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Abstract The phantom array effect is one of the artefacts of temporal light 

modulation (TLM) and has related health issues. This paper presents an analytic 

model of the visibility of the phantom array effect derived from the spatial contrast 

sensitivity function (SCSF), typical eye movement speeds, temporal integration 

according to the light source size, and the Fourier fundamental of the waveform. 

During a saccadic eye movement, any temporally modulated light source will 

stimulate spatially disparate regions of the retina according to the modulation 

frequency, the light source size and eye movement velocity. By integrating over 

time, we can estimate the shape and contrast of the retinal stimulation and thereby 

estimate its visibility on the basis of models of contrast sensitivity. The Fourier 

fundamental of the spatial pattern is used to predict its visibility. Recent 

experimental datasets of the visibility of the phantom array effect fit well to the 

model. The model can be extended to explain individual differences, and the 

spectral dependence of the visibility of the phantom array effect. 

1. Introduction  

Temporal light modulation (TLM) refers to a fluctuation in the luminous quantity or spectral 

power distribution of the output of a lighting system over time [1]. The fast response of solid-state 

light sources makes the effect of TLM more prominent than that of previous lighting sources. In 

many cases TLMs may give rise to unacceptable annoying effects. These undesirable changes are 

called temporal light artefacts (TLA) [3]. TLA can be a cause of a decrease of visual performance, 

an increase in fatigue and health problems like eye-strain [4]. Symptoms of discomfort correlate 

with the visibility of the threshold frequency of the phantom array effect [5]. 

The phantom array effect is the appearance of multiple images of objects lit with a temporally 

varying light source during a rapid eye movement (saccade) [4]. The visibility of the phantom 

array effect can be influenced by the luminance, modulation frequency, and duty cycle of the 

modulation [6]. Chromaticity and colour temperature [7], and angular width of the light source 

[8] are also important. 

The visibility threshold frequencies of the phantom array effect show large individual 

differences [7, 9]. Individual variation of eye movement speed (by a factor of up to two) is one of 

the factors that can explain large individual variations of the phantom array visibility [10]. 

Another factor is the four-fold difference in contrast sensitivity within the normally sighted 

population [11]. 

https://creativecommons.org/licenses/by/4.0/
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There have been several recent parametric studies of the phantom array effect [12, 13]. 

However, the explanations of the phenomena are limited. We present an analytic model that seeks 

to explain the variation of the visibility of the phantom array and its dependence on the 

characteristics of TLM in terms of the spatial waveform on the retina.   

2. Modelling the phantom array from the spatial waveform 

The spatial waveform generated on the retina during a saccade directed across a source of 

temporally modulated light can be calculated from the speed of eye movement and the 

modulation depth and duty cycle of the temporal light modulation (TLM).  When the light has a 

large spatial extent and the frequency of the TLM is high, the light received by the retina from one 

part of the lamp at one phase in the light's temporal cycle is superimposed on that from a different 

part and different phase, potentially influencing the modulation depth of the spatial pattern.  Both 

the spatial extent of the lamp and the frequency of TLM are critical. 

The spatial frequency of the phantom array can be used to calculate the log contrast 

sensitivity using one of the published formulae, such as that of Barten [14] or stelaCSF [15]. These 

formulae apply to free view of a grating, but are due to basic physiological constraints of the visual 

system. The brevity of the presentation during a saccade and any saccadic suppression may be 

expected to reduce the visibility, especially when the background is lit.  Nevertheless, the greater 

sensitivity to mid spatial frequencies, as in the Barten equation, is likely to survive such effects, 

given that it reflects the size of receptive fields of retinal neurons. 

Miller et al. [16] report the visibility of a varying light source across which observers make 

saccades. The duty cycles (DC) and modulation depths (MD) were systematically varied for a 

range of TLM frequencies, waveforms and modulation depths. Calculation of the spatial waveform, 

the amplitude of its Fourier fundamental and the log of the associated contrast sensitivity have 

been undertaken for the data they present and used to predict the visibility of the phantom array. 

2.1 Sinusoidal modulation of the light and phantom array visibility from temporal 

Integration of the spatial waveform 

 

For ease of exposition, we begin with consideration of the condition with sinusoidal modulation 

of the light. The data from Miller et al. [16] have been modelled assuming a saccade size of 44 

  
(a) Contrast sensitivity for TLM  (b) Spatially spread TLM contrast 

Figure 1. Spatial contrast sensitivity function with eye movement. (a) Contrast sensitivity as a 

function of the spatial frequency of the phantom array, as determined by the TLM of the light 

source and a saccade velocity of 500deg/s. (b) Spatially spread temporal light modulation (TLM) 

contrast according to modulation frequency. 
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degrees, a (constant maximum) velocity of 500deg/s, and a viewing distance of 3000mm, as 

specified by Miller et al. The luminance of the source was 38,700cd/m2 and was maintained 

constant for the various experimental conditions. The width of the LED was 3.2 mm (0.061 

degrees). The light energy was spread by the saccade over a 44 degree visual angle, so that the 

rotational space-averaged luminance of the phantom array used in the Barten [14] equation was 

taken to be 38700/44*0.061=53.8 cd/m2. The contrast sensitivity according to the Barten formula 

was calculated from the spatial period of the waveform and is shown in Figure 1 (a) below as a 

function of the frequency of TLM for a saccade with a velocity 500deg/s. 

When we assume a constant eye movement speed, the retinal trajectory and its duration are 

fixed. During the trajectory, we can assume that the light source intensity depends only on the 

light source modulation frequency and modulation depth. In addition, light arriving at the 

photoreceptors will probably be integrated before the information is passed along the visual 

pathway.  

The sinusoidal signal of the modulation will change its shape due to integration of the signal 

according to the crossing time of the light source.  Figure 2 shows examples of the change of 

sinusoidal signal after integration at different modulation frequencies. As a result, the contrast of 

the signal after integration is decreased with increasing temporal frequency of the TLM because 

parts of the retinal image of the lamp were superimposed at different phases of the TLM cycle.  

The contrast of the sinusoid spatial pattern in different TLM frequencies is shown in Figure 1 (b). 

The product of the two weighting functions is shown in Figure 3 together with the empirical 

function from Miller et al. [16], which is shown as a broken line.  The two functions have been 

constrained to have similar origins and similar maxima.  The resulting fit is within experimental 

   
(a) 250Hz (contrast:0.998) (b) 2000Hz (contrast:0.91) (c) 4000Hz (contrast:0.66) 

Figure 2. Variation of contrast of the sine wave in different modulation frequency with a constant 

eye movement speed and a fixed integration time. (a) 250Hz sine wave modulation. (b) 2000Hz 

sine wave modulation. (c) 4000 Hz sine wave modulation 

 

Figure 3. The model and the empirical data for sinusoidal TLM, after Miller et al. [16] Figure 7b. 
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error.  The poorer fit at low TLM is probably attributable to the velocity profile of the saccade, and 

the limited time during which the saccade was at its peak velocity. The phantom array at the peak 

of the saccade velocity (as modelled) will have been flanked by higher spatial frequencies that 

resulted from the lower saccade velocity either side of the peak.  The higher spatial frequencies 

may have increased the visibility of the phantom array. 

2.2 Rectangular modulation of the light and phantom array visibility from Fourier 

fundamental of the spatial waveform  

Fourier analysis of the spatial waveform can be used to obtain the amplitude of the Fourier 

fundamental.  Higher frequency components may then be ignored, given that they have too high 

a spatial frequency and too low a contrast to be visible. 

The rectangular TLM waveforms used by Miller et al. [16] required an additional calculation. 

One period of the spatial waveform was derived from the two-dimensional spatio-temporal 

waveform, and its numerical series used to calculate the amplitude of the Fourier fundamental. 

This was expressed as a percent of the average amplitude of the numerical series (Figure 4 (a)). 

The percentage was multiplied by the amplitude of the waveform (Figure 4 (b)) taking account of 

the modulation depth to derive the amplitude of the Fourier fundamental. This was multiplied by 

the weighting for contrast sensitivity (Figure 1 (a)). 

  
(a) Amplitude of the Fourier 

fundamental for three duty cycles 
(b) Amplitude of the spatial 
waveform as a function of TLM 

frequency 
Figure 4. Amplitude of the Fourier fundamental and spatial waveform. 

  
(a) Estimates of the visibility of the phantom 

array shown as a function of TLM frequency, 
modulation depth, and duty cycle 

(b) Visibility of the phantom array for 
rectangular TLM after Miller et al. [16] 
Figure 7a. 

Figure 5. Amplitude of the Fourier fundamental and spatial waveform. 
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The product of the modulation depth and the functions in Figures 1 (a), Figure 4 (a) and 

Figure 4 (b) is shown in Figure 5 (a). This may be compared with the empirical data collected by 

Miller et al. [16] shown in their Figure 7a, reproduced in Figure 5 (b). The vertical axis of the 

model is arbitrary but ordinal and most of the empirical data are ordered as predicted by the 

model. The factors of amplitude and contrast sensitivity, are currently given equal weight. 

The empirical data for the 10% duty cycle with 50% modulation depth are not well fit, 

however. The duration of the stimulus presentation with 10% duty cycle was 0.1ms or less at TLM 

frequencies of 1kHz and above. In no other condition was the duration so short. Allowance can be 

made for an insufficiency of light energy. This insufficiency will be in inverse proportion to the 

light duration, and the downward trajectory of the empirical data can therefore be emulated easily, 

to resemble that shown in Figure 5 (b). 

2.3 Individual differences of the phantom array visibility from individual saccade velocity 

and contrast sensitivity 

There are large individual differences in the perception of the phantom array, and they have a 

possible significance for health, given that individuals who can best see the array are those who 

experience eye-strain in everyday life [17].  In normally sighted individuals contrast sensitivity 

can range over a factor of four [11].  There are also at least two-fold differences in maximum 

saccade velocity for a given saccade size [10][19].  The large individual differences in perception 

of the phantom array may perhaps be explained in terms of these two factors: individual 

difference in saccade velocity and individual difference in contrast sensitivity. 

Individual differences in saccade velocity: The peak velocity of a saccade increases with the 

size of eye movement according to a function known as the main sequence. However, the slope of 

the main sequence differs from one individual to another [19], so that for a given size of eye 

movement the velocity can vary by a factor of two [20].  This variation will affect the spatial 

frequency of the phantom array, and with it, the contrast sensitivity.  For high temporal 

frequencies and consequently high spatial frequencies, the slope of the contrast sensitivity 

function is steep.  An individual with a relatively slow saccade will experience a phantom array 

with a relatively high spatial frequency which will be more difficult to see, as demonstrated by 

Kang et al. [10]. 

Individual differences in contrast sensitivity: Contrast sensitivity is known to vary across the 

general population by a factor of four [11]. Figure 6 shows two functions for contrast sensitivity 

 

Figure 6. Two contrast sensitivity functions for observers with a saccade velocity of 500 deg/s, 

the upper curve for an observer with high contrast sensitivity and the lower curve for an 
observer with low. 
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spaced apart by a factor of four. If the size of the lamp is so small that it is unnecessary to consider 

any overlap of the retinal image (and temporal integration of the images) from one temporal cycle 

to the next, the upper frequency limit above which the phantom array is visible can be calculated 

by extrapolation of the known curves. This would indicate an upper limit that is necessarily less 

than 20kHz.  The maximum limit thus far recorded is about 15kHz [19].  When the viewing 

conditions are such as to require a contrast sensitivity of about 300 (i.e. a log10(contrast 

sensitivity) ~ 2.5) in order to see the phantom array, the array will be visible to the observer with 

high contrast sensitivity between about 200Hz and about 800Hz, a large range, but will not be 

visible to the observer with the low contrast sensitivity at any frequency. 

3. Conclusion and Future works 

In this paper, we presented new models from the spatial waveform on the retina using 

temporal integration and the Fourier fundamental. The validity of the proposed model supported 

the similarity of the conventionally measured visibility model of the phantom array effect from 

Miller et. al.[16].  

There are other factors that affect the phantom array visibility such as target size [8] and 

spectral distribution of the light source [7][8][21]. We need to extend the model to explain the 

effect of such factors to obtain a general model of phantom array visibility.  

We plan to extend the model to account for other factors such as the spectral distribution and 

the large individual variations of the visibility of the phantom array effect. In addition, the 

proposed model can be extended to other TLM analytic visibility such as the stroboscopic effect. 
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