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Abstract. A method is described for predicting whether a visual display terminal 
(VDT) will appear to flicker given the display phosphor persistence, refresh 
frequency, luminance and other environmental factors such as the distance between 
the user and the VDT. Based on research on human temporal sensitivity (Kelly 
1969), one can predict the maximum screen luminance and the minimum refresh 
frequency that will generate a flicker-free display for a theoretical standard observer. 
These predictions are tested across a range of refresh frequencies, screen luminance, 
screen phosphors and individual users. 

1. Introduction 
Several visual display terminal (VDT) standards require visual displays to 'flicker- 

free' but d o  not specify how to determine this. This poses a problem for display 
engineers who wish to design their displays so that they meet the VDT standards. It  
would, therefore, be of great value to have a method for determining whether a 
particular display appears to flicker. 

Various methods have been proposed for empirically determining whether a 
particular VDT will appear to flicker in an experimental situation. These methods have 
the disadvantage that they require display engineers to conduct experiments that are 
both difficult to perform and difficult to verify. Ideally, one would like a single formula 
that display engineers could use to predict whether a screen would appear to flicker. 

This paper describes an analytical method for predicting whether a VDT will 
appear to flicker given the screen phosphor persistence, refresh frequencies and other 
environmental factors such as the distance between the user and the VDT. Based on 
research on human flicker sensitivity (Kelly 1969,1971), one can predict the maximum 
screen luminance and the minimum refresh frequency that will generate a flicker-free 
display for a theoretical standard observer. These predictions are tested across a range 
of refresh frequencies, screen luminances, screen phosphors and individual users. 

1.1. A standard observer for Jlicker 
In order to develop a method for predicting screen flicker, we need to consider how 

sensitive people are to the time-varying screen luminance (i.e. flicker) of a VDT. A large 
body of research (DeLange 1961, Kelly 1961, 1969, 1971) indicates that when a 
temporally-varying light is decomposed into component temporal sine waves then 
human temporal sensitivity can be predicted simply by the amount of stimulus energy 
in the lowest or fundamental temporal frequency. In particular, Kelly (1961,1969,1971) 
found that there is a single formula that predicts the amplitude of the fundamental 
temporal frequency detected by a 'normal' or 'standard' observer, viewing a flickering 
light at a standard viewing distance under a wide range of room illuminations. Our 
method applies Kelly's findings to predict whether a VDT will appear to flicker. 

The method is based on a Fourier decomposition of the time-varying screen 
luminance. The Fourier analysis of the time-varying screen luminance is simplified by 



the fact that the fundamental temporal frequency of a VDT is equal to the refresh 
frequency. If we know the amplitude of the fundamental frequency in the Fourier series 
describing the temporally modulated screen luminance, then we can predict whether 
the screen will appear to flicker. This assertion is supported by the work of DeLange 
(1961), Kelly (1961, 1964), Levinson and Harmon (1961) and others. 

Kelly and his colleagues had people look at visual displays generated by 
modulating the luminance of a large uniform field over time. The temporal variation of 
the display was, in some cases, sinusoidal and, in other cases, square-wave modulated. 
They asked if the display appeared to vary over time (i.e. flicker) or if the display 
appeared to be continuous. The lowest frequency of the sinusoidally modulated display 
that appeared to be continuous was designated the 'flicker fusion frequency' or the 
'critical flicker frequency'. The critical flicker frequency or CFF is particularly relevant 
to the problem of screen flicker assessment: if the refresh frequency of a display is 
greater than the CFF, then observers should not see flicker. 

DeLange (1961) and Kelly (1961,1969,1971) found that the CFF depends only on 
the amplitude of the fundamental frequency of the temporally varying display. This is 
true for both sinusoidally modulated displays that have energy only at the fundamental 
frequency, and for square-wave modulated displays that have energy at frequencies 
higher than the fundamental frequency. Although a square wave has many temporal 
frequency components, the only frequency that matters is the lowest or fundamental 
frequency. This result implies that to predict the CFF we need only know the amplitude 
of the fundamental frequency; we do not need to worry about the many other frequency 
components in a complex temporal stimulus. 

Moreover Kelly (1971) found that the CFF does not depend on adaptation level. 
Although, in general, flicker sensitivity changes with the state of visual adaptation, the 
upper bound on flicker sensitivity (CFF threshold) does not change with the state of 
adaptation. Kelly's findings imply that CFF thresholds should not change when 
different steady adapting lights (such as, for example, different room illuminations) are 
added to the display. This means that unless the display is very dim (where, presumably, 
only the rods are responding) and the room illumination is very high (where cones are 
saturated), one should obtain the same flicker threshold regardless of room 
illumination*. 

In summary, Kelly's research implies that there is a single formula that predicts the 
CFF for a display of given size, viewed at a standard distance, under a wide range of 
room illuminations. We can, therefore, use Kelly's findings to predict whether a screen 
will appear to flicker. 

From Kelly (1969, 1971), it is predicted that if the absolute amplitude,of the 
fundamental temporal frequency of the VDT luminance modulation, E,,,, is greater 
than E,,,, then observers will perceive flicker. 

1 
E,,,, =- exp (b27cf )'I2 

a 

where f is the refresh frequency and a and b are constants that depend on the size of the 

*This result is consistent with the assumption that the visual system is performing as a linear 
system, responding linearly to the absolute amplitude of the temporal frequencies of a stimulus 
input. Kelly (1964) points out that this linear assumption will, no doubt, break down at high 
adaptation levels and small modulations. Kelly (1969) found that this linear assumption also 
breaks down at temporal frequencies of less than approximately 20 Hz. 
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display. Knowing the amount of energy in the fundamental temporal frequency of the 
VDT, E,,,, we can carry out the following tests: If Epred > E,,,, then the prediction is that 
people will not see flicker. If Epred < E,,,, then the prediction is that people will see 
flicker. Conversely, we can predict the lowest refresh frequency that will render a VDT 
'flicker-free' by 

CFF = [ln (aEob,)]2/[b2.n] 

The method for predicting screen flicker is, then, reduced to the problem of calculating 
the amount of energy or the absolute amplitude of the fundamental frequency of the 
temporally varying screen luminance. The procedure for this calculation is outlined in 
the Appendix. 

2. Evaluation of the method 
In this section, I compare the predictions derived from Kelly's findings to data 

collected by three independent laboratories. The first study was conducted by myself 
and Michael Moran at the Hewlett-Packard Human Factors Laboratory. The second 
study was conducted by Bauer, Bonacker and Cavonius at the Institut fiir Arbeits- 
physiologie at the University of Dortmund. The last study was conducted by Bernice 
Rogowitz at the IBM Watson Research Center in Yorktown, New York. 

The three studies differ in significant respects. For example, Rogowitz recorded the 
conditions in which a 2" square-wave modulated light appeared to flicker. Bauer et al. 
and Farrell and Moran investigated the conditions in which a VDT subtending 30" of 
visual angle appeared to flicker. The results of these studies are compared to Kelly's 
findings for a uniform field subtending 7" and 68" of visual angle, respectively. Despite 
the significant differences in the studies, all of the findings are consistent with Kelly's 
general equation (1) with parameter values determined by the size of the display. 

2.1. Farrell and Moran (1985) 
Two Hewlett-Packard displays (with P4 and P39 phosphors) were modified to 

allow for variable refresh rates in a non-interlaced mode. The displays were viewed in a 
room illuminated with approximately 5001~. Observers sat 12in. away from the 
display. The active region of the display subtended a visual angle of 30". 

Flicker thresholds for refresh rates between 40 and 100 Hz were estimated by asking 
subjects to increase the luminance of the display until they first saw flicker (ascending 
flicker thresholds) and then to decrease the luminance of the display until they no 
longer could perceive flicker (descending flicker thresholds). For each of six observers 
the average of these two thresholds was used, together with the refresh rate and 
phosphor time constant, to determine the amount of energy (i.e. absolute amplitude) in 
the fundamental temporal frequency of the display. These amplitude thresholds can 
then be compared with the amplitude thresholds predicted from Kelly's findings for the 
68" stimulus. 

In figure 1, the flicker thresholds are plotted as a function of the screen refresh rate 
for each of the six observers. The closed circles are the data collected when observers 
viewed a display with a P4 phosphor, and the open circles are the data collected when 
observers viewed a display with a P39 phosphor. Curves passing through data 
represent the best fitting parameters for Kelly's general equation (1). 

The parameter values, l/a and b, were derived from the intercept and slope 
(respectively) of a linear regression of In E,,, on ( 2 ~ f ) ' ' ~  for the P4 flicker thresholds 
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Figure 1. Thresholds for perceived flicker are plotted as a function of refresh frequency for six 
observers. Solid circle represent thresholds for P4 phosphor displays and open circles 
represent thresholds for P39 phosphor displays. Curves passing through the data are best- 
fitting parameter estimates of Kelly's general flicker threshold equation (Kelly 1969). 

only. The linear regression equations account for more than 95 per cent of the variance 
for all observers. Although the linear equations were fitted to the flicker thresholds for 
the P4 display, the flicker thresholds for the P39 display fall remarkably close to the 
curves. This is what we would expect if flicker thresholds were determined solely by the 
amount of energy in the fundamental frequency of the temporally modulated screen 
luminance (see the Appendix, $2). 

The data are replotted in figure 2, along with Kelly's predictions for a 7" and an 68" 
flickering field. Notice that the actual flicker thresholds for the 30" flickering field 
obtained from each of six observers fall somewhere between the two Kelly curves. This 
is what we would expect: the predicted threshold curves depend on two parameters 
that, in turn, depend on the size of the visual display (Kelly 1971). 

In summary, this study provides independent evidence that there is a single and 
general equation relating the critical flicker frequency and the absolute amplitude of 
the fundamental temporal frequency of the screen luminance. (The absolute amplitude 
is easily computed from the screen decay phosphor, screen luminance and refresh 
frequency.) The values of the two parameters of this equation, a and b, will vary 
depending on the size of the stimulus. In addition, the variability across observers can 
be used to define confidence limits around the parameter estimates for a normal or 
standard observer. 

2.2. Bauer, Bonacker and Cavonius (1983) 
Bauer et al. also collected flicker thresholds for a homogeneous display (30" x 30" of 

visual angle) with a P4 phosphor. They modified the display monitor to allow observers 
to vary the display refresh rate in a non-interlaced mode. Observers adjusted the refresh 
rate of the display for three different screen luminance conditions: 80, 160 and 
320 cd/m2. The display was viewed in a room that was illuminated with approximated 
6001x. Ascending flicker thresholds were obtained by asking observers to increase the 
refresh rate to the point where screen flicker first disappeared. Descending flicker 
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Figure 2. This figure shows the flicker threshold curves estimated for the six observers who 
viewed a visual display subtending a visual angle of 30". The dashed curves represent 
flicker thresholds estimated for a theoretical standard observer viewing a display 
subtending a visual angle of 7" and 68", respectively (Kelly 1969, 1971). The solid 
horizontal lines represent flicker thresholds estimated for 10, 50 and 90 per cent of 31 
observers that viewed a 30" display at three different display luminances (Bauer et al. 1983). 
The dashed horizontal line represents the flicke'r thresholds estimated for 100 observers 
that viewed a 2" flickering light (Rogowitz 1984). 

thresholds were obtained by asking subjects to decrease the refresh rate until they first 
perceived flicker. The average of ascending and descending flicker thresholds (CFF) 
was calculated for each of 30 subjects for each of the three conditions of display 
luminance. In figure 2, the CFF value obtained from 10, 50 and 90 per cent of the 
subjects is plotted as a function of the absolute amplitude of the fundamental frequency 
of the flickering P4 display. The threshold curves obtained from Farrell and Moran 
(1986) for a 30" flicker P4 display are shown in figure 2. Notice that the variability 
across the six observers in the Farrell and Moran (1986) study are within the range of 
the variability across the 30 observers in the Bauer et al. study. 

This correspondence is remarkable in light of the fact that the two experiments used 
different threshold techniques. In the Bauer et al. study subjects adjusted the refresh 
rate, and in the Farrell and Moran study subjects adjusted the screen luminance. The 
fact that these two different methods of threshold adjustment converge to flicker 
thresholds with comparable variability across subjects, suggests that it is not 
unreasonable to envision and develop a standard observer for flicker. 

The dashed curve shows the flicker thresholds predicted by Kelly (1961) for a 68" 
flickering field. Again, the flicker thresholds for the 30" flickering field (obtained from 
Farrell and Moran (1986) and estimated for Bauer et al. (1983)) fall to the left of the 
threshold curves predicted by Kelly (1961) and this is what we would expect. The 
smaller a flickering display is, the lower the flicker threshold. This can again be seen by 
comparing the threshold curves Kelly (1961) reported for the 68" flickering field and the 
curves Kelly (1971) reported for the 7" flickering field. 
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2.3. Rogowitz (1 984) 
Rogowitz had observers adjust the temporal frequency of a square-wave modulated 

2" light. The time-integrated luminance of the display was held constant at 935 cd/m2. 
CFFs were obtained from 100 observers, whose ages ranged between 20 and 65 years, 
by allowing the observers to adjust the frequency of the square-wave modulated light 
until they could no longer perceive flicker. CFFs ranged between 40 and 50Hz. I 
estimated the absolute amplitude of the fundamental frequency in the square-wave 
modulated light for the CFFs (between 40 and 50 Hz) and these are plotted in figure 2*. 
This figure shows that the flicker thresholds obtained by Rogowitz (1984) fall to the left 
of the threshold curve obtained by Kelly (1971) for a 7" flickering light. This is exactly 
what one would expect: the smaller the flickering stimulus, the lower the flicker 
threshold. 

3. Conclusions 
The data obtained from three independent studies on screen flicker support the 

conclusion that there is a single and general equation relating the critical flicker 
frequency (CFF) and the screen luminance modulation (expressed as E , d ,  given by 
equation (2). The values of the two parameters of this equation, a and b, vary depending 
on the size of the stimulus. The variability in the parameter estimates across observers 
can be used to establish confidence limits around the parameter values for each 
condition of display size. The parameter values, together with the confidence limits, 
define a standard observer for flicker that can be used to predict whether a temporally 
varying homogeneous uniform field will appear to flicker. 

From the equation above and from equation (Al) in the Appendix, one can deduce 
how variations in the display parameters will increase or decrease the probability of 
seeing flicker. The probability of seeing flicker decreases with refresh frequency and 
phosphor persistence and increases with screen luminance and display size. The 
probability of seeing flicker also increases with the number of VDT scan lines or pixels 
that are illuminated. In fact, the configuration of a display that is 'worst' with respect to 
flicker is the case in which every scan line or pixel is illuminated. This 'worst case' is 
equivalent to a homogeneous uniform display with time-varying screen luminance. The 
method for predicting screen flicker outlined in this paper is, therefore, a conservative 
flicker test. If a VDT is flicker-free when every pixel or scan line is illuminated, then it 
will be flicker-free when approximately 85 per cent of the pixels are illuminated, as in a 
character display. It is not the case, however, that if a VDT appears to flicker in the 
extreme or worst configuration it will necessarily appear to flicker in the character 
configuration. The next step in this research is, therefore, to derive the predictions for 
character displays in both positive and negative polarity. 

In the meantime, the present findings have been useful in establishing limits on 
display parameters such as screen phosphor, refresh rate, screen size and luminance, 
that will generate a flicker-free display. For example, the analytical method for 
predicting screen flicker has been useful to engineers at Hewlett-Packard as a tool for 
optimal display design. Engineers have used the method to determine which phosphor 
and refresh frequency will generate a flicker-free VDT. 

*The amplitude of the fundamental frequency of a square-wave modulated light is 1.27 per 
cent. Therefore, the absolute amplitude of the fundamental frequency is equal to the product of 
1.27 and the time-integrated luminance (i.e. the d.c. level) of the light. 
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In fact, it is possible to apply the analytical method of flicker assessment to any type 
of visual display, whether it be a liquid crystal display, an electroluminescent display or 
a cathode ray tube display. This generality is a consequence of two important facts. 
Firstly the temporal variation of any stimulus can be described as a sum of temporal 
sine waves. Secondly, one can predict human flicker sensitivity simply by knowing the 
amplitude of the fundamental temporal frequency of any time-varying visual stimulus. 

In summary, the analytical method of flicker assessment can be used as a 
conservative compliance test for 'flicker-free' requirements and as a tool for optimal 
display design. 

3.1. A standard observer for Picker 
In this paper, I have shown that Kelly's earlier findings on human temporal 

sensitivity provide a firm foundation for developing a model of the standard observer 
for flicker that will allow us to predict whether any temporally varying luminance will 
appear to flicker. The standard observer for flicker corresponds to a single response 
curve that represents average flicker thresholds for human observers in general. 

The concept of a standard observer has been useful in solving many industrial 
problems. For example, photometric measurements are based on a standard photopic 
observer and a standard scotopic observer and the CIE colourmetric measurements are 
based on a standard trichromatic observer. 

There are many similarities between the practical applications of a standard 
observer for flicker and a standard observer for colour. In the early 1900s, the 
Commission Internationale de 1'Eclairage (CIE) was formed to address the problem of 
how to measure and describe colours. At that time, manufacturers were faced with the 
practical problem of insuring that the colour of a product (e.g. paint) was the colour 
that the customer ordered. Before the CIE was formed, contracts were formed between 
manufacturers and customers that included elaborate test methods for insuring that the 
colour appearance of a product was the same as or close enough to the colour that the 
customer specified. In the early 1900s, the CIE set about defining a standard observer 
for colour and thereby eliminating the necessity of such elaborate contracts (Judd and 
Wyszecki 1975). 

The empirical methods of screen assessment are elaborate contracts between 
standards organizations and manufacturers of VDTs. These contracts are difficult to 
verify because we cannot be certain that empirical methods (i.e. psychophysical 
measurements) are performed correctly each time. A standard observer for flicker 
would eliminate the necessity of these contracts. 

The CIE colour metrics describe the psychophysical spectral properties of a 2" 
patch of light in terms of three chromaticity coordinates. The method proposed in this 
paper describes the psychophysical temporal variation of a 30" display surface in terms 
of a single coordinate defined by the fundamental temporal frequency and correspond- 
ing amplitude of the temporally modulated display. This flicker coordinate is used to 
predict the detectability of flicker, following Kelly (1969). 

Just as there is some variability in flicker thresholds across observers (see, for 
example, Kelly 1962, Bauer et al.  1983, Rogowitz 1984 and Farrell and Moran 1986) 
there is variability in colour matching across observers. The colour matching functions 
of the CIE 1931 standard colourimetric observer were derived from measurements with 
a 2" stimulus by Guild (1931) who collected colour mathing data from seven observers 
and by Wright (1929) who collected data from 35 observers. Despite the variability in 
colour matches both within and across observers (due to varying degrees of ocular 
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pigmentation and different matching strategies), the CIE made the best approximation 
to a standard observer. This allowed the CIE to derive the colour metrics that are in use 
today. 

The CIE 1931 standard colorimetric observer and coordinate system was 
recommended, not because it had been proven to be a statistically reliable 
average of normal color vision, which it had not, but because it was believed to be 
intermediate to actual observers with normal color vision. (Judd and Wyszecki 
1975). 

Similarly, it is possible to treat the variability in flicker thresholds across observers as 
the variability of a normal or standard observer. The ultimate goal of the research 
described in this paper is to develop a standard observer for flicker that can be used to 
solve problems in display evaluation. 
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Appendix 
1. Calculation of the absolute amplitude of the fundamental temporalfrequency of a VDT 

Convert the screen luminance into trolands. 
(1) Measure the mean screen luminance over time, LC, in units of candelas per 

squared metre (cd/m2) using a time-integrated photometer. L, is the total 
amount of light generated from the screen and it includes the amount of light 
reflected from the screen as well as the amount of light emitted by the display 
phosphors. 

(2) Now turn the display off and simply measure the amount of light reflected from 
the screen, L,, again in units of cd/m2. 

(3) Estimate the area of the observer's pupil. Pupil area A is a function of the 
amount of light entering the eye. Use the formula below (taken from Crawford 
1936) to estimate the diameter of the pupil 

d = 5 - 3 tanh (0.4 log (LC 3.1 83)) 

Then pupil area A is easily calculated 

(4) The D.C. component of the temporally varying screen luminance (specified in 
trolands) is: 

d . ~ .  = (L, - L,)A 

The screen luminance is a series of pulses with exponentially decaying persistence, 
elta. We can compute the amplitude coefficient of the fundamental frequency of the 
time-varying screen luminance using a well-known formula (e.g. Oppenheim and 
Willsky 1983) 

Amp (f) = 2/(1+ (af )2)1t2 (2) 

where a is the time constant of the exponential describing the phosphor persistence, 
elta, and f is the refresh frequency of the display. 
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Finally, the luminance modulation of the fundamental frequency, E,,,, is obtained 
by multiplying the d.c. component of the temporal screen variation by the amplitude 
coefficient of the fundamental frequency, Amp (f,) 

2. T h e  eflect of screen phosphor 
The absolute amplitude of the fundamental temporal frequency of the display, E,,,, 

is the product of the amplitude coefficient of the fundamental temporal frequency, Amp 
(equation (3) above), and the d.c. component of the temporally varying screen 
luminance (specified in trolands). 

Fast phosphors have small decay constants. Notice that as the decay constant a 
decreases, the amplitude coefficient approaches 2. Therefore, the amplitude of the 
fundamental temporal frequency of a fast phosphor display will simply be twice the 
time-integrating screen luminance (specified in trolands). One can consider this fact a 
check on the formula for the amplitude coefficient derived from Oppenheim and 
Willsky (1983), since it is well known that a periodic train of pulses (generated by a very 
fast phosphor display) has a fundamental sine wave at  a flash (refresh) frequency that is 
200 per cent modulated. 

A display with a very fast phosphor will, therefore, have a large amplitude 
coefficient and require less energy or screen luminance to be seen. This is in fact what we 
observe. Displays with fast phosphors (and, consequently, short decay constants) 
appear to flicker at low luminances. The screen luminance for perceived flicker is 
proportional to the decay constant of the phosphor. Since this trade-off is incorporated 
in the calculation of the amplitude (see equation (2) above), displays with different 
phosphors should have the same amplitude thresholds. This prediction is true only if 
flicker thresholds are determined solely by the amount of energy in the fundamental 
frequency of the temporally modulated screen luminance, as Kelly predicts. 
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