low as 10 lx, to offices and retail, where the light levels can be higher than 500 lx. The
reported results provide validation of SVM further contributing to its standardization.
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5.4 Effect of frequency
To develop a more precise stroboscopic effect contrast threshold function for conditions
characteristic for a typical office we combined the results of five perception experiments.
Three of these experiments were previously published in [170, 229]. Experiments 1, 2
and 3 were performed in the Netherlands, and Experiment 4 was performed in China. In
Experiments 1 to 4 we measured the visibility threshold, expressed in terms of modulation
depth, for light waveforms sinusoidally modulated at several frequencies. As the modulation
depth of a sinusoid is directly related to the amplitude of its Fourier fundamental, the
results of experiments 1 to 4 can be directly used to normalize SVM for the corresponding
frequency (i.e., Tm in equation 4.2). However, sinusoids with full modulation are limited
to an amplitude of their Fourier fundamental of 1, whereas some waveforms may result in
larger Fourier amplitudes. For example, for a periodic pulse train with a pulse width going
to 0, the amplitudes of all Fourier components approach a value of 2. This implies that light
waveforms with Fourier amplitudes larger than 1 still may produce a visible stroboscopic
effect at frequencies for which the stroboscopic effect of a sinusoid with a full modulation
cannot be detected. Thus, to extend the normalization function of SVM to higher frequencies,
Experiment 5 aimed to determine the highest frequency that still produces a visible stroboscopic
effect for periodic pulse train light modulations. As the method used in Experiments 1 to 4 is
different from that of Experiment 5, this section is divided into two parts.

5.4.1 Method for Experiments 1 to 4
As the experiments were conducted at two different locations, two identical experimental
set-ups were custom-built to be used at each site. The experimental procedure was the same
at both sites.
Set-up
A photograph of the set-up is shown in Figure 5.2 (a). Two typical office luminaires were
mounted in a frame, 0.8 m from each other at a height of 2.5 m and placed next to a white
wall. Each luminaire contained five rows of cool white LEDs, having a correlated color
temperature (CCT) of 6500 K. The voltage of the LEDs was controlled by a programmable
waveform generator (Agilent, 2255) via a laptop. The set-up was calibrated by measuring
and transforming the relation between voltage and illumination. A disk with a diameter of
27 cm was placed below the luminaires at a height of 75 cm, shown in Figure 5.2 (b) and
(c). It had a black surface, having a reflectance of 7 %, and a white spot with a reflectance
of 81 % and a diameter of 2.6 cm, placed 10 cm from the center of the disk. As a result, a
high contrast of 12:1 was created between the target (white spot) and the background (black
surface). The time-averaged horizontal illuminance on the disk was 500 lx. An industrial
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precision electromotor was used to rotate the disk at a constant speed of 4 m · s−1 , which
was chosen because it corresponds to hand movements occurring during (rapid) gestures
[75]. We consider this speed as a realistic upper limit for office lighting, since the speed of
other natural human movements, like walking or reaching a target, is typically lower [12, 91,
143]; and non-human movements with higher speeds are sporadic in offices. The dependence
of the visibility of the stroboscopic effect on speed has been reported by Vogels et al. [238].
This particular experimental set-up was chosen because it represents a realistic worst-case
condition in a typical office environment, that is, the condition where the stroboscopic effect
would be the most problematic.

Fig. 5.2: (a) A picture of the set-up which was used in the experiments, (b) an impression of the
appearance of the rotating disk under constant light with no modulation, giving rise to the
perception of a blurred image, and (c) the rotating disk under modulated light, resulting in a
visible stroboscopic effect.

Procedure
Participants were seated at 0.7 m from the center of the disk, which was rotating for the
full course of the experiment. They read through and signed the consent form, confirming
their eligibility to the study. They were explained what the stroboscopic effect was and they
were also presented with several examples of the effect during a short introduction to the
experiment.
For each stimulus during the experiment, the disk was first illuminated by a constant light
output (DC) for 4 s, after which it was illuminated by modulated light (AC). Participants were
instructed to look at the rotating disk and indicate on a portable numerical keyboard whether
they observed the difference between the DC and AC conditions. They were instructed to
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press the right arrow key if they observed the difference, meaning that they could detect
the stroboscopic effect, and otherwise the left arrow key. For each light condition of an
experiment the visibility threshold was measured using an adaptive up-down method or
staircase, which is an efficient method to estimate the 50 % detection threshold [136]. It
would be preferred to use a two-alternative forced choice method (2AFC), which is typically
described as “criterion-free” [181], over the yes-no method, but due to hardware limitations it
could not be applied.
In each staircase, the starting modulation depth was set at a random value between
0.95 and 1.00, so that the probability of detecting the stroboscopic effect was high. The
modulation depth of each subsequent stimulus depended on the response of the participant
to the preceding stimulus. The modulation depth was decreased if a participant observed a
difference between DC and AC conditions, and otherwise increased. The modulation depth
at which the answer changed from positive (“I see the difference”) to negative (“I don’t see
the difference”), or vice versa was counted as a reversal point, and eight such reversal points
were measured for each light waveform condition. The visibility threshold was obtained as the
arithmetic mean of the last four reversal points. As such, the visibility threshold corresponded
to the modulation depth at which a participant reported detection with a probability of
50 %. All staircase stimuli were intermingled and presented in a random order, different per
participant.
Light conditions
In Experiment 1, the visibility thresholds of light waveforms sinusoidally modulated at 50 Hz,
100 Hz, 200 Hz and 400 Hz were measured, twice per participant. The arithmetic mean of
the two measured values was used as the resulting threshold. In Experiment 2, the visibility
thresholds were measured for both a sinusoidally modulated light waveforms and square
waveforms at 50 Hz, 100 Hz, 200 Hz and 400 Hz. In Experiment 3, earlier data of the sinusoidal
light waveforms at 100 Hz, 200 Hz and 400 Hz were repeated and extended with 800 Hz.
Finally, in Experiment 4, light waveforms sinusoidally modulated at frequencies of 100 Hz,
150 Hz, 200 Hz, 250 Hz, 300 Hz, 400 Hz, 500 Hz, 750 Hz and 800 Hz were used to thoroughly
sample the relation between the visibility of the stroboscopic effect and frequency of the
sinusoidally modulated light. In each of the experiments a full-factorial within-subject design
was used. The first three experiments took about 30 minutes per participant, and the fourth
experiment took about 45 minutes.
Participants
In accordance with the regulations of the internal ethical committee of Philips Lighting,
participants who might have oversensitivity to temporal modulated light were excluded from
the experiments. Hence, participants who were included in the study did not suffer from
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epilepsy nor had a family history of epilepsy, and did not suffer from migraines. In Experiments
1, 2 and 3 the observers were mostly West European and in Experiment 4, Asian. In the first
experiment 12 participants measured their visibility threshold: 7 males and 5 females, with
age ranging from 18 to 38 years. In the second experiment 20 people participated: 13 males
and 7 females, with age ranging from 19 to 33 years. The third experiment was completed by
20 participants: 12 males and 8 females with age ranging from 19 to 36 years. In the fourth
experiment 21 participants took part: 10 females and 11 males, with age ranging from 21 to
47. Thus, a proper balance in gender of the participants was maintained over all experiments.
Their relatively young age was appropriate since our goal was to define a measure for a
“standard observer” with healthy vision.

5.4.2 Results
The visibility thresholds were measured in terms of modulation depth in all four experiments.
The results of the first experiment are shown in Figure 5.3 as violin plots and error bars.
A violin plot is a combination of a box plot and density traces (or a smoothed histogram)
into a single diagram [89]. In Figure 5.3, the horizontal solid and dashed lines in each plot
correspond to the mean and median threshold values, respectively. The lower and upper
borders of the darker shaded areas correspond to the 25th and 75th percentiles. The error
bars (i.e., the vertical lines) show the 95 % confidence interval (CI) of the mean.

Fig. 5.3: Violin plots of the visibility thresholds, expressed as modulation depth, as a function of modulation frequency, measured in experiment 1; the mean and median values are depicted as solid
and dotted lines, respectively; the borders of the dark shaded areas mark the 25th and 75th
percentiles; the error bars correspond to the 95 % CI of the mean.

Figure 5.3 shows that the visibility threshold increases with increasing frequency of the
light modulation. At 50 Hz, the visibility threshold is lowest with a mean modulation depth
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of 0.20, and at 400 Hz the threshold is highest with a mean modulation depth of 0.52. The
violin plot at 400 Hz clearly exhibits a considerable difference between the mean and median
threshold values, being 0.52 and 0.42, respectively. This is because the threshold values
are not normally distributed, as indicated by the shape of the violin plot: part of the data
clusters around a threshold value of 0.38, whereas a smaller part of the data clusters around a
threshold value of 0.88. An ANOVA, performed with modulation depth as a dependent variable,
frequency as an independent variable and participant as a random factor, demonstrated that, as
expected, the modulation frequency, had a significant effect on the visibility of the stroboscopic
effect, (F (3, 47) = 30.5, p < 0.001, ω = 0.42); the effect of the participant was also significant
(p < 0.001).
The results of the subsequent three experiments are visualized and analyzed in the same
way, and shown in Figure 5.4.

Fig. 5.4: Violin plots of the visibility thresholds, expressed as modulation depth, as a function of modulation frequency, measured in Experiments 2(a)(b), 3(c) and 4(d). The mean and median
threshold values are depicted as solid and dotted lines, respectively. The borders of the darker
shaded areas mark the 25th and 75th percentiles. The error bars correspond to the 95 % CI of
the mean.
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The top-left and top-middle graphs in Figure 5.4 show the visibility thresholds measured
in Experiment 2 for sinusoidally and squared modulated light waveforms, respectively. The
thresholds of the square light waveforms are corrected to make them comparable to those of
the sinusoidal waveforms. Perz et al. [170] demonstrated that the ratio of the stroboscopic
effect visibility threshold of a square over a sinusoidal light waveform at the same fundamental
frequency equals the inverse of the amplitude of the fundamental frequency component of the
square waveform. Therefore, by dividing the visibility thresholds of the square waveforms by
the π/4 (i.e., the fundamental component of a square waveform)), the thresholds of sinusoidal
waveforms at the corresponding frequency are obtained. A paired sample t-test was conducted
to compare the visibility thresholds of these two types of light waveforms (over all modulation
frequencies), and it showed that there is no significant difference in visibility threshold between
the sinusoidal and the corrected square waveforms (t(79) = 0.26, p = 0.8, Hedges0 g = 0.012).
The violin plots of Experiment 2 show that the lowest mean visibility threshold was
measured at 50 Hz and it equals to 0.28. The highest mean threshold corresponds to a
modulation depth of 0.60 measured at 400 Hz. The two graphs also show that data are not
normally distributed; the distribution in visibility thresholds seems bimodal, especially at the
highest frequency of 400 Hz.
The top-right and bottom graphs show the visibility thresholds measured in Experiment
3 and 4 respectively. At the lowest measured frequency of 100 Hz the visibility threshold
corresponds to 0.26 in Experiment 3, and to 0.23 in Experiment 4. As in the previous two
experiments, these thresholds increase with increasing frequency. At a modulation frequency
of 800 Hz in Experiment 3 and at 750 Hz and 1000 Hz in Experiment 4 the violin plots are
remarkably narrow and the means and medians are approximately 1.00. Analysis of staircases
per participant showed that nearly all were clipped at the upper boundary. This means that the
stroboscopic effect produced by a full modulation sinusoidal waveform is not visible for most
observers in light modulated at frequencies above 750 Hz. For each experiment an ANOVA
showed that the visibility of the stroboscopic effect depends on both the frequency of the
modulated light p < 0.005 and the participant p < 0.005.
Results of Experiments 1 to 4 can be used for normalization in SVM for frequencies
up to about 750 Hz. Above this frequency, illuminating the rotating disk by sinusoidal light
waveforms did not produce visible stroboscopic effect. To determine the normalization function
above 750 Hz, stroboscopic effect detection using periodic pulse train light waveforms was
measured, and the waveform at the highest frequency, producing visibility threshold effect
was determined.

5.4.3 Method for Experiment 5
The same set-up, as in Experiments 1 to 4, was used (see figure 5.2). The participants’ task was
also the same as in the previous experiments, but a constant stimuli method rather than the
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staircase method was used. This implies that each participant saw all light stimuli, repeated 3
times, in random order. The visibility threshold was then determined as the frequency at which
the stroboscopic effect was detected 50 % of the time across all observations (per frequency).
Nine observers took part in the experiment; 3 were female and 6 male, and their age
ranged from 27 to 52 years. The inclusion criteria were as described in 5.4.1.
The light stimuli included periodic pulse train waveforms with full modulation depth at a
5 % duty cycle. Using waveforms with a smaller duty cycle, and so with a larger amplitude
of the Fourier components, was not possible due to hardware limitations. These pulse trains
were modulated at 8 frequencies ranging from 800 Hz to 1500 Hz, in steps of 100 Hz. The
average illuminance, measured on the rotating disk, was just above 200 lx. This was dimmer
compared to the 500 lx level, used in Experiments 1 to 4; however, as we will show in section
5.6, thresholds measured for illuminances of 100 lx and 500 lx are not different from each
other.

5.4.4 Results
The probability of detecting the stroboscopic effect was aggregated across participants at each
frequency, and the results are shown in Figure 5.5. At frequencies of 800 Hz and 900 Hz the
stroboscopic effect was almost always visible, whereas at frequencies of 1200 Hz and above
the effect was almost never detected. A generalized linear regression model (GLM) using
binomial distribution of the responses, and a probit link function was used to fit the detection
probabilities as a function of frequency. The GLM was defined as follows:

Φ−1 (µ(f )) ∼ α + βf

(5.1)

where
µ(f ) is the mean detection probability at a frequency f ,
Φ−1 is the inverse of the standard normal cumulative distribution function,
i.e. the probit,
α, β are the regression coefficients.
The estimated regression coefficients, α = 7.876 and β = −0.007 were used to compute the
predicted values of the stroboscopic effect detection as a function of frequency using the GLM,
defined in Equation 5.1. The predicted probability values are plotted in Figure 5.5 as a solid
line. The visibility threshold corresponds to a 0.5 detection probability, and it was found at a
frequency of 1110 Hz, depicted as the star in Figure 5.5.

114

5. Stroboscopic effect: contrast threshold function and dependence on illumination

Fig. 5.5: Mean probability of the stroboscopic effect detection as a function of frequency of periodic pulse
waveforms. The solid line depicts predicted detection values computed for the generalized
linear model with probit link function. The star depicts the visibility threshold at frequency of
1110 Hz.

5.5 Stroboscopic effect contrast threshold function
The results of all five experiments are aggregated to determine the stroboscopic effect contrast
threshold function, expressed in terms of amplitude of the Fourier frequency component,
denoted as Tm in equation 4.2. The visibility thresholds, measured for sinusoidal light
waveforms in Experiments 1 to 4, up to and including 500 Hz are used. The results for
frequencies above 750 Hz are discarded, since at these frequencies the stroboscopic effect
could not be detected. As the violin plots indicate that some of the data is not normally
distributed (see Figure 5.4), median rather than mean visibility thresholds are further used.
These results are presented in Figure 5.6. In addition, the visibility threshold of a pulse train
modulation with a frequency of 1110 Hz from Experiment 5 is included.
Having no a priori knowledge to assume any specific shape of the contrast threshold
function, three different functions were evaluated:
1. Exponential function : T (f ) = a exp(b f )
2. Power function : T (f ) = a f b + c
3. Logarithmic function : T (f ) = a + b log2 (f + c)
where
f

is the frequency.
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At the visibility threshold SVM, defined in equation 4.2, should equal to 1. Thus, we used the
absolute difference between 1 and the SVM values, computed for the waveforms at threshold,
as the minimization criterion, and optimized the parameters of the three functions accordingly,
using the fminsearch function in Matlab, based on the Nelder-Mead simplex algorithm [125].
With the optimized functions we computed SVM for the waveforms at threshold , and
used the root mean square error (RMSE), defined as the square root of the mean squared
residuals between 1 and the computed SVM values (see also Equation 2.2), to determine
the overall best function. The RMSE equals 0.17 for the exponential function, 0.15 for the
power function and 0.18 for the logarithmic function. Moreover, the power function most
accurately predicts the visibility threshold of a waveform with a complex spectrum, with a
fundamental at 1110 Hz (exponential: SVM = 0.69, power: SVM = 1.00, logarithmic: SVM
= 1.26). This power function is plotted in Figure 5.6 (a) as a solid line, together with the
results of Experiments 1 to 4, averaged across observers per frequency and per experiment.
The black dot at a relative amplitude of 2 with the corresponding frequency of 1280 Hz depicts
the upper frequency limit of the visibility of the stroboscopic effect of a light waveform with
only one fundamental frequency, under conditions used in the experiment. The contribution
of the harmonics is negligible, given that they are at much higher frequencies.

Fig. 5.6: Log-log plot of the median visibility threshold expressed in terms of the amplitude of Fourier
fundamental, combined over Experiments 1 to 4, and averaged across participants per frequency
in (a), per experiment, and in (b) over all four experiments. The solid line corresponds to the
power function, as defined in equation 5.2. The black dot depicts the highest frequency at which
the stroboscopic effect can be detected.

116

5. Stroboscopic effect: contrast threshold function and dependence on illumination

The stroboscopic effect contrast threshold function is given by:
T (f ) = 2.865 10−5 f 1.543 + 0.225

(5.2)

where
f
is the temporal frequency,
0.225 is a constant that defines the function’s value at the origin, or at f = 0.
To further assess the goodness-of-fit, the coefficient of determination, R2 , was calculated as
one minus the ratio of the sum of squares of the residuals to the total sum of squares (see
Equation 3.3), between the contrast threshold function and median visibility thresholds of
sinusoids. It yielded a R2 -value of 0.96, indicating that 96 % of the variability in median
visibility threshold of sinusoidally modulated light is explained by frequency. The large value
of R2 indicates that the function, as defined in Equation 5.2, is a good representation of
the median visibility threshold as a function of modulation frequency of a sinusoidal light
waveform.
The visibility thresholds can also be averaged across observers’ responses per frequency,
over all experiments combined. By doing so, we obtained one threshold value per frequency,
which are plotted in Figure 5.6 (b), together with the contrast threshold function, defined
in Equation 5.2. The R2 between the median threshold values and the normalization curve
were computed to be 0.95. This shows that the shape of the curve is robust to averaging per
frequency either per experiment or over all experiments. Therefore, it can be concluded that
the stroboscopic effect contrast threshold function, as defined in Equation 5.2 is an adequate
representation of the visibility threshold of a “standard observer” to the stroboscopic effect.

5.6 Effect of illumination level
The SVM, used to quantify the visibility of the stroboscopic effect, has been determined in
conditions typical for an office, with an averaged illuminance of 500 lx at the task surface.
The contrast threshold function, reported in the previous section, was measured at the same
illumination level, and it can be used for normalization in SVM to predict the visibility of the
stroboscopic effect in applications with a comparable illumination level. The illumination level,
though, can vary considerably across applications, and thus the validity of SVM to different
illumination levels needs to be determined.
Results of the experiment, reported by Wang et al. [243], show that the visibility threshold
for sinusoidal modulations at 100 Hz follows a U-shaped function of light level; thresholds
were highest at 5 lx (i.e., 0.31) and 500 lx (i.e., 0.28), while the lowest threshold was about
0.21, measured at 50 lx. Wang et al. [243] concluded that further studies were needed to
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understand the effect of illumination level on the visibility of the stroboscopic effect at different
frequencies.
The current experiment has been conducted to validate the results reported by Wang
et al. [243] by measuring the visibility thresholds of light waveforms sinusoidally modulated
at 100 Hz at a subset of the illumination levels used in their study. Further, the experiment
extended the results of Wang et al. [243] by measuring visibility thresholds of waveforms
modulated at four frequencies at one illumination level of 50 lx.

5.6.1 Experimental Method
The experiment was executed using the same set-up and following the same procedure as
described in section 5.4.
Light conditions
Sinusoidally modulated light waveforms with a modulation depth ranging between 0 to 1 were
used as stimuli. Nine light conditions were presented with different values of the modulation
frequency and illumination level. For a frequency of 100 Hz, five levels of horizontal illuminance at the rotating disk were presented, namely 5 lx, 10 lx, 50 lx, 100 lx and 500 lx. For an
illumination level of 50 lx, four frequencies were presented, being 100 Hz, 200 Hz, 400 Hz and
800 Hz. The nine conditions were divided over 5 blocks such that the illumination level was
constant during one block. The corresponding stimuli were all intermingled and randomized.
The presentation order of the blocks was randomized per participant. To ensure that participants were naïve to the staircase procedure and lower the fatigue due to repeating near
threshold stimuli, additional stimuli at the same illumination level with a large modulation
depth (i.e., between 0.80 and 1.00) were randomly intermingled into each block. Two minutes
of adaptation time was included between the blocks; it was previously demonstrated that it
is sufficient adaptation time for the chosen illumination levels [219]. The experiment took
about 40 minutes per person.
Participants
Visibility thresholds of 17 participants were measured: 5 females and 12 males, with their
age ranging from 19 to 46 years. Similarly, to experiments 1 to 4, inclusion of participation
adhered to regulations of the internal ethical committee of Philips Lighting.
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5.6.2 Results
The measured visibility thresholds, expressed as modulation depth, are shown as violin plots
in Figure 5.7 (a) for sinusoidal waveforms modulated at 100 Hz at several illumination levels,
and in Figure 5.7 (b) for sinusoidal waveforms with a horizontal illuminance of 50 lx at the
task surface, modulated at several frequencies.

Fig. 5.7: Violin plots of visibility thresholds, expressed in modulation depth, for (a) a sinusoidal waveform
at 100 Hz measured at different illumination levels, and (b) a sinusoidal waveform with a
horizontal illumination of 50 lx at the task surface measured at different frequencies. The mean
and median threshold values are depicted as solid and dashed lines respectively. The borders of
the darker shaded areas mark the 25th and 75th percentiles. The error bars correspond to the
95 % CI of the mean.

Figure 5.7 (a) shows that the mean threshold was highest at the lowest illumination
level of 5 lx, where it was 0.40. The shape of the corresponding violin plot indicates that
there was a large variation between participants with a skew to the upper threshold values.
The mean visibility threshold then decreased up to an illumination level of 50 lx, where it
reached the lowest value of 0.18. For higher illumination levels, the mean visibility threshold
increased again, corresponding to a modulation depth of 0.23 at 100 lx and 0.27 at 500 lx. An
ANOVA, performed with modulation depth as dependent variable, illumination as independent
variable and participant as random factor, confirmed that the visibility of the stroboscopic
effect depended on the illumination level, (F (4, 84) = 19.9, p < 0.001, ω = 0.35); the effect of
the participant was significant (p < 0.001). Post-hoc comparisons using t-tests with Bonferroni
correction was used to explore the differences between the threshold means. The Bonferroni
correction was needed to adjust the probability (p) values due to the increased risk of a type I
error when making multiple statistical tests [247]. The post-hoc test showed that the highest
threshold at 5 lx was significantly different from the thresholds at all other illumination levels,
and that the lowest threshold at 50 lx was significantly different from all other thresholds,
except for the one at 100 lx.
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Figure 5.7 (b) shows that for a sinusoidal waveform with an illumination of 50 lx at the task
surface the visibility threshold increased with increasing frequency, as expected. The lowest
threshold of 0.18 was measured at a modulation frequency of 100 Hz. At a frequency of 800 Hz
the violin plot became very narrow, and the mean and median approached 1.00, meaning that
at this frequency the stroboscopic effect couldn’t be detected anymore by most of the observers.
An ANOVA confirmed a significant effect of frequency on the visibility of the stroboscopic effect
at an illumination level of 50 lx, (F (3, 67) = 159.3, p < 0.001, ω = 0.84), and a significant
effect of participant (p < 0.01). Post-hoc comparisons with Bonferroni correction showed that
the visibility threshold at all frequencies were significantly different from one another.

5.7 Comparison of results from different experiments
The results of all experiments on the visibility of the stroboscopic effect (using the same set-up
with the rotating disk as stimulus) can be combined to test if the results are consistent. These
include the experiments reported in [170, 229, 243] and in section 5.6. Consistency in results
proves accuracy of the threshold values and validates the reliability of the methodology used
to measure them. The latter is of particular importance, as the yes-no procedure that was
employed is known to depend on participant’s response criterion [48, 108, 196], which can
also be culture-dependent.
First, the visibility threshold of sinusoidally modulated light at a frequency of 100 Hz and a
horizontal illumination of 500 lx at the task surface can be compared for the 5 experiments
reported in this paper. To test the equality in the mean of the visibility threshold over
the experiments, an ANOVA was performed with visibility threshold as dependent variable
and experiment as independent variable. The thresholds of the sinusoidal and corrected to
sinusoidal square waveforms, obtained in Experiment 2, were averaged. It should be noted that
the number of threshold measurements varied per experiment, and unequal sample sizes can
affect the required assumption of homogeneity of variance in ANOVA. Yet ANOVA is considered
robust to moderate deviations from this assumption, and since the number of threshold
measurements was comparable in each experiment, performing an ANOVA was considered
appropriate. It showed no significant effect of experiment on the visibility threshold, expressed
in modulation depth, (F (3, 84) = 0.45, p = 0.72, ω = −0.72). Hence, we can conclude that for
this frequency and illumination level the measured thresholds are consistent across different
experiments. Moreover, because the experiments were conducted partly in Europe and partly
in China, we can also conclude that visibility of the stroboscopic effect is culture-independent.
Second, the visibility threshold at an illumination of 50 lx at the task surface can be
compared to 500 lx for several frequencies. Results reported in section 5.6 show that the
visibility threshold of sinusoidally modulated light at 100 Hz is significantly lower for an
illumination of 50 lx than the threshold for an illumination of 500 lx. Since we measured the
visibility threshold at 50 lx at four different frequencies, being 100 Hz, 200 Hz, 400 Hz and
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800 Hz, these values can be compared to the stroboscopic effect contrast threshold function,
measured at 500 lx (as defined in Equation 5.2). The results of this comparison are shown
in Figure 5.8. It can be seen, that the visibility threshold for a sinusoidal modulation at
100 Hz is different at 50 lx from the sensitivity measured at 500 lx. At higher frequencies, the
sensitivity curve determined at 500 lx falls within the error bars of the mean threshold values
measured at 50 lx, suggesting that they are not significantly different from each other. At
800 Hz the stroboscopic effect was not longer detected (see the violin plot in Figure 5.7), so
the results cannot be compared. T -tests was conducted, confirming a significant difference at
at 100 Hz (t(16) = 8.80, p < 0.001, Hedges0 g = 2.03), but no significant difference at 200 Hz
(t(16) = 0.39, p = 0.70), and at 400 Hz (t(16) = 1.10, p = 0.32).

Fig. 5.8: Comparison of the visibility of the stroboscopic effect for different illumination levels at the task
surface; the solid line shows the contrast threshold function, defined in Equation 5.2, obtained
for an illumination level of 500 lx, whereas the dots correspond to mean visibility threshold
measured at four frequencies for an illumination level of 50 lx. The error bars correspond to the
95 % CI of the mean.

Finally, we compared the results reported in the current study in section 5.6 to those
reported earlier by Wang et al. [243]. In both studies, the visibility thresholds followed a
U-shaped function of illuminance. The lowest thresholds were measured at an illumination
level of 50 lx, corresponding to a modulation depth of 0.18 in Experiment 5 of the current
study and to 0.19 in the study of Wang et al. [243]. The small increase in visibility threshold
for illumination levels above 50 lx is also similar in both studies, reaching 0.28 in Experiment 5
and 0.26 in the study of Wang et al. [243] at 500 lx. At the low illumination levels of 5 lx and
10 lx the results of the two studies differ, with higher thresholds of 0.40 and 0.30 measured
in Experiment 5 compared to 0.31 and 0.24 in the study of Wang et al. [243]. Despite these
differences in absolute value, it is apparent that in both studies the visibility threshold is
significantly higher at these low illumination levels than at 50 lx. In the latter respect, the
results of the two studies are consistent. Possible explanations for the deviation in absolute
values are discussed in the next section.
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5.8 General Discussion
The current chapter reports results of five perception experiments that were conducted to
better understand the visibility of the stroboscopic effect, and to simultaneously increase the
accuracy and validity of the Stroboscopic Visibility Measure. In the first part of this paper, the
results of five experiments were used to develop the stroboscopic effect contrast threshold
function, corresponding to the sensitivity of a “standard observer”. We showed that the shape
of the curve is robust to averaging the visibility threshold per frequency across participants for
each experiment or across all participants of all experiments. This means, that even though
there is variability across the experiments and people in threshold modulation depth for
the stroboscopic effect, an average threshold function can be used to represent the general
population.
Spread within the general population is obvious from the bimodal distribution that we
found for the measured visibility thresholds in some conditions, for instance at a frequency
of 400 Hz measured in the second experiment (the results are shown in Figure 5.4 ). Such
spread may have two reasons. First, the bimodal distribution may be caused by the fact that
participants used a different strategy while executing the experiments. It has been shown
before that the yes-no methodology which we used in our experiments might sometimes
lead to biased estimates that may also be participant dependent [48, 108, 196]. But since
we included a thorough and comprehensive explanation of the experimental procedure to
every participant, and interleaved stimuli of different staircases, we consider the effect of a
different strategy over participants limited. Second, it is plausible that the participants of the
experiments may have a different spatio-temporal sensitivity. Sensitivity to the stroboscopic
effect, like to other visual percepts, may depend on several individual characteristics, such
as age or gender, but may also depend on external factors, such as time of the day (e.g.,
see [44, 76]). To determine how exactly sensitivity to the stroboscopic effect varies with
individual characteristics and external factors is beyond the scope of this paper, and needs
additional studies. As such, the current study should not be interpreted as providing a contrast
threshold function for all uses, including very sensitive participants; it proposes a function
for a “standard observer”, which is useful for defining general guidelines to the design of
waveform modulated LEDs.
The last experiment reported in this paper shows the dependency of the stroboscopic effect
visibility on the illumination level. The visibility threshold of sinusoidally modulated light at
100 Hz at a low illumination level of 5 lx and 10 lx was found to be significantly higher than the
visibility threshold at 500 lx. We are cautious to provide a definitive physiological explanation
for this difference in visibility threshold, but attribute it to either a decrease in visual acuity
or an increase in visual persistence time at the lower illumination levels, or, presumably, the
combination of these two aspects. It is known that scotopic vision (i.e. vision under low light
levels) is produced through rod, rather than cone cells, and the resulting spatial resolution

122

5. Stroboscopic effect: contrast threshold function and dependence on illumination

is much lower as compared to photopic vision (i.e. vision under more standard light levels).
Light levels of 5 lx and 10 lx approach mesopic vision, where both rods and cones are involved.
Moreover, participants observed the moving stimulus with their fovea, where rods are absent.
Hence, the visual acuity of the observers might be reduced at 5 lx and 10 lx, which would lead
to increased visibility thresholds for the stroboscopic effect.
The second possible explanation is linked to research conducted for the visibility of
temporal effects in displays, where it was found that the duration of smear (i.e., visual
persistence) produced by a point in apparent motion increased with decreasing background
luminance levels [90]. A low luminance level of 0.3 cd · m−2 produced significantly longer
smear, reaching 70 ms, as compared to a luminance level of 30 cd · m−2 at which the maximal
smear was around 45 ms. This would imply that at a low illumination level of 5 lx or 10 lx the
visual persistence time is longer, and thus the stroboscopic image merges into a blurred image
still at higher modulation depth than at higher illumination levels.
The dependence on the illumination level has implications for the design of LEDs used
in applications such as outdoor, street or road lighting. As people are less sensitive to
light modulations at low illumination levels, the recommended limits in allowable waveform
modulation can be looser as compared to limits in other applications, such as office. It should be
noted that the definition of SVM fully focuses on the visibility of the stroboscopic effect. Being
visible does not necessarily mean that the effect is also problematic in real-life applications.
Measuring acceptability of the stroboscopic effect could result in recommendations for light
modulations in which the effect is slightly visible. Measuring acceptability though is not
straightforward, since it is affected by several parameters, including (but probably not limited
to) type of the visual tasks [187], their relative importance and corresponding speed of
movements [10, 166], as well as exposure duration [166].
The CIE recommends using SVM to quantify visibility of the stroboscopic effect in general
lighting applications with illuminations of 100 lx and above. The contrast threshold function,
developed in the current study can be used for normalization in SVM. By doing so, the
SVM predictions represent a “standard observer”, including different cultural backgrounds.
In addition, we recommend that the function, measured at 50 lx, is used to extend the
validity of SVM to applications with lower illumination levels at the task surface. Additional
measurements are needed though for illumination levels approaching scotopic vision.
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Lighting undergoes a fundamental transformation from the conventional (incandescent and
fluorescent) light sources to the more energy-efficient light emitting diodes (LEDs). The
versatile capabilities of LEDs bring entirely new functionalities to lighting systems, but at
the same time, they may give raise to undesired (spatio)-temporal light artefacts. The main
goal of the studies, conducted under the scope of this thesis, was to combine knowledge of
fundamental human visual perception with knowledge of LED technology, outlined in sections
1.1 and 1.2, respectively, and based on that knowledge, to model the visibility of two temporal
light artefacts (TLAs): flicker and the stroboscopic effect.
There is a large body of literature, especially on flicker visibility, that dates back to the
60s [127], however most of these studies were conducted using light stimuli relevant for
display applications. As the visibility of TLAs depends on several parameters, such as size and
luminance of the light stimulus (for details, see sections 1.1.4 and 1.1.5), the results of the
display-focused studies cannot directly be used for conditions typical for general illumination
applications. Therefore, several psychophysical experiments were conducted, simulating
conditions of a typical office, and the collected data was used to quantify the visibility of TLAs,
as described in different chapters of this thesis.
Chapter 2 presents three experiments, conducted to measure the visibility of periodic
flicker, the results of which were used to determine and validate the Flicker Visibility Measure (FVM), computed by a weighted summation of the relative energy of the frequency
components of the light waveform.
The experiments presented in Chapter 3 were performed to measure the visibility of
aperiodic flicker, leading to the development of the Time domain Flicker Visibility Measure
(TFVM). This measure first computes the convolution of the light waveform with two impulse
response functions (IRFs). It then calculates the 95th percentile of a weighted summation of
the adjusted short-term variance of the resulting two response functions. Computationally,
the TFVM is more complex than the FVM, however it has the advantage of accurately
predicting the visibility of both periodic and aperiodic flicker, while the accuracy of the FVM
is considerably limited when predicting aperiodic flicker visibility. Therefore, the simpler
frequency-based measure is recommended only for waveforms with periodic modulation.
Chapter 4 describes experiments, conducted to develop a measure for predicting the
visibility of the stroboscopic effect. The measure was termed the Stroboscopic Visibility
Measure (SVM), and similar to the FVM, it is computed using a weighted summation
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of the relative energy of the frequency components of the input waveform. Time-domain
computations are not needed here, because signals that give raise to the stroboscopic effect are
characterized by a ripple of the current that drives an LED, and thereby are typically periodic.
Experiments presented in Chapter 5 were conducted to fine-tune the SVM and to extend
its validity to broader contexts, for instance to applications with lower illumination levels,
such as for street lighting. For each of the three measures: FVM, TFVM and SVM, validation
experiments were performed, results of which demonstrate that they predict the visibility of
the relevant TLAs significantly better than any other available measure.
To further clarify and interpret the results reported in Chapters 2 to 5 with respect to
lighting application contexts and findings from other relevant studies, several topics are
discussed in the following sections. First, we discuss the applicability of the proposed measures
to different contexts and observers. Then, we explain the definition of the visibility measure,
and show how it can be extended by employing a psychometric function (see section 1.1.2),
using preliminary results of a previously unpublished experiment. The concept of acceptability
is introduced and compared with the visibility of TLAs. Then, the third type of TLA, called the
phantom array effect is discussed and compared with the stroboscopic effect. We deliberate
on the (adverse) biological effects that can be induced by stimulation with flicker and with
temporally modulated light at frequencies above the critical flicker frequency. Finally, we
identify what is still lacking and suggest the topics that need to be researched in the future.

6.1 Applicability of the proposed measures
The visibility measures, FVM, TFVM, and SVM, have been determined based on the results
of psychophysical experiments, simulating office-like conditions that most closely approximate
the worst-case scenario for TLA visibility. In these experiments, the visibility thresholds were
measured aggregated over about 20 observers per experiment. As such, the proposed measures
predict the response of an average observer in general indoor applications. We here discuss to
what extent these measures can be used for different kinds of observers and applications.

6.1.1 Applicability for different lighting contexts
In the experiments described in this thesis a general office application was simulated. It
is defined by a diffuse illumination of about 200 cd · m−2 , measured at a white, spatially
unstructured wall in front of the observers’ eyes, in combination with an illuminance of
500 lx measured at the task surface. The typical movements of office workers reach a speed of
maximally 4 m · s−1 , which corresponds to the speed of hand movements during rapid gestures
[75]. To determine the applicability of the proposed visibility measures to other applications,
the latter ones need to be correspondingly parameterized; in case of the FVM and the TFVM
using the illumination levels, and in case of the SVM using the illumination and the speed of
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moving objects. As such, the flicker visibility measures, can be used for all indoor applications
with office-like illumination levels, such as shops, homes or hotels.
As flicker visibility decreases at lower illuminations [119, 127], notably at regions of
scotopic vision, the measures might yield overestimations when used for low-illumination
applications, such as outdoor or street lighting. The measure quantifying the stroboscopic
effect visibility, can also be used for nearly all indoor applications with illumination levels
comparable to that of offices, and with typical human gesture movements bound to the upper
speed limit. The dependence of the stroboscopic effect visibility on illumination level has been
studied in an experiment reported in Chapter 5, showing higher thresholds at low illuminance
levels of 10 lx and 5 lx, compared to 500 lx. Assuming that the frequency summation remains
unchanged, the thresholds at different illuminance levels can be used for normalization in
SVM, and as such provide predictions for low-illumination applications, such as street lighting.
As the visibility of the stroboscopic effect increases at higher speed of movement [238], the
SVM is not suitable for applications where the speed of movements exceeds 4 m · s−1 , notably
including sport-related applications and industry. In various sport venues, such as stadiums,
arenas, ice rinks or halls, athletes move much faster than 4 m · s−1 , for instance the speed of
the current world 100 m record averages to about 10.5 m · s−1 [192]. Even more critical in
sport venues is the speed of moving objects, typically an order of magnitude higher than the
speed of human movements, with records registered for badminton hits: 115 m · s−1 [139],
golf drives: 96 m · s−1 [140], squash hits: 78 m · s−1 [129] and football kicks: 58 m · s−1
[138]. Primarily for safety reasons, SVM cannot be used in industry, where machinery and
equipment with moving parts, such as rotating shafts, belt and pulleys, sprockets or gears,
can be reached by people [1]. If the frequency of fast rotating machinery or moving parts
coincides with the frequency of the temporally modulated luminous output, the machinery
can appear to be stationary, or to move with another speed, potentially leading to hazardous
situations.
It also should be emphasized that the measures were developed to predict whether the TLAs
are visible or not to a human observer. This means that the measures do not account for various
machine interferences that can be caused by modulated light, for instance, hampering the
operation of bar-code scanners and infrared remote controls, or disturbing digital imaging. In
the latter case, pictures or videos of indoor environments illuminated by temporally modulated
light typically show dark-shaded bars or stripes, called banding, on a display. Figure 6.1
illustrates this effect. It shows a picture of a viewing box with two chambers: the left chamber
is illuminated by a constant light and its image is undisturbed, while the right chamber is
illuminated by a modulated light and its image is disturbed with a dark horizontal band.
As temporally modulated light can be seen as spatial banding on a (smartphone) display, it
might seem reasonable to use this (smartphone) display as a detector for TLAs. In fact, some
companies recommend to do so [63], and there even exist mobile apps, developed to measure
flicker coming from LEDs [223]. However, the visibility of banding does not only depend on
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parameters of the light source, such as its temporal frequency, but also on the technological
parameters of the smartphone, such as its camera type (with rolling shutter or global shutter),
its frame rate and shutter angle, its sensor type and filters implemented as software. As a
result, different smartphones display different degree of banding for the same temporally
modulated light. Therefore, a smartphone is not a suitable tool for the detection of TLAs.

Fig. 6.1: A picture taken with a smartphone camera, showing a viewing box with two chambers. In
the left chamber a constant luminous output was used and the picture is undisturbed. In the
right chamber a luminous output was temporally modulated, and the picture is disturbed by a
dark-shaded, horizontal band.

6.1.2 Applicability for different observers
Not all people are the same. It is possible that some people do not perceive a temporal light
artefact, of which the visibility measure predicts that it should be visible. The opposite might
also happen: a measure predicts that a TLA is not visible, while some people do perceive it.
The first case is hardly ever disputed, but the second case requires attention.
An often-repeated argument is that LED-based lighting systems should be specifically
designed to meet requirements of optimal temporal light quality for people with heightened
sensitivity as they are especially susceptible to adverse effects when exposed to temporally
modulated lighting [251]. As the visibility measures, described in this thesis, were developed
for an average observer, they yield predictions that might not cover requirements of such
susceptible people. An average observer does not represent any specific person, but rather
it is obtained by aggregating and averaging the visibility thresholds measured for about 20
participants in each psychophysical experiment. In such a situation, it is crucial to obtain
results from numerous observers, such that the variability in these measurements accounts for
the chance of sampling from people with individual differences in sensitivity. Since a higher
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sensitivity corresponds to a lower visibility threshold, it can be argued that, to account for the
people with heightened sensitivity, the visibility measures would need to be developed based
on the lowest measured thresholds, rather than on their mean. Studies suggest that sensitivity
depends on several observer-related factors, such as age, gender, or even intelligence [19,
103, 121, 150, 231, 255]. Results of these studies, however, are frequently contradictory and
inconclusive, and point towards more complex relations. For instance, Wright & Drasdo [255]
showed that the reductions in contrast sensitivity with age can be explained by the reduction
of pupil area with age, causing a reduction in retinal illuminance. However, pupil area is not
only affected by age, but also by several other parameters, including cognitive factors, like
arousal, attention or workload, and biomechanical factors, like heart beat and respiration
[172]. Clearly, such observer-related parameters cannot be systematically controlled for when
selecting participants of psychophysical experiments. Hence, sampling of the participants
largely remains arbitrary and chance-based. As a consequence, also estimation of the lowest
visibility threshold is inaccurate and non-reproducible, and so would be any visibility measure
if based on such estimation. That is not to say, that people who are susceptible to negative
effects when exposed to temporally modulated lighting should be neglected, but rather that
designing LED sources for general-purpose applications should be guided by requirements
for averaged people to avoid over-specification. Presumably, there is a need to develop
visibility measures for people with diagnosed heightened sensitivity in particular cases, for
instance for those suffering from photosensitive epilepsy [175], or for use in special care
environments, such as in emergency rooms of hospitals. Measuring the sensitivity of people
with photosensitive epilepsy requires clinical trials, which goes beyond the scope of this thesis.

6.2 Probability of detection
The proposed measures have been determined based on the results of experiments that
measured whether a stimulus was detected or not. These measurements have been aggregated
into a visibility threshold, defined as the point at which the stimulus was detected with a
probability of 0.5. The resulting measures have been defined such that they output a value of
1 at the visibility threshold. Values larger than 1 correspond to visible TLAs, and values less
than 1 to non-visible TLAs, representing a detection probability of more than 0.5, and less
than 0.5, respectively.
However, in many situations, it might be useful to know whether a TLA is visible with
a lower or higher probability. Therefore, it is useful to fully characterize the psychometric
function that relates the probability of TLA detection to the value of the TLA measure (for
details on a psychometric curve, see section 1.1.2). Such information can be valuable, for
instance, when designing LED drivers. During the design process, the light output of an LED
can be simulated from its input current, and used to compute the value of a visibility measure.
A value larger than 1 might result in a decision to re-design the driver. The psychometric
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function, in that case, could provide information on how much the driver’s design should be
improved.
Insufficient information on the probability of TLA detection and consequently inadequate
interpretation of the visibility measures, can adversely affect establishing standards and
regulations. For instance, if the luminous output of two different LED sources would yield a
TLA measure of 1.01 and 0.99, respectively, setting the limit strictly at the visibility threshold
of 1 would mean that one of the sources would pass and the other would fail, even though
there might be no perceptual difference in TLA visibility between the two sources.
Finally, in some situations, the 0.5 probability might not be strict enough, and the psychometric function could be used to establish values of the TLA measure that correspond to
intended, lower detection probabilities. To determine such a psychometric curve, for both
flicker and the stroboscopic effect, it is recommended to conduct perception experiments,
measuring the detection probability of these effects as a function of the relevant measure.
One such experiment was reported by Bodington et al. [22] who measured the probability of
detecting flicker for a few light stimuli with different values of a visibility measure, established
in the same study. The results show a detection probability of 0.05 at a value of 0.5, followed
by a steep increase reaching a detection probability of 1 at a value of 2. Although this is
informative, the estimated curve was merely a rough approximation, as it was based on the
measurements of a limited number of observers (ns = 10) in unrealistic conditions, with the
observers directly viewing the light source mounted on a tabletop. We also roughly estimated
the psychometric curve for the detection of the stroboscopic effect as a function of SVM, using
the results of six observers (in a previously unpublished experiment), as shown in Figure 6.2.
The experiment was conducted using the same experimental set-up, as reported in Chapters 4
and 5. It followed a method of constant stimuli, and the light stimuli with different values
of SVM were obtained by varying the modulation depth of a square light waveform at a
frequency of 100 Hz. For each observer, the probability of detecting the stroboscopic effect
was computed from 5 repetitions of each stimulus. A generalized linear regression model (see
Equation 5.1) was fitted through the detection probabilities, resulting in the psychometric
functions, depicted with solid gray lines in Figure 6.2. The mean curve, shown as solid black
line, was obtained by fitting GLM through the detection probabilities averaged across the
observers. The dots mark the relevant probability values.
Figure 6.2 shows that, on average, the stroboscopic effect is hardly detected (<0.05) up
to an SVM of about 0.5, which is similar to the results of Bodington et al. [22] for their
flicker measure. Then, the detection probability increases steeply, passing, as expected, the 0.5
probability at an SVM around 1, and reaching 0.95 at an SVM of about 1.5. This means that
at SVM of 1.5 or larger the stroboscopic effect will almost always be visible (for the observers
used in this experiment). The probability of 0.25 was found at an SVM of 0.8, and of 0.75 at
an SVM of about 1.2.
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Fig. 6.2: Detection probability of the stroboscopic effect as a function of SVM, measured for six observers.
The psychometric functions, depicted as gray lines, were obtained using generalized linear
model with probit link function. The mean function is depicted by the red line, with the dots
relating the important detection probabilities to SVM.

As the results are based on measurements of a limited number of observers and conditions,
they are not definite but rather indicative. Having this in mind, they can be used as guidelines,
for instance, to support the design of LED drivers or to steer standardization and regulation.

6.3 Acceptability
The definitions of FVM, TFVM and SVM fully focus on the visibility of the corresponding
TLA at a probability of 0.5. However, a somewhat visible artefact might still be acceptable in
some contexts, and for many general-purpose applications it is relevant to know whether the
perceived artefact is acceptable. Whereas the concept of visibility threshold is well-defined
and, in the domain of TLAs, extensively studied, there is neither a standard definition, nor
a measurement method for the acceptability threshold of TLAs. Oxford dictionaries defines
acceptability as the quality of being tolerated or allowed [180], and Cambridge Dictionary as
the quality of being satisfactory and able to be agreed to or approved of [179]. It seems that
these definitions could be used for the judgment of lighting qualities, however, the acceptability of lighting will probably be context-dependent, as a light condition, tolerated in one
situation, might not be tolerated in another situation. This was assumed in studies evaluating
acceptability for various aspects of office illumination, for instance, for the uniformity of the
illuminance across a task surface [213], the ceiling and wall luminance [152], and the horizontal illuminance [156]. The acceptability was mostly judged with respect to different tasks
performed during the experiments. Furthermore, as measurements of acceptability are based
on subjective judgments and interpretations, they are prone to considerable inter-observer
variability.
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Studies on the acceptability of TLAs are scarce. This is expected for flicker, as it can be
argued that this percept, when unintended, is never acceptable, independent of the context
and observer. This is probably because fast-repeating luminance changes that are directly
observable, are disturbing and discomforting, and at the same time hard to ignore, as they
constitute efficient attention capturing cues [239, 256]. Moreover, flickering lighting is
typically associated with defects and damages, primarily owing to fluorescent tubes, that
flicker when broken or at the end of their lifetime.
Acceptability of the stroboscopic effect, next to detection, was measured in a study of
Bullough et al. [26]. During their experiment, participants were asked to wave a white plastic
rod back and forth underneath a luminaire, and to indicate whether they could detect a
stroboscopic effect; if so they were asked to rate the acceptability of this effect on a 5-point
categorical scale, ranging from ”-2: very unacceptable” to ”2: very acceptable”. Bullough
et al. [26] modeled the results and provided formulas for the stroboscopic effect detection
and acceptability, both defined by the modulation depth of a light stimulus with a rectangular
waveform at a given frequency. Figure 6.3 shows the acceptability threshold, depicted as
grey dashed line, and the visibility threshold, depicted as black, dashed line, as computed
from their formulas. The results show that, at the same modulation depth, the acceptability
threshold corresponds to a frequency that is on average a factor of 10 lower than the visibility
threshold.

Fig. 6.3: Stroboscopic effect visibility and acceptability thresholds reported by Bullough et al. [26],
depicted as dashed lines, and by Perz et al. [166], depicted as solid lines.

Acceptability of the stroboscopic effect, for office-like conditions, has also been measured
in one of our studies [166]. Similar to studies on the acceptability of other illumination-related
qualities, observers were asked to perform several office-specific tasks, like reading an article or
writing an essay. Several lighting conditions were used, including rectangular waveforms and
waveforms that are typical for LED sources with different drivers. After a period of 5 min to
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5 min of exposure to a light stimulus, observers were asked to evaluate the lighting on various
attributes. In contrast to Bullough et al. [26] we did not ask How acceptable do you think the
lighting is?, but instead we asked them to score annoyance on a 5-point categorical scale of
(1) imperceptible, (2) perceptible but not annoying, (3) somewhat annoying, (4) annoying,
and (5) very annoying. In addition, this question on the stroboscopic effect was mingled with
questions related to other lighting attributes ensuring that, in contrast to the procedure of
Bullough et al. [26], the observers were naiv̈e to the purpose of the study. We computed the
percentage of observers annoyed due to the perceptible stroboscopic effect (i.e. the percentage
of responses 3 and above) in each lighting condition, plotted it as a function of the SVM, and
fitted a psychometric curve, relating annoyance to the SVM. The acceptability threshold was
set just below 15 % (of annoyed people). In the experiments about 10 % of the participants
responded "annoying" to all lighting stimuli, included the DC (i.e. constant luminous output),
hence the 15 % was considered as a reasonable, low-risk limit. It corresponded to an SVM of
1.5. To compare the results of our study with the results of the study of Bullough et al. [26],
the acceptability and visibility thresholds of light stimuli with a rectangular waveform are
plotted in Figure 6.3, as solid grey and black lines, respectively.
Clearly, there are significant differences between our results and those of Bullough et al.
[26]. Our visibility thresholds, expressed as modulation depth, are considerably higher than
those of Bullough et al. [26], with a difference of 0.68 at 940 Hz. Calculating the difference
was not possible for frequencies below 165 Hz, because for these frequencies the formulas
provided by Bullough et al. [26] predict that at threshold the modulation depth is negative.
The acceptability threshold, measured at frequencies below 120 Hz, is lower in the study of
Bullough than in our study, but at frequencies above 120 Hz our acceptability threshold is
higher than that of Bullough, with a difference in modulation depth of 0.63 at 190 Hz. The
difference between the two studies can be explained considering the large discrepancies in
experimental method. This implies that understanding the impact of the methodology on the
results is essential to establish accurate interpretations of the findings, and as such to apply
the results into different domains.
We established the stroboscopic effect acceptability threshold in terms of the visibility
measure for office applications, and accordingly it can be used for other indoor lighting
applications, defined by office-like illumination and speed of movement, as described in section
6.1.1. Further research is needed to validate the acceptability threshold of SVM =1.5, and to
measure the acceptability threshold in other applications. Moreover, other parameters that
potentially have an influence on the stroboscopic effect acceptability (for instance, duration of
exposure) need to be identified, and their impact needs to be quantified.
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6.4 Phantom array effect
The third type of TLA is the phantom array effect, or ghosting; visibility of this effect has not
been quantified in this thesis. It can be most readily perceived in environments with a high
luminance contrast and a sharp transition between the luminance of a temporally modulated
light source and its background, for instance when observing the rear lights of a car at night.
In such conditions, making a large saccade over the light source can lead to the perception of
a series of spatially extended copies of the original light source, or a trail of lights [41, 86].
Under everyday viewing conditions, during a large saccade, the image of the world rapidly
moves on our retina but does not elicit a conscious percept. The functional mechanism that
usually prevents this intra-saccadic activity from being perceived seems to rely on visual
masking, which refers to a reduction in the visibility of a briefly displayed stimulus, caused by
the subsequent and/or preceding presentation of another stimulus with a corresponding spatial
pattern [62]. As such, the perception of a brief intra-saccadic image is rendered invisible by the
static retinal images present before and/or after the saccade [36, 37]. However, in the absence
of visual masking, intra-saccadic blur is clearly perceived [35]. Therefore, images seen before
and/or after the saccade will usually not mask a considerably different and salient stimulus
presented during the saccade. For instance, a continuous light stimulus presented during a
saccade produces a perception of a motion streak [206]. If a light stimulus is modulated,
rather than continuous, it is imaged on a different part of the retina at each cycle of the
fluctuation, forming an array of light spots, or a phantom array, rather than a motion streak.
In-depth discussion on the origin of the phantom array effect, and modelling of its visibility
goes beyond the scope of this thesis, primarily because it mostly occurs in high-contrast
contexts with small LEDs, and only sporadically in applications defined by illumination with a
broad spatial distribution. For a better understanding of the phantom array effect, one can
refer to several studies of Hershenberg and his colleagues, who were the first to observe this
effect and give it its name [84–88, 107]. Basically, they showed that the perceived spatial
array of light dots appeared to move in the opposite direction of the saccade, and that the
length of the perceived dot array was about half the length of the retinal image. The effect was
further studied by Watanabe et al. [245], Vogels and Hernando [237], Roberts and Wilkins
[193], Wang et al. [242], and Lee et al. [132].
Since the phantom array effect occurs due to the movement of an image across the retina,
similarly to the stroboscopic effect, and since both effects can be perceived at frequencies
above the critical flicker frequency (CFF) [168, 170, 193, 242], it can be argued that their
visibility depends only on the spatio-temporal characteristics of retinal events, and therefore
the same measure could be used to quantify the visibility of both effects. Here we argue
against this. The phantom array effect arises when the location of (stationary) objects on the
retina shift due to eye movements. The stroboscopic effect occurs when objects move in the
external environment with no (or very small) eye movements. Studies have shown that the
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neural activation of the macaque cortex is different when retinal stimulation is induced by a
saccade than when retinal stimulation is induced on a static eye by a simulated saccadic visual
flow [93, 224]. In fact, the topic of changes in visual perception at the time of saccades has
been studied extensively, and the results are reported in numerous publications (e.g. [29, 36,
197]).
Further evidence supporting a difference between these conditions was delivered by Bedell
et al. [16]. He demonstrated that human observers perceive a smaller extent of motion smear
when the retinal image is a result of an eye or head movement, as compared to when a moving
target generates a comparable retinal image while the eyes and head are still. He attributed
these differences in the duration of visual persistence to differences in the duration of the
temporal impulse response.
Furthermore, the phantom array and the stroboscopic effect are probably mediated, to a
certain extent, by different neurological pathways. The phantom array effect is thought to be
primarily processed in the magnocellular pathway, which is sensitive to light stimuli with low
spatial and high temporal frequencies. The magnocellular pathway is fast conducting, and it is
specialized in processing transient information, such as those delivered by the phantom array
effect. Conversely, the stroboscopic effect is presumably primarily processed in parvocellular
pathway, which is sensitive to stimuli with high spatial and low temporal frequencies. The
parvocellular pathway is rather sluggish, but it can process fine details, such as those observed
on the rotating disk in our studies on the stroboscopic effect. In view of the various evidences,
it is clear that the phantom array effect is distinct from the stroboscopic effect, and it is
recommended to conduct psychophysical studies to quantify its visibility.

6.5 Biological effects
Several concerns about the potential negative impact of the modulated luminous output of
LEDs on people’s health and well-being have been raised and communicated through different
media [100, 106, 144, 162, 191, 251]. This topic received a lot of publicity, and we discuss in
this section the biological effects that can be induced by flicker and light modulated above the
critical flicker frequency (CFF).

6.5.1 Flicker
It is well established that flicker can induce several biological effects in people. It has been
demonstrated through numerous (clinical) studies that repetitive visual stimulation (RVS), or
flicker, at the frequency ranging from 1 Hz to 100 Hz can elicit an oscillatory response in the
visual cortex at the same frequency and/or its harmonics, as recorded from the scalp overlying
the visual cortex using the electroencephalogram (EEG) [155, 161, 189, 190, 217, 227, 228,
234]. This response is known as steady-state visually evoked potential (SSVEP). SSVEPs have

6.5

Biological effects

135

been broadly applied in research to understand the physiology and pathophysiology of the
human visual system, including the visual pathways and the visual cortex [227]. Combined
with psychophysical studies, SSVEP has been used to examine abnormal visual functions,
for instance to study multiple sclerosis [38], Parkinson’s disease [149], glaucoma [176] or
autism [70]. SSVEP measurements performed with healthy subjects show that the evoked
potentials vary with both the modulation depth and the frequency of the flickering stimulus
[153]. Berumen and Tsoneva [20] recorded SSVEP response using flickering stimuli at a range
of frequencies and modulation depths in the proximity of the visibility threshold. They showed
that the shape of the contrast sensitivity curves estimated from SSVEP is very similar to the
perceptual TCSF.
The adverse, biological effects induced by flicker have been mainly reported for people
suffering from some dysfunctioning in their visual system. Light stimuli, temporally modulated
at 10 Hz to 20 Hz can trigger migraine attacks, and migraine is the most prevalent neurological
disorder in the general population [52]. In patients suffering from photosensitive epilepsy,
exposure to a flickering stimulus can trigger a seizure, and it has been shown that modulation
at frequencies of 5 Hz to 10 Hz is the most epileptogenic. In fact, recording of EEG response to
flickering light is used as a routine diagnostic tool for photosensitivity [175]. Stimulation with
flickering stimuli has also been shown to induce non-neurological, biological effects. Polak
et al. [173] showed that it can induce changes in the diameter of retinal arteries and veins,
and that these changes are frequency-specific. West and Boyce [248] showed that flicker can
hinder continuous flow of information concerning the position of the fixation point to the eye,
and as such impact distributions of inter-saccadic intervals.

6.5.2 Light modulated above the CFF
While there is ample evidence showing that flicker can induce biological effects in people,
the results of studies aiming to demonstrate biological effects from lighting modulated at
frequencies above the CFF are weaker and less compelling. Most of these studies have
been conducted in view of the use of magnetically ballasted fluorescent light sources, with
waveforms showing deep modulations at 100 Hz or 120 Hz. Colman et al. [45], and later
Fenton and Penney [65] showed that autistic and intellectually handicapped children spent
more time engaged in stereotypies (repetitive behavior) under fluorescent light as compared
to incandescent light.
Wilkins et al. [253] recorded the weekly incidence of headaches among office workers
under fluorescent lighting modulated at 100 Hz and at 32 kHz, and he concluded that the
average incidence of headaches was more than halved under the high-frequency lighting.
However, this conclusion was inferred from data recorded for 59 observers in the 32 kHz
condition, and for 170 observers in the 100 Hz condition. Analyzing the data only of the
observers who evaluated both conditions, showed that the weekly incidence of headaches
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averaged to 0.37 and 0.57 in the 32 kHz and 100 Hz conditions, respectively, and that this
difference was "marginally significant" (p = 0.059). To put it simple, an average person
experienced headache once every 19 days, and once every 13 days under high- and lowfrequency conditions, respectively. Later, the same conditions (120 Hz and 32 kHz) were
used in a laboratory study of Kuller and Laike [124], comparing the impact of lighting on
subjective well-being, performance and physiological arousal, using 11 different tasks and EEG
measurements. Contrary to the findings of Wilkins et al. [253], the incidence of headaches
was not found to be dependent on the lighting condition. Kuller and Laike [124] reported
significant effects only for individuals with heightened CCF, who responded to 120 Hz lighting
with a pronounced attenuation of EEG α waves, and an increase in speed and decrease in
accuracy of performance.
Jaen et al. [101] used simple visual search tasks and evaluated visual performance of
50 students. Considering only the complete data of 39 subjects, they concluded that the
observers achieved a significantly higher visual performance under 100 Hz as compared to
60 kHz. However, the reported effect was very small, as it only explained 4 % of the variability
in the response scores. The time to complete the tasks was used as dependent variable, and it
averaged to 143.3 s (SD = 51.4 s) in the low-frequency condition and to 149.8 s (SD = 50.9 s)
in the high-frequency condition.
In a repeatedly cited study of Veitch and McColl [233], visual performance and comfort
were measured under high-frequency conditions at 120 Hz and low-frequency conditions at
20 kHz to 60 kHz. Data of 48 participants were collected, whose task was to identify the
orientation of the gap of Landolt rings. The authors concluded that the visual performance was
significantly higher in the high-frequency condition than in the low-frequency flicker condition.
However, the overall effect was associated with a significant effect of only one (out of six)
luminance contrast value, for which the mean was 11.4 and 11.9 (out of 13) correctly identified
gaps, for the low- and high-frequency condition, respectively. The difference between these
means, although significant, is extremely small, and the difference for the remaining 5 contrast
values was not significant.
It seems that the conclusions on effects of light modulated with frequencies above the
CFF, as reached by the authors of the above-mentioned studies, are not fully supported by
their results. Indeed, the reported effects were significant but negligible due to their small
sizes. Moreover, as pointed out in numerous publications, drawing inferences from analyses
solely in terms of p values, or using "marginally significant” effects as evidence for hypotheses,
is largely inadequate and frequently leads to misunderstandings [7, 182, 210, 222, 257].
This capitalizes on the importance of confidence intervals, effect sizes and meta-analyses, but
these considerations were not pondered by the authors when formulating their conclusions.
Therefore, we argue that these studies do not provide sufficient evidence that light stimuli,
modulated at frequencies above the CFF, can induce biological responses in people.
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Another publication, issued by the Institute of Electrical and Electronics Engineers (IEEE),
includes recommendations for LED lighting, expressed as modulation depth as a function of
temporal frequency, for mitigating health risks to viewers [96]. The recommended limits were
derived solely from studies (including two of our studies) measuring the visibility threshold of
flicker and the stroboscopic effect [26, 167, 170, 193], rather than the biological or health
response. Therefore, the promise of protecting against adverse health effects when applying
the recommended limits is unfounded.
While in the studies on biological effects of flicker, the physiological response was systematically measured using EEG, in most of the studies reported in this section behavioral data
was collected and the mechanisms presumably leading to biological effects were not explained.
It was pointed out in section 1.2.4, that light stimuli modulated at frequencies above the CFF
do not elicit a response that could be measured at the different retinal cells (horizontal and
ganglion) of primates, implying that such stimuli do not induce biological responses. We
argue, that the presumed biological effects, measured in studies reported in this section, were
caused by the spatio-temporal effects, either by the stroboscopic or phantom array effect. It
is reasonable to assume that these effects were perceived, as the observers were performing
tasks that included movements, either of their eyes or of different objects, and modulation
depth of the employed light stimuli ranged between 0.4 and 1, which is above the visibility
threshold. Perception of the stroboscopic effect and the phantom array effect can be described
as unnatural and/or distorted viewing, and thereby it potentially leads to stressing the visual
system. Some studies indicate that a stressed visual system is characterized by symptoms of
visual perceptual distortions, headaches, and eyestrain, particularly when viewing repetitive
patterns, including lines of text [47, 64, 154, 158], and these symptoms are comparable with
the biological effects measured in the studies described in this section. To conclude, direct
perception of luminous output, temporally modulated at frequencies above the CFF, does not
induce biological effects, however they might occur due to a visible stroboscopic effect and/or
phantom array effect.

6.6 Outlook for the future
Temporal light artefacts induced by modulations in the luminous output of LEDs is a hot
topic, which has received broad media coverage. The key players in the global LED lighting
market, including Signify, GE, Osram and Cree, often focus their marketing strategy on highquality lighting with flicker-free sources. In fact, quality of light has become one of the
main differentiators in lighting, ensuring each company’s advantage in the highly competitive
market with a large number of regional and international players. At the same time, many
cheap, low-quality LED sources are introduced to the market, which pressures the competition
to adapt their products, imposing compromises on cost, shape, size, lifetime and efficiency
of the LEDs. This highlights the importance of having objective visibility measures, such as
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SVM, FVM and TFVM, in place, as they support the design of LED sources with an optimal
balance between the (temporal) light quality and other aspects of the sources.
The studies, reported in this thesis, broadly cover the topic of TLA visibility, however still,
there are several areas that call for consideration and future research. First, there is a need
to develop a measure quantifying the visibility of the phantom array effect. Second, for each
of the TLAs, the probability of detection needs to be measured as function of the visibility
measure. Moreover, studies on the acceptability of the stroboscopic effect and the phantom
array effect in different lighting applications need to be conducted. Finally, more extended
and sound experiments are needed to confirm (or not) absence of possible performance and
health issues from light modulations above the flicker threshold.
LED sources are firmly gaining ground in various lighting applications and they are expected
to reach a market penetration of about 86 % by 2035 [58]. Looking into the future, other SSL
technologies are emerging, that can potentially compete with LEDs, notably laser diodes (LD).
Some studies compellingly demonstrate the advantages of LDs over LEDs, underlining their
applicability for general lighting illumination [74, 160, 250]. However, one should keep in
mind that the advancement of LDs will face similar challenges as LEDs did in the early stages
of SSL, especially related to quality of light. It is highly convenient that the visibility measures,
developed in view of LEDs, could also be used to assess the temporal quality of LDs’ luminous
output.
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Summary
Light emitting diodes (LEDs), are the basis of a fast-evolving lighting technology, offering
several advantages over halogen and fluorescent lighting. A unique feature – most important
for this thesis – is the almost instantaneous response of LEDs to the incoming signal, meaning
that the light emitted by an LED closely follows its driving current. This dynamic characteristic
allows for different functionalities, for instance it can be used to transfer data via LED light
output. However, the modulated luminous output of LEDs can result in unwanted changes in
the perception of our environment, called temporal light artefacts (TLAs). Different kinds of
TLAs occur quite universally, because the current drawn by LEDs is almost always modulated
(e.g. induced by AC mains power). Exposure to such modulated lighting, that give raise to
TLAs, not only impacts our perception of lighting quality, leading to annoyance and irritation,
but studies in this area suggest that it can also have a negative impact on our physiology,
for instance, it can trigger migraines and even epileptic seizures. It is known that TLAs
can be prevented by suppressing the modulation in the light output of LEDs, however this
typically requires a trade-off with other aspects of the sources, like cost, size, lifetime or
efficiency. Optimally balancing these aspects with the temporal quality lighting demands
models, predicting the perception of temporal light artefacts, which can be implemented
during the design of LED sources. The current standardized measures suffer from several
disadvantages and they are not applicable to objectively quantify the perception of TLAs
occurring in LED-based lighting systems. The need for the development of suitable measures
justifies the current research. The goal of this thesis is to model the visibility of two different
TLAs: flicker and the stroboscopic effect, mainly in conditions representing a realistic worstcase scenario in a typical office environment. As the numerous possible combinations of LED
characteristics with their driving electronics result in virtually indefinite diversity of their light
waveforms, quantifying the visibility of TLAs requires a fundamental approach, essentially
understanding the response of the human visual system to varied light stimuli and model this
response by applying general models. Under the assumption of the HVS being a linear system
in the proximity of visibility thresholds and based on the results of over 10 psychophysical
experiments, three measures have been developed and validated, as described in different
chapters of the thesis. Chapter 2 presents a study aiming at modelling the visibility of periodic
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flicker. As previous research in the filed have demonstrated that flicker visibility depends
on several factors, flicker visibility is quantified by accounting for the effect of frequency,
waveform, and flicker adaptation for nearly full visual field. Three perception experiments
are reported, and based on the results, the Flicker Visibility Measure (FVM) is developed,
calculated in the frequency domain. Next, the measure is compared with the data obtained
for realistic waveforms (i.e. waveforms of LEDs available on the market), showing a high
correlation of flicker predictions of FVM with this data, in contrast to other existing measures,
including the flicker index and the flicker percent. However, as FVM is calculated in the
frequency domain, its capability to predict aperiodic flicker, such as transient modulations or
modulations with random frequency components, is considerably limited. Therefore, the goal
of the study presented in Chapter 3 is to develop a measure to quantify both periodic and
aperiodic flicker in general lighting application. The basis for the development of the measure
is an existing model characterizing temporal processing of the human visual system and the
results of two perception experiments. The computation of the measure, termed TFVM, is
carried out in the time domain, and it is also consistent with the framework for quantifying
light modulations, recommended by the International Commission on Illumination (CIE). It is
demonstrated that, contrary to other currently used measures, TFVM accurately quantifies
visibility of periodic and aperiodic light modulations. In Chapters 4 and 5 the perception of
the stroboscopic effect is studied and quantified. In contrast to research on flicker, research on
the visibility of the stroboscopic effect is scarce and usually not relevant for LED-based lighting
systems. Therefore, in Chapter 4, three perception experiments are reported, and a measure
is developed, used to calculate the visibility of the stroboscopic effect, termed Stroboscopic
Effect Visibility Measure (SVM). The measure is calculated in the frequency domain, because
the light modulations causing the effect are typically periodic, and the perception of single
aperiodic modulations is negligible. In Chapter 5 the SVM is validated and extended. Five
perception experiments are presented, conducted in the Netherlands and in China, and the
stroboscopic effect contrast threshold function of a “standard observer” is developed, which
can be used for normalization in SVM. The results also show the dependency on illumination
level, extending the validity of SVM to other applications. The visibility measures developed in
this PhD project can be used to objectively quantify the visibility of flicker and the stroboscopic
effect, and as such to support the design of LED light sources that balance good temporal
light quality with other aspects, like cost or efficiency. Finally, in Chapter 6 the findings are
discussed in view of other relevant studies, and the recommendations for the future research
given.
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