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"Dancing iris", a variant of the "fluttering heart" phenomenon 
(Chapter V). 
The cover $houlc te moved rhythmically perpendicularly to the 
direction of sight. 
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. ... At in viau~ aujus actio est perni

aissima, liquet etiam requiri ad eum 

aatuandum MOMENTA CERTA TEMPORIS; idque 

probatur ex iis, quae propter motus 

velocitatem non cernunturJ ut ex latione 

PILAE EX SCLOPETO. Veloaior enim est 

praetervolatio pilae, quam impressio 

speeiei ejus, quae deferri poterat ad 

visum •.. . 

Francis Bacon (1620) 

(Lord Verulam) 

,,,,But in the case of sight, whose 

action is most fast, it is clear that 

a certain amount of time is necessary 

to actuate it; and this is proved by 

those which by reason of their 

speed of movement are not perceived, 

as in the movement of a ball from a 

blunderbuss. For the ball flies past 

faster than the impression of its form 

can be conveyed to the vision .... 

(Literal translation) 
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PREFACE 

llistorv 
----'-

Scientific interest in the dynamic properties of human vision has a long 

history. As long ago as Bacon's time, i.e. at the beginning of the 17th centur~, 
it was recognised that ~he eye needs a certain amount of time to deliver a 

message to the brain. 

The oldest researches concerned with this quantity were occasioned hy the 

differences in the times reported by various astronomers for stars crossing 

the Greenwich meridian, (For a review see Exner, 1S73}. 

Exner, who was a collaborator of Helmholtz, investigated different aspects 

of visual dynamics, e.g. the development of the sensationof brightnesswithtime, 
temporal summation phenomena, perceptive delay and related subjects, many of 

which are still topical to-day (e.g. Exner, 1868, 1873, 187Sa, 1875b}. 
Lateron, the rapidly evolving literature diverged into a number of 

specialised fields of research. This was stimulated by problems arising from 

evolving technology. For example, developments in cinematography, !gas discharge 

lamps and television have undoubtly stimulated research into flicker from 

sources with periodically varying intensity. 

Investigators such as Hecht (1934}, Bartlett and Hudson (1942}, Svaetichin 

(1956a, 1956b} and Pieron (1961} among others, felt a need to simplify the 
situation and studied the system in terms of basic physical proceSses in the 

receptors or in terms of neural properties. Since the system is rJther complicat
ed, it proved difficult to do so satisfactorily. 

De Lange's approach to problems of flicker fusion brought a break-through. 

He used concepts of systems analysis. Perhaps the most important of these was 
the idea of linearising the system by keeping the average level of illumination 

of the retina constant (De Lange Dzn., 1952). 

Lateran, attention was again focused on non-linear effects and the behaviour 

accompanying large intensity amplitudes (adaptation) by several investigators 
(see, for instance, Sperling and Sandhi, 1968, and Koenderink, Bouman and van 

de Grind, 19 71} . 
In the meantime developments in psychophysics were stimulated by important 

developments in the analysis of electrophysiological signals (see, for in

stance, Fuortes and Hodgkin, 1964, DeVoe, 1967a, 1967b, van der Tweel, 1962, 
Spekreijse and van der Tweel, 1972, and Maffei and Cervetto, 1968). 

Nevertheless, it remains the specific test of psychophysics to find its 
own ways and means to deal with these problems independently and verifiably 
within the discipline. 

Aims and Premises 

This study is concerned with relations obtained from a number of different 
psychophysical experiments using time-dependent stimuli. 

The aim is to formulate a general description of the dynamic properties of 

the eye, which determine the experimental results. This would lead to a simpli
fied concept of these experimental results ·and insight would be gained into 

the processing of time-dependent signals by the eye. 
By limiting the comparison to experiments carried out at the same background 



level we have promoted linearisation. 

In building the model an effort has been made to keep the number of 
independent system properties as small as possible. Furthermore, detailed 
mechanisms underlying these properties have not been considered. An effort 
has also been made to reduce the theoretical relations to simple relations 
between characteristic quantities which can easily be verified experimentally, 
without the aid of a computer. 

In interpreting the experimental results much attention has been paid to 
the subjective phenomena observed by the subjects. 

Experimental conditions 

Most experiments described in this thesis were performed in what might 
be termed a standard situation. 

The fovea was been chosen as the retinal position of the stimulus in 
order to avoid the complications of a system having a mixed receptor 
population of rods and cones in action. 1 ) 

In most cases a 1° circular stimulus was used and a dark surround. 2 ) 

The surround was kept dark to ensure that simultaneous contrast did not 
influence the threshold, since the time-dependent effects are the central 
theme in this context. The choice of the diameter was made in connection 
with experiments dealing with the effects of surround illumination (to be 
published elsewhere). This effect was found to be optimum for a 1° field. 

Retinal illumination is expressed throughout this thesis in trolands. 
For the unassisted eye this is equal to the luminance in cd.m- 2 times the 

"1 . 2 pup1 area 1n mm . 

Specific problems 

P~ychophysical investigations concerning visual dynamics have the 
specific handicap that the signals which carry the relevant information 
with respect to this dynamic behaviour are not accesible. 

The output variables are restricted to reactions to or statements 
concerning perceptive attributes, such as "seen" or "not seen". 

Since this information is somewhat scanty, some hypotheses have to be 
made about the system which generates the responses leading to these 
percepts. 

The principle of proceeding from ordered experimental results via a set 
of hypotheses to new experiments designed to test those hypotheses has been 
called the "scientific cycle" (Schouten, 1960). In this type of experiment 
we have to deal with a complex and inaccessible system, so that it is im
possible to test all hypotheses in isolation. The actual choice of the 
axioms is relatively important in this case since the number of cycles 
needed to reject or justify the hypotheses may be depressingly large. 

A second specific problem is the variability within the subject, which 
makes the quantitative verification of models difficult. Since, for obvious 

1) 
For measurements on the rod system see Roufs and Meulenbrugge (1967b} 
and Meulenbrugge and Roufs (1970); other articles are in preparation. 

2
)Results for a variable diameter can be found elsewhere (Roufs and 

Meulenbrugge • 1967), 

5 
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reasons, the experimental sessions cannot be too long, the number of 

observations whose results can be averaged is limited. 

Herely to repeat the experiments in different sessions in order to reduce 

the spread in the averages is not the most efficient way to increase accuracy 

since the processes involved appeared to be non-stationary. Experience has 
shown that considerable effort has to be put into the search for an adequate 

sampling strategy. 

Bearing in mind the various disciplines involved and the roots which this 

research has in the past, many conventions have to he taken into account in 
choosing definitions and symbols. That is why the actual choice is not always 

as obvious as one would expect in the context. Many compromises had to be made. 

LAYOUT 

The chapters of this thesis consist of six articles which can be read 
separately but are in fact closely connected. The first three have already been 
published. 

Chapter I shows relationships between the results of measurements of flicker 
thresholds of harmonically modulated light and detection thresholds of 
rectangular incremental flashes. In Chapter II a model is proposed which gives 
a theoretical framework to these relationships, 

Chapter III contains the results of experiments with pairs of ~hort identical 

flashes as a means of testing the model. I 

Thresholds of intensity increments and decrements are compared
1 

in Chapter IV. 
Thresholds of pairs consisting of an increment and a decrement are also studied. 
Finally, supplementary experiments with incremental flashes having very long 

durations are discussed in this chapter. The last two experiments give rise to 
a refinement of the model suggested in Chapter II. 

In Chapter V a comparison is made of three methods of studying perceptual 
delay. Results of this type of measurement are compared with theoretical values 
calculated from the flicker fusion curves with the aid of the model. 

Chapter VI, finally, is devoted to stochastic aspects as these manifest 
themselves in threshold measurements, and to the impact they have on the 
results of the previous chapters. 

All chapters are summarised in the Synopsis. 
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DYNAMIC PROPERTIES OF VISION-I. 
EXPERIMENTAL RELATIONSHIPS BETWEEN FLICKER 

AND FLASH THRESHOLDS 

J. A. J." RoUFS 
Institut voor Perceptic Onderzoek, Insulindelaan 2, Eindhoven, Neth~rlands. 

(Received 11 May 1971) 

l. INTRODUCTION 

THE DYNAMIC behaviour of vision is the subject of much fundamental and practical psycho~ 
physical research, and the nature of experimental work in this field is very diversified. There 
is, for example, an extensive literature dealing with the thresholds of rectangular flashes, in 
which not only intensity and position parameters but also the duration of single flashes or 
the number of flashes per train are typical variables. There is also an impressive bibliography 
on flicker thresholds of periodic stimuli with the frequency and form of the time function as 
typical variables. Another entirely different type of dynamic measureme~t we may mention, 
perhaps in fact the oldest, is the perception lag for single flashes or for intensity steps. 

Unfortunately, little is known as yet about the interrelation betweenlthese experimental 
data, and quantitative relationships must be determined in order to arrive at the simplifica
tion which is so very desirable. Such relationships would also promote understanding of the 
processes which determine dynamic behaviour. 

We hope to establish usable relations between (l) the detection of flicker for harmonically 
modulated light, (2) the thresholds of single flashes, double flashes and flash trains and (3) 
visual latency. 1 

Flicker measurements are often associated with time-resolving power, flash thresholds 
with sensitivity and visual latency with inertia. Nevertheless, both sensitivity and inertia are 
involved in all three types of measurement. 

In Part I of this article we will look for comparable standards of sensitivity and inertia 
in flicker and flash experiments. It will then be possible to establish simple relationships 
between these characteristic quantities. 

To obtain a reasonable quantitative comparison between the various types of measure
ment it is desirable to perform them under the same experimental conditions and with the 
same subjects. It was for this reason that we chose to conduct our own experiments rather 
than to rely on those reported in literature. 

With regard to flicker fusion experiments DE LANGE (1952-1961), after pioneer work by 
IVES (1922), COBB (1934) and BouMA (1941), gave a powerful impetus to simplification by 
showing that Fourier analysis could be used to predict the flicker threshold of arbitrary 
periodic signals from flicker fusion curves of harmonically modulated light with the same 
mean background level. The attractiveness of de Lange's approach largely consists in the 
way he uses system analysis, rendering statements about details of the physiological process 
superfluous. 

1 Compact provisional reports have previously appeared on this subject (RoUFs, 1966; RoUFs and 
MEULENBRUGGE, 1967). 
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Extension of this method to non-periodic stimuli on the basis of system analysis seems a 
logical continuation of de Lange's work. This point is elaborated in part II. 

2. GENERAL EXPERIMENTAL DATA 

2.1 Stimulus configuration 

The size of the stimulus, its retinal location, the lighting of the surround and the wave
length of the light are important parameters. In the experiments reported here a circular 
stimulus ( dia. 1 deg) at the fovea was used without illumination of the surround. Apart from 
experiments with one subject, it was practically white in colour. It was chosen in the context 
of a series of other experiments in which the parameters named were varied. For the sake 
of brevity we will only add that the emphasis in the experiments was placed on the percep
tion of changes in time; illumination of the surround was omitted to avoid simultaneous 
contrast (which increases sensitivity). 

2.2 Equipment 

The stimulus was perceived through an eyepiece with the unaccommodated eye. The light source was 
imaged on the subject's pupil. An artificial pupil of 2 mm dia. was positioned immediately in front of the 
eyepiece. The subject's head was immobilised with a head and chin rest. An entoptic guidance system enabled 
the subject to keep his pupil positioned centrally behind the artificial pupil (for details see RouFs, 1963). 

To enable the waveform and modulation depth of the light to be adjusted quickly and easily, a glow 
modulator was used as the source (Sylvania R 1131 C). With a suitable setting of the operating point (about 
12 rnA d.c.) and a correction network in the control circuit the intensity was with good approximation 
directly proportional to the control voltage up to a modulation depth of about 95 per cent. 

Figure 1 illustrates this situation and also shows the block diagram of the glow modulator control circuit. 
The signal from the sine generator G is applied to the control circuit Ss of the glow modulator GM via an 
attenuator adjustable in 1-dB steps. A 1-dB step changes the modulation depth by 0·05 of a log unit, not 
to be confused with the unit introduced by STEVENS (1955), which corresponds .to 0·1 log unit. For the 
purpose of measurements using rectangular flashes the electronic equipment was modified so as to generate 
single square waves of adjustable duration after triggering (see Fig. 1). 

The square-wave generator consists of a pulse generator cr and a monostable multivibrator M. The 
specially developed pulse generator, known as a cascade counter, (MOONEN and LAMMERS, 1966) has a number 
of outputs. Each output delivers a short (1 m/sec) pulse a digitally adjustable number of time units after the 
start. The time unit is determined by the frequency of the signal from sine generator G 1, which drives the cas
cade counter. Two outputs from cr are taken to M to mark the beginning and end of the square-wave 
signal. Two other outputs control the opening and closure of gate P. If the gate is open the loudspeaker 
Sp energised by 0 2 gives a warning signal about 0·5 sec before the stimulus. 

r-
light--L- - __ -

input 
signal 1 msec -500 msec 

I. ht { ~\ D f:J. m-0·95 
19 ~V/_\V/j m-0·5 

m-0·1 
input signal~ 

FIG. 1. Top right: block diagram of the glow modulator control circuit. Bottom right: oscil
logram of the modulated light for various modulation depths m, compared with the electrical 
input signal. The gain of the photocell signal has been adjusted so that the amplitudes are 
approximately the same. Top left: the control circuit for square-wave modulation. Bottom 

left: the modulated light compared with the input signal. 
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The retinal illumination of the background and, proportionally with this illumination, the amplitude 
of the Hashes or the sinusoidal signals are adjusted to the desired value by means of neutral filters. For Hash 
measurements on a dark field the modulator has necessarily to be driven from the zero point. With weak 
current pulses, however, the Hashes are then tinted red. To get the colour right again the Hashes have to be 
relatively powerful. The intensity is then lowered to the neighbourhood of the threshold level with neutral 
filters. The operating point of the source was set to a fixed Hux from the artificial pupil at every session. 
The modulation depth was also calibrated directly against the dB settings for a number of durations and 
frequencies. 

During the service life of the sources their characteristics changed relatively little until shortly before the 
end. Under the conditions described the light is only a very pale pink. An interference filter was used only 
.n the case of subject J.T.H.L. (maximum transmission at 550 nm, half-width 50 nm). 
l 

2.3 Procedure 
Flicker threshold. Depending on the background level, a period of from 10 to 45 min was used for dark 

adaptation, followed by approximately 10 min for adaptation to the particular level of the stimulus. 
The subject was asked whether or not he observed rucker during stimulation (yes-no response). 
Switching transients have to be avoided when stimuli are presented because they can have a disturbing 

effect, especially at high frequencies. Instead of switching on the full modulation depth at once after the 
warning signal, the experimenter set the signal to the desired strength gradually, namely in steps of 1 dB. The 
stimulus was presented for as long as the subject needed in order to make a response decision. With very 
low frequencies this process could easily take up to 1 min; with high frequencies only a few seconds were 
necessary. As soon as the subject had responded, the experimenter started a new cycle. A short pause was 
occasionally inserted. Ten stimuli of the same modulation depth and frequency were presented and the 
fraction perceived was noted. Depending on the subject, a psychometric curve was drawn through from 4 to 8 
of these fractions. The value of the intensity amplitude chosen as the threshold was that at which the probability 
of fficker detection was 50 per cent. This is in fact a modification of the constant-stimuli method. 2 

For the purpose of plotting the psychometric curve, it makes basically no difference whether the frequency 
or the modulation depth is varied, but to obtain maximum accuracy it is desirable to vary the independent 
variable as far as possible perpendicularly to the fusion curve. It was for this reason that the modulation 
depth was varied at low frequencies and the frequency at high frequencies. No significant difference was 
found in the region where the methods overlap. (The frequency was varied in steps of S per cent). 

To prevent adaptation to B.icker (ALPERN and SuGIYAMA, 1961). no stimuli which were far above the 
threshold were presented during the series of measurements. 

Flash thresholds. In the Hash experiments the subject pressed a signalling key when he perceived the Hash. 
The cycle time was over 2 sec. The fraction perceived of 10 successive identical stunuli of a suitably chosen 
duration and intensity was noted. After an interval of about 15 sec, 10 stimuli with a different intensity were 
presented, etc. This procedure was repeated an average of 13 times in a varying intensity sequence. After an 
interval of about 5 min measurements were made with a different duration. The various durations were gone 
through in a random sequence. The visual best-fit psychometric curve (constant-stimuli method) was drawn 
through the fractions plotted against the intensity increment. The threshold chosen was the intensity increase 
at which the probability of perception was 50 per cent. 

All the measurements relating to a particular background level were made during a single experimental 
session, thus avoiding the effect of day-to-day variations within a particular level. To minimise the effect 
of any sensitivity change during a single experimental session, both the intensity and the duration in the case 
of one subject (J.A.J .R.) were changed in random sequence after every count of the observed fraction of 10 
stimuli (randomized-blocks method). In the latter case the B.icker measurements for this level were also 
effected during the same session. With the other subjects they were carried out within weeks of one another. 

2.4 Subjects 
Subjects H.J.M. and J.A.J.R. are both trained and were respectively 25 and 39 years old during the tests. 

R.K. and J.T.H.L. had no previous experience of psychophysical work and were respectively 18 and 21 
years old. All four subjects have normal vision. 

3. FLICKER THRESHOLDS 
3.1 Experimental results 

The mean retinal illumination of the background (Talbot level) is represented by the 
symbol E, the maximum amplitude of the sinusoidal modulation at the fiicker threshold 
bye (see Fig. 2). 

2 The adjustment method was used with subject H.J.M. 
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- time 

no flicker 

f, 
- log frequency 

Fla. 2. The top drawing shows the symbols used to characterise the modulated light. The 
lower diagram illustrates the method used to plot the experimental results, together with the 

symbols used. 

11 

For representation of the experimental (basic) data the amplitude sensitivity intro
duced by KELLY (1961) is used as an independent variable. This is defined as the reciprocal 
of the threshold amplitude e. For direct comparison with flash sensitivity we preferred the 
amplitude sensitivity to the reciprocal of the modulation depth originally used by DE LANGE 

(1952-1961). For the purpose in mind here, it seems undesirable to associate the dependent 
variable with a parameter such as the background level (see discussion).3 The method of 
plotting is illustrated in Fig. 2. 

The results for two of the four subjects are shown in Fig. 3 for E values over a range 
of three decades. The lines are drawn visually through the experimental points. As the back
ground intensity increases, the amplitude sensitivity decreases and the curves shift towards 
higher frequencies. To be able to compare the results with other types of measurement we 
look for quantities that will permit us to characterise the sensitivity of the system and its 
time-integration properties. As the curves at various levels roughly resemble one another, 
the quantities which as a first approximation are suitable for this purpose are those denoting 
the location of the curves in the sensitivity-frequency domain. For the position relative to 
the sensitivity axis we choose the top of the curve, henceforth referred to as the sensitivity 
factor S. For the position relative to the frequency axis we use a cut·off frequency/, defined 
as that at which the sensitivity relative to S has decreased by a factor 2 (see Fig. 2).4 Figure 4 
gives an idea of how closely the curves coincide if they are normalized on S and/,, i.e. how 

3 The threshold amplitude itself would have given a more direct link with flash thresholds but would also 
have taken us further away from the de Lange characteristic which has gradually become generally accepted 
(SPERLING, 1964). 

4 The factor v'2 much used in filter theory proved in practice to be unsuitable because of the shape of the 
curve near its top and the spread in the experimental points. 
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Flo. 3. Amplitude sensitivity e- 1 as a function of frequency f for subjects H.J.M. and R.K. 
on a double-logarithmic scale. The background level E is the parameter. 

well S and Ji. can typify a certain situation, given the shape of the curve. In this figure 
1/e* = 1/Se and/* =fiJi.. 

As a first approximation the curves coincide reasonably well at the high-frequency end. 
At the low-frequency end there is a region with fairly large separation. The effect of these 
mutual differences at the lower frequencies on a comparison with the flash thresholds is 
small, as the theoretical discussion will show. 

Figure 5 shows how S, the measure which we chose for flicker sensitivity, decreases with 
increasing background level. Above 10 td Jog S decreases linearly with log E, the slope being 
-0·92 ±0·08 (95 %). The cut-off frequency Ji.-not to be confused with the classical flicker 
fusion frequency at 100 per cent modulation depth-increases roughl; in proportion to the 
logarithm of the background in this region. 

3.2 Perceptual phenomena 

The de Lange characteristics derive their significance from the assumption that at the 
flicker threshold the attenuated signal has a constant amplitude somewhere in the informa
tion processing chain (DE LANGE, 1957). This means that at that point the attenuated signal 
amplitude evoking a positive response from the subject on the basis of the threshold criterion 
is constant and therefore independent of frequency. The perceptual attributes that lead to 
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this response in the neighbourhood of this threshold are found, howeverr, to depend to some 
extent on the frequency. Moreover, the percepts depend on experimental conditions such as 
the background level and also on the size of the stimulus and the illumination of the sur
round. For the experimental situation described here, two broad distinctions can be made. 
Between 0·05 and 5-7 Hz the subjects say they react to percepts ranging from a quasi-static 
higher or lower impression of brightness to a periodic brightness variation which is homo
geneous over the entire stimulus and which might be called a "swell" (term suggested by 
Dr. J. F. Schouten). Above this limit they react to a kind of continous agitation which is 
difficult to describe. At this point the brightness fluctuations are no longer homogeneous 
over the entire stimulus. This situation is sometimes described as swarming bright and dark 
spots. The agitation usually begins in the centre. It is generally known that a kind of sub
jective modulation depth can be ascribed to this agitation in the frequency range in 
question {VERINGA, 1958, 1961). There is also a subjective frequency impression that is in
dependent of the objective frequency (CHEATHAM and WHITE, 1952; FORSYTHE and 
CHAPANIS, 1958). The threshold-determining attributes "swell" and "agitations' might 
indicate, though not necessarily, that the amplitude of the attenuated signal to be 
detected in the information chain is not frequency-independent or that the attenuation 
at high and low frequencies is not determined by the same system. In both cases this has 
consequences for the interpretation of the de Lange characteristics in filter terms. It is 
important first of all to know whether there are perceptive indications that the character· 
istic parameters S and fh are not determined by the same system, which would be unfor
tunate. It would also be desirable to know if there are any indications that the sensitivity 
"crest" that occurs at high levels is due to a combination of two parallel systems. Except at 
the lowest background intensitities, however, Sand f, are both in the frequency range where 
the percepts are described as agitation. Moreover, the crest at high levels shifts so far into 
the agitation region that there is no perceptive reason for the above assumptions. Other 
consequences form a subject for further investigation. 

3.3 Discussion of the flicker results 

The general trend in the distortion and shift of the curves in Fig. 3, if one disregards 
details, agrees with the behaviour of curves whose stimulus conditions range from a 2-deg 
field with surround (DE LANGE, 1958a) to a 60-deg edgeless field without surround (KELLY, 

1961). There is also the trend, as pointed out by KELLY (1961), towards a common high
frequency envelope. The sensitivity factorS does not exactly decrease in accordance with 
Weber's law since the slope of a best-fit straight line through the points above 10 td in 
Fig. 5 is closer to -0·9 than to -I. 

The cut-off frequency f, is approximately proportional to the logarithm of the back
ground level, in accordance with what Ferry Porter's law prescribes for the classical critical 
flicker fusion at 100 per cent modulation depth. We also observe here the generally reported 
departure from that law at low levels. Over the entire experimental range f,. increases from 
6 to 25Hz. 

The sensitivity factorS which we have introduced has not been customary hitherto. It 
therefore seems useful to consider where the amplitude sensitivity at low frequencies, a 
region to which de Lange devoted considerable attention, would be a more favourable 
alternative for characterising the system sensitivity. In his early work DE LANGE (1952, 1953) 
found modulation depth curves at the flicker threshold for three different levels and these 
met and ran parallel to the frequency axis near 1 Hz. His choice of the modulation depth 
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as the input quantity is attractive in view of these results. As he stressed later (DB LANGE, 

1957, 1958a), he was assuming that there was no more dynamic attenuation below 1 Hz. The 
threshold value of the modulation depth there would be the threshold of the successive 
contrast and would be approximately equal to that of the simultaneous contrast. He there
fore had to assume that the sensitivity crest occurring around 9 Hz with higher background 
levels is a consequence of amplification due to resonance (DE LANGE, 1952) or pseudo
resonance caused by feedback (DE LANGE, 1957). It will be shown in Part II that this is not 
necessarily the case. Moreover, Fig. 6, in which measurements down to very low frequencies 
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Fio. 6. Amplitude sensitivity e- 1 as a function of the frequency I with and without a con
tiguous surround having the same intensity as the background intensity E. 

are plotted, demonstrates that although there is a surround with a luminance equal to the 
mean of the stimulus, the curve does not run horizontally around 1 Hz and even for the 
lowest frequencies still has not reached an obvious final value. This also implies that a low
frequency asymptote, if desired as a characteristic quantity, would demand very time
consuming measurements. Omission of the surround, a condition which applies to all 
measurements reported in this article, does not give an essentially different form to the 
fusion curves, as demonstrated in Fig. 6. De Lange predicted that these would be more like 
those of bandpass filters in character because the adaptation condition gets more time to 
change at the rate ofthe stimulus ("slip-in", 1957). If we add to this Kelly's finding that the 
low-frequency sensitivity depends strongly on the stimulus confi~uration, we must conclude 
that the low-frequency sensitivity does not offer a favourable alternative to the sensitivity 
factor S from either the practical or theoretical points of view. An important point for the 
general usefulness of the quantities chosen is the fact that, despite an age difference of 21 
years between the extremes, there is little experimental difference between the subjects. The 
small all-black symbols in Fig. 5 are data deduced from Figs. 5 and 6 of DE LANGE (1958a), 
the nearest stimulus configuration occurring in the literature (2 deg and surround). The 
degree of agreement gives reason for hoping that measurements done under similar con
ditions in different laboratories will not differ excessively from each other. 

The standard deviation of S and f, is difficult to estimate because of the complicated 
shape of the curves. 

In the case of subject R.K., for whom the values shown are means of replicas over four 
days, an analysis was made of the scatter of these replicas. For each day a best-fit curve was 
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c3lculated with the aid of a computer programme developed by LooTSMA (1970) (see II) and 
from this S andf,. were found. The standard deviation oflog Sand logf,. was 0·07 and 0·04 
log units, respectively. 

4. FLASH THRESHOLDS 

4.1 Experimental results 
The experimental points plotted on a double-logarithmic scale in Fig. 7 are the threshold 

intensities .: for a 50 per cent probability of observation perception, as a function of the 
duration {) of the stimulus. The background level E is the parameter (see Fig. 8). At first 
approximation the shape of these threshold characteristics is independent of the background 
level and satisfies the well-known psychophysical relationships: 

For short flashes at the threshold the product of the intensity increment and duration is 
constant and dependent on the background level (Bloch's law): 

(£{) =f(E). (1) 

For long flashes only the intensity increment at this level is of importance (GRAHAM and 
KEMP, 1938): 

EL =g(E). (2) 

Tc is the critical duration, defined here by the point of intersection of the asymptotes to both 
branches of the threshold characteristic. 
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Assuming the validity of equations (1) and (2) we can obtain a good estimate of g(E) and 
the critical duration Tc directly by means of the experimental data. The expected value € of 
the thresholds for long durations is g(E): 

(3) 

At the intersection of the branches given by equations (1) and (2) £=£Land by definition 
{} = Tc. It then follows from equation (1) that Tc = f(E)fg(E). 
An estimate of Tc is given by: 

(4) 

Tc fixes the position of the threshold curve relative to the time axis, and £L the position in 
relation to the intensity axis. 

Points in the transition region, i.e. in close proximity to 1;;, must naturally not contribute 
to the mean. A compromise has therefore to be found between loss of accuracy due to the 
omission of experimental points and inaccuracy due to the inclusion of points from the 
transition region. In determining £Land Tc it was taken as a fixed rule ndt to include any 
experimental points within 0·1 log unit of the critical duration. 

The line of dashes at a slope of -1 in Fig. 7 is obtained from the mean of the product 
of intensity and duration for {} ~ 0·8 Tc. The horizontal line of dashes is the mean value of 
the threshold intensity for{};;;:: 1·25 Tc. 

As in the flicker fusion experiments we wish here to characterize the system with regard 
to sensitivity and integration in time. For this purpose we define the sensitivity factor F as the 
reciprocal of £L: 

(5) 

We characterize the integration in time with Tc. 
Figure 9 shows how the sensitivity factor F decreases with increasing background 

intensity. As in the flicker experiments the sensitivity above 10 td decreases slightly less 
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background level E, compared with values found in literature. Symbol e indicates the averages 
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a diameter of 1 deg. The other symbols refer to the author's own subjects, for which see legend 

in Fig. 5. 

rapidly than in proportion with E; the slope is -0·91 0·08 (95 per cent). The critical 
duration Tc decreases monotonically from about 110 msec to about 20.msec. 

4.2 Measurement accuracy and some stochastic aspects 

How accurate are the characteristic parameters F and Tc which we will shortly compare 
with the corresponding parameters from flicker fusion experiments? To enable us to make 
an estimate the chief sources of errors in determining the thresholds have to be traced. 
Sources of scatter are (a) the sampling error in the 50 per cent threshold and (b) stochastic 
fluctuations in the sensitivity during the sessions. Any systematic change in the sensitivity 
during the experiments-and no such change can be demonstrated with obvious significance 
-is, as a result of the experimental set-up chosen, reflected in the spread between the 
thresholds. 5 The uncertainty of F and Tc is increased still further by possible systematic 
deviations from equations (1) and (2). 

5 For subject J.A.J.R. this will be found under the standard deviation within thresholds. 
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The standard deviation due to sampling error in the 50 per cent threshold can be found 
with statistical models such as those used by BocK and JoNES (1968), for example. This spread 
is linearly proportional to the standard deviation of the probability density function whose 
integral constitutes the psychometric function. A detailed analysis to be published elsewhere, 
which uses a fast variant on the above method, a variant insensitive to the distribution, gave 
the following essential results: (a) the standard deviation of the probability density function 
divided by the threshold is, within the individual subject, independent of the background 
level and duration of the stimulus. This quotient, henceforth referred to as the Crozier 
quotient, does not differ greatly from one subject to the other and is on the average 0·25; 
(b) as all the psycho metrical curves have been made up from approximately the same 
numbers of observations, it follows from (a) that the quotient of standard deviation of the 
50 per cent threshold and the threshold itself, is also constant. This variation coefficient is 
about 0·04; (c) as a result of the sensitivity fluctuations during the session, hovrever, the 
spread between the thresholds is greater than those expected on the basis of the spread 
within the thresholds. Between the thresholds we found a variation coefficient of0·13 within 
sessions and a variation coefficient as high as 0·16 between thresholds at different sessions. 
Observation (a) implies inter alia that.under the actual conditions adopted, all psychometric 
curves for all subjects and under all conditions are approximately parallel if the perceived 
fractions are plotted vs. the logarithm of the intensity increment. Observation (b) means 
that the standard deviation oflog e in Fig. 7 is approximately 0·06 of a log unit for all points. 
Since F is found from the mean of 3-4 thresholds, the standard deviation of log F is about 
0·03. In comparison with a sensitivity measured at a different session, however, allowance 
has to be made for a standard deviation of 0·05 in the logarithm. Nevertheless, there is 
greater uncertainty in F and Tc than that stemming from stochastic aspects alone, inspection 
of the threshold characteristics showing that the threshold is not constant for durations 
exceeding Tc but increases slightly on the average. This has already been reported by 
HERRICK (1956). We shall show elsewhere that this is the result of a shallow minimum in the 
threshold characteristic which occurs when there is no surround. This introduces in F and 
Tc an uncertainty of about 0·08 of a log unit. 

4.3 Perceptual phenomena 

Interpretation of incremental threshold characteristics actually involves the same 
difficulty experienced in interpreting flicker fusion curves. How a flash above the threshold 
is perceived depends primarily on the duration and intensity of the flash and background, 
and then on factors such as stimulus diameter, surround, wavelength of flash and background, 
which were kept constant in these experiments. Even in passing through a psychometric 
curve the perceptual attributes that lead to the perception of the stimulus may change. In 
interpretation in terms of a model this raises the same difficulty as in flicker experiments. 
Depending on conditions, different mechanisms might determine the threshold. A typical 
example is furnished by long flashes of about 1 sec duration at high background levels of 
about 500 td and over. If the flash intensity is so low that the probability of perception is. 
lower than about 20 per cent, a certain agitation is seen in the middle of the stimulus at the 
beginning or end of the flash. This agitation is comparable with that experienced with flicker 
at high frequencies. With increasing intensity agitation is observed at the beginning or end 
or, alternatively, a brief brightening or darkening may be perceived at the centre. At 
approximately five times the 50 per cent threshold the whole stimulus lights up homo
geneously. This is comparable to what is found in flicker experiments at low frequencies. 
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The agitation character predominates markedly with short flashes and high levels. Even 
at the highest available flash intensity we were unable to obtain a homogeneous glow. If the 
background level is lowered the relative intensity increase for which the agitation changes to 
homogeneous glow continues to drop. At very low levels the stimulus, even with short 
flashes, lights up homogeneously in the neighbourhood of the 50 per cent threshold. 

4.4 Discussion of the flash results 

The shape and shift of the threshold characteristics agree with published accounts of 
experiments conducted under comparable conditions. As in the flicker experiments, the 
logarithm of the sensitivity decreases linearly with the logarithm of the background intensity 
with a slope of about -0·9 instead of the -1 which would apply if Weber's law were 
precisely true. 

The critical duration drops over this range from about 110 to 20 msec. GRAHAM and 
KEMP (1938), KELLER (1941) and HERR.ICK (1956) carried out similar experiments in the 
fovea with stimuli of about 1 deg dia. Figure 9 makes possible a direct comparison, on the 
basis ofthis definition, between the characteristic quantities reported by the various authors.6 

If allowance is made for calibration differences, individual variations and differing test 
procedures, the quantitative agreement is reasonable. Crozier and others drew attention in a 
series of publications (CROZIER, 1935, 1935-1936; CROZIER and HOLWAY, 1937; HOLWAY, 
1937; CROZIER, 1950-1951) to the slight variations in the ratio of the psychometric threshold 
to the latter's accuracy. This point is sometimes referred to as Crozier's law (LEGRAND, 
1968, p. 272). The accuracy of the threshold is closely related to the system variability as 
reflected in the standard deviation of the probability density distribution. The quotient of 
this standard deviation and the threshold is, for obvious reasons, referred to in this paper as 
the Crozier quotient. BLACKWELL (1963) also studied the Crozier quotient with special 
reference to visual incremental thresholds, using the constant-stimuli method. He varied 
parameters such as duration, background intensity, wavelength, position on the retina, etc. 
over wide ranges. Over this entire gamut of conditions the Crozier quotient a/Em varies 
between extremes of0·28 and 0·67. Our experiments confirm that a/Em is practically constant 
for variations of duration and background intensity. 

5. RELATIONSHIPS BETWEEN CHARACTERISTIC EXPERIMENTAL 
DATA FOR FLICKER AND FLASH DETECTION 

5.1 Sensitivity 

Sensitivity to flicker for harmonically modulated light has alreaqy (3·1 above) been 
characterized by the sensitivity factor S, the peak of the flicker fusion boundary. With 
square flashes the sensitivity factor F was defined as the reciprocal of the threshold for 
elongated rectangular flashes ( 4.1 ). A comparison of the variation of the sensitivity to flashes 
and flicker with the background nevertheless shows an obvious agreement (Figs. 5 and 9). 
Figure 10 demonstrates that logS and log Frun practically parallel. In order not to overload 
the figure, these characteristics are plotted for only one subject; however, log SfF for all 
four subjects is shown in the lower part of the figure. For the two trained subjects the values 
, are close to each other and roughly constant. That reduction of the threshold intensity with 

6 For the purpose of using Graham's and Kemp's data the pupil diameter was estimated at 6·7 mm on 
the basis of information taken from BoUMA (1965). 

VISION ··12/2-H 
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the daily absolute threshold does not guarantee reduced scatter is shown by the points for 
subject J.T.H.L. S/F does not change significantly withE for variations of Sand F by as 
great as a· factor 104. Averaged over all subjects and levels, log S/F = 0·39 (so that 
S/F ~ 2·5). The standard deviation of log S/F is on the average 0·06 within subjects and 
0·12 between subjects. 

The reliability of these results is so high only because the subjects and the experimental 
conditions were the same. It would not have been possible to draw the same conclusions 
from data found in literature. 

It will be seen from the above that the sensitivity factor S introduced here for flicker can 
be readily compared with the sensitivity for flashes. 

5.2 Inertia 

In the case of flicker the reciprocal of the cut-off frequency with harmonically modulated 
light is a characteristic measure of the time-integrating power (and hence the inertia) of the 
system. 

Another measure of inertia is the classical defined critical duration in the case of rec· 
tangular flashes. In Fig. 11, unlike.Figs. 5 and 9, log 1/!, and log Tc are plotted vs. logE, 
the background intensity. 

Both curves run approximately parallel and their spacing does not vary significantly 
with the level of E. This means that although Tc and 1/f, vary by about a factor 5 the product 
fhTc is practically constant. Averaged over all subjects and levels log .fnTc = -0· 31. The 
standard deviation from this mean is 0·02, so that.fnTc ~ 1/2. We thus see that the choice 
off,., too, is favourable for the purpose of comparison. Table 1 gives an idea of the individual 
differences in averages and scatters standard deviations. 
The standard deviations in columns 3 and 6 are consistent with those calculated separately 
for S, J,., F and Tc in paragraphs 3 and 4. The standard deviations of log F and log Tc were 
calculated to be on the average 0·05and0·04 log unit respectively, except in the case of 
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Flo. 11. The reciproc:al1/.h of the cut-off frequency and the critical duration Tc plotted as a 
function of the background intensity E on a double-logarithmic scale. The logarithm of the 
product Ji,Tc is plotted underneath. The dotted line is the theoretical curve on the basis of 

deterministic properties (seem. 

J.A.J.R. where, owing to the disappearance of the variations between days for log S/F, a 
standard deviation of 0·03 is expected. The scatter in the measured sensitivity is greater than 
that in the time constants. This is due to the variation in sensitivity between days, which is 
reflected in the sensitivity factors but not in the time constants (vertical parallel shift of the 
characteristics). Comparative measurements within one day give a considerable improve
ment in the accuracy of the sensitivity. 

These degrees of accuracy also demonstrate the advantage of conducting experiments 
under identical conditions. 

TABLE 1. 

1 2 3 5 6 
Subject -log.f,Tc, s(log.hTc) s(log.f,Tc) logS/F s(logS/F) s(log Sf F) 

H.J.M. 0·32 0·07 0·03 0·30 0·08 0·03 
J.T.H.L. 0·34 0·13 0·03 0·76 0·21 0·06 
R.K. 0·27 0·06 0·02 0·15 0·09 0·04 
J.A.J.R. 0·27 0·04 0·02 0·33 0·03 0·02 

6. CONCLUSION 

Flicker and flash threshold measurements belong typically to the category of experi
ments in which the dynamic properties of vision play an important part. In the introduction 
we defined our objective as being to find readily usable quantitative relationships between 
the two types of measurements as a step towards simplifying the profusion of data in litera
ture describing dynamic properties. To that end :flicker and flash experiments were conducted 
under identical conditions, with the same subjects and the same equipment. Sensitivity and 
inertia are factors in both :flicker and flash thresholds. We characterized the sensitivity with 
the factors Sand F, defined respectively as the maximum amplitude sensitivity for :flicker 
and the reciprocal of the threshold oflong flashes. We found a constant relationship between 
the two sensitivity factors on varying the background intensity over a range exceeding a 
factor 105 • 
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Averaged out over the subjects, log S/F = 0·4 (standard deviation 0·1). The inertia is 
characterized by the cut-off frequency Ji, and the critical duration Tc, respectively.Ji, is defined 
as the frequency at which the amplitude sensitivity has decreased to S/2. We found a constant 
product Ji, Tc over the background range stated. 

Averaged over the subjects, logJi,T'c = -0·31 (standard deviation 0·02). These simple 
relationships resulted from our choice of the characteristic quantities S and Ji, for flicker 
thresholds. The great reliability of this relationship was achieved by testing the same subjects 
under identical experimental conditions and it forms a good basis for the theoretical treat
ment in Part II. 
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Abstract-Flicker thresholds of harmonically modulated light with variable frequency and 
flash thresholds of square flashes of variable duration are compared quantitatively. The experi
ments were carried out with the same subjects under the same conditions and with the same 
equipment ov~r an intensity range of five decades. Characteristic quantities for sensitivity and 
inertia are defined for both types of measurement. Sensitivity S for flicker and sensitivity Ffor 
flashes are found to have a constant ratio over the entire background intensity range. The 
product of the cut-off frequency with flicker and the critical duration with flashes is also found 
to be constant. 

Resume-on a compare quantitativement les seuils de papillotement d'une lumiere a modula
tion harmonique, de frequence variable et les seuils d'eclats carres de duree variable. Les 
experiences ont ete effectuees avec les memes sujets, dans les memes conditions et avec le meme 
equipment sur une gamme d'intensites de cinq decades. Des quantites caracteristiques de sensi
bilite et d'inertie ont ete definies pour les deux types de mesure. On a constate que la sensibilite 
S au papillotement et la sensibilite Faux eclats etaient en rapport constant sur toute la plage 
d'intensites de fond. On a egalement constate que le produit de Ia frequence de coupure du 
papillotement et de la duree critique des eclats etait constant. 

Zusammenfassung-Flimmerschwellen von harmonisch moduliertem Licht mit variabler 
Frequenz und Blizschwellen von Rechteckblitzen mit variabler Dauer werden quantitativ 
miteinander verglichen. Die Experimente wurden mit der gleichen VP unter den gleichen 
Bedingungen und mit der gleichen Einrichtung in einem Intensitiitsbereich von fiin Dekaden 
durchgefOhrt. Charakteristische Gro.Ben ftir Empfindlichkeit und Triigheit werden ftir beide 
MeBarten definiert. Festgestellt wurde, da8 die Flimmerempfindlichkeit S und die Blitzempfind
lichkeit Fftir Blitze im gesamten Hintergrund-Intensitiitsbereich in einem konstanten Verhalt
nis zueinander stehen. Ferner wurde festgestellt, daB auch die Flimmer-Grenzfrequenz und die 
kritische Blitzdauer konstant sind. 
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IN PART I clear experimental relationships were found between the results of flicker and 
flash threshold measurements. In this part we shall try to find a theoretical basis for these 
relationships. The line of thought adopted is in fact an extension of DB LANGE's ideas 
(1952, 1957, 1961). As observed in Part I, much of the attractiveness of de Lange's approach 
resides in his use of system analysis, rendering statements about details of the physiological 
processes superfluous. We propose to describe the experimental relationships with a 
mathematical model based solely on general system properties. Detailed statements about 
the physico-chemical processes underlying these properties will thus be avoided. 1 

Models establishing relations between psychophysical flash thresholds and flicker fusion 
have been studied by, among others, LEVINSON (1968), MATIN (1968), and SPERLING and 
SoNom (1968). These will be discussed later in this part. 

2. A MODEL 

To describe the connection between the results of the experiments referred to in Part I a 
simple model,2 shown in Fig. 1, will suffice. It is based on three postulates which in fact have 
already been employed explicitly or implicitly by de Lange: 

(i) a stimulus-generated signal which is proportional to the intensity follows a quasi-linear 
systemL(E), the parameters of which depend on the mean background level E (Talbot 
level); 

(ii) a change in the output signal from L(E) is detected only if the maximum deviation from 
the steady-state level exceeds a certain value; 

(iii) system L(E) is of the minimum-phase type, if necessary with a pure time delay in series. 

(i) Quasi-linear means that the system behaves linearly for sufficiently small amplitude 
changes in a sufficiently short time. 

On the basis of results of de Lange and others it is reasonable to assume that this con
dition is satisfied in the neighbourhood of the flicker boundary. With sinusoidal light 
modulation the output of L(E) is then also sinusoidal. 

1 For this type of approach see, for example, IVES (1922), CoBB (1934), VERINGA (1961, 1970), LEVINSON 
(1966) and KELLY (1969). 

2 ROUFS (1966), RoUFS and MEULENBRUGGE (1967). 
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FIG. 1. A drawing to illustrate the working of the hypothetical mechanism for detecting 
flickering light or flashes (see text). At the lower left can be seen the input signals with appropriate 
characteristic symbols, while the system responses can be seen at the bottom right. The exclama-

tion marks symbolise the pronouncement "seen". 

This linearization principle was DE LANGE's most important premise (1952, 1957, 1961). 
For the results reported here stimuli with different time functions were always compared for 
the same mean background level. 

The model chosen is not intended to describe the transition from onp level to the other. 
(ii) The chain of processes after L operates, inter alia, as a fluctuatipn detector FD with 

a response insensitivity d. The latter may, for example, be a neural thrcishold. Since the FD 
is assumed amplitude-sensitive, its time constants must be small in relation to the occurring 
durations of the filtered signal. This accords with the frequency independence of the 
threshold mechanism as assumed by DE LANGE (1957). 3 

(iii) To calculate responses to arbitrary stimuli by Fourier analysis we need phase rela
tionships which do not follow from the experiments themselves. By imposing the minimum 
phase condition on the amplitude-distorting part of L, we can calculate the phase from the 
attenuation (e.g. BODE, 1945). Phase minimum systems with the same transmission charac
teristic are equivalent (e.g. THOMASON, 1955). The output of L(E) in response to an arbitrary 
stimulus can therefore also be calculated with the aid of an equivalent system. This property 
was actually used by DE LANGE (1957, 1961) in calculating the fusion conditions for low
frequency square-wave modulation. 

3. THE RESPONSE TO RECTANGULAR FLASHES 

In order to relate flicker and flash thresholds we must now estfl.blish a connection 
between responses to rectangular and harmonic modulation. 

· Let the input quantity be the retinal illumination: 

tf(t) = E + e sin wt. (1) 

Because of the linearity, the a.c. component of the transduced signal at the output of Lis: 

U(t) = ei{IJ(w,E)I sin [wt- ,P(w,E)]. (2) 

3 It is attractive from the physiological point of view to assume both d and the reference level in Fig. 1 
to be independent of E. The sensitivity variation then resides in the static attenuation of L. This cannot be 
proved here but it is in fact not relevant because the signals compared are always at the same level. 
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(!lJ ( w,E) is the transfer function at level E and contains a dimensional constant (photo
meter constant). 

cp is the phase shift. 
According to model (ii) flicker is only just seen when 

0=d. (3) 

After substitution of (2) and conversion: 

I (!IJ(w,E) I = det - 1• (4) 

Index t refers to the threshold value of e and will henceforth be omitted. 
The left-hand member is therefore equal to the measured amplitude sensitivity but for a 

factor d. 
It follows from the third property of the model that (!IJ( w ), but for a constant factor d and 

a pure delay,., can be found from equation ( 4). As the time delay does not essentially influence 
our reasoning, it will be neglected henceforth. 

In Part I, S(E) was defined as the maximum amplitude sensitivity, i.e. as the peak of the 
flicker fusion curve for a background level E. The transmission maximum thus becomes: 

max. {j(!IJ(w,E)I} = d S(E). (5) 

To find (!IJ(w)fd from (4), it was decided to construct an equivalent minimum phase system 
because of the flexibility this gives. Since we did not assume the system to be attenuation-free 
at low frequencies (i), the peak of the de Lange characteristic acquires the significance of 
maximum transfer instead of maximum gain. In other words, the crest is the consequence 
of the increasing resemblance to a band-pass filter at high levels. It then proves possible to 
describe the curves at all levels with good approximation by means of a single transfer 
function of which only the parameters (zeroes and poles) vary with level (see Appendix). 
Modification of the transfer function as employed by DE LANGE (1952, 1957) is then no 
longer necessary. 

We consider the same transfer function with variation only in the parameters to be 
preferable, especially in the central fovea where receptors of only cone type are at work. 

Figure 2 demonstrates the possibility of describing the experimental data with a transfer 
function of which only the parameters vary. The line of dashes refers to the theoretical values 
of the transfer function equation (4) whose parameters have been optimally adjusted to the 
experimental data for subject R.K. with the aid of a computer (LooTSMA, 1970). To cal
culate rectangular-pulse and step responses we first derive the pulse response. The pulse 
response from the output of L follows from the inverse Fourier transform for real causal 
tempo raJ functions: 

00 

U,(t) = ~ f I (!IJ(w) I cos(wt - cfo(w)} dw. 
0 

Division of (!IJ(w) by Sd and w by 21rj, makes the characteristic quantities explicit: 

00 

U,(t) = 2};, Sd f Q(w*) cos(w*wht - cp(w*wh)) dw* 

0 
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Flo. 2. The fitting of the selected transfer function to the experimental points as carried out by 

the computer (see Appendix) is indicated by the lines of dashes. 

where 

Q(w*) = I £PJ(w;~1Th) I; w = w*21Th, = w*w,.. 

For systems with a filter characteristic resembling the fusion curves the integral is a time 
function whose maximum is found to be about unity for cases occurring in practice. The 
expression for the pulse response can therefore be written in the following form: 

Uit) = f1h Sd U8*(t) (6) 

where U8*(t) is the pulse response normalised on the maximum (see Fig. 4), Sdthe maximum 
transmission (equation 5),h, the cut-off frequency which was defined in Part I as the frequency 
at which the amplitude sensitivity at the high-frequency side has dropped to S/2, and f1 is a 
proportionality factor which depends on the definition of h, and S and the empirical form 
of j£PJ(w)l and whose value is in the neighbourhood of 2. 

The structure of equation (6) can be quickly appreciated by approximating L with an 
ideal filter or a ladder of ten integrating RC elements (see Appendix). f1 for these filters 
is respectively 2 and 2.15. 

The analytical expression of equation (6) is greatly complicated by the low-frequency 
drop in the fusion curve (see Appendix). Fortunately, the fusion curves do not vary much 
from one subject to the other. Figure 3 shows, moreover, that f1 calculated on the basis 
of the fusion curves at any given level varies little. This ensures that from the point of view 
of accuracy equation (6) can be used in practice for fusion curves of which the shape is 
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FIG. 3. The quantities fJ(E), g(E) and fJ/g calculated from the flicker fusion curves with the 
aid of a computer, as a function of the background intensity E. The different symbols refer to 

the four subjects listed in the legend. 
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somewhat similar to one of the plotted ones, using the accessory {1. The values of f1 were 
calculated by adapting the parameters of the transfer function given in the Appendix by 
means of a special computer programme (LooTSMA, 1970). The slightness of the variation 
in f1 relative to that in S and F over the entire range of the background intensity is in fact a 
justification for the notation used in equation (6). By convolution of equation (6) we find 
the response to a rectangular pulse with an intensity increase E and a duration&. 

s. 

u s,(t) = fJ f, SdE f cf>s.(-r) UIJ*(t - -r) d-r 

0 

cf>s.(t)= 1, 0 < t ~ /} 

= 0, t ~ 0, t > /}. 

If{} is so small that U8 *(t) does not change much in this time, equation 7 becomes: 

Us,(t) ~ {Jf, Sd E {} UIJ*(t). 

(7) 

(8) 

Expressed in words, this means that for short durations the form of the response is 
independent of the duration. The maximum amplitude is determined by the product E&. At 
threshold level this maximum is constant and so, too, is the product e&. This accords with 
an empirical law based on psychophysical experiments (Bloch's law). 

If{} is large in relation to the duration of U6 , the transient response is the same as for a 
step response. The maximum of the integral in equation (7) is then equal to the positive 
area of U8*(t). It can be seen that this is approximately equal to 1/{Jf, (see also Appendix, 
equation 17). 

If we designate the step response normalised at its maximum by Us *(t), it follows from 
equation (7) that the response to a step can be written in the following form: 

eUs{t) = E Sd g Us*(t). (9) 

The proportionality factor g depends on the overshoot of the step response and on the 
choice of Sd as a transmission characteristic. g is about unity (Fig. 3). 
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The rectangular flash is seen when the maximum of the response reaches d (equation 3). 
For short flashes the following relation between the threshold energy e{} and flicker 

fusion data can be derived from equations (3) and (8): 

e{} = ({3 .f, S)- 1• (10) 

For long flashes we obtain the threshold amplitude from equations (9) and (3): 

EL = (g S)- 1 • (11) 

From the definition of the sensitivity F to long flashes, namely F = 1/eL and equation (11) 
we find the first of the relationships we set out to determine, namely: 

F=gS. (12) 

As a first approximation: 

F~ S. (12a) 

At the intersection of the asymptotic values of e from equations (10) and (11), we have by 

definition (see Part 1): 

{} = Tc• 

Equating e in equations (10) and (11) ({} = Tc) yields the second of the desired relation
ships: 

Tc.f, = gj {3. (13) 

With good approximation: 

TJ, ~ 1/2. (13a) 

The relation gf {3 calculated from the fusion curves is plotted as a function of E in Fig. 3. A 
complete threshold characteristic derived from equations (7) and (3) is given in Fig. 4. 

4. COMPARISON OF THEORY AND EXPERIMENT 

The shape of the threshold characteristic calculated from the flicker fusion curves is, as 
Fig. 4 demonstrates, the same as that of the experimental characteristics in Part I, apart 
from the slight increase in the experimental threshold for longer durations. 

The logarithm of the theoretical values of S/F and Tc.haaveraged over the subjects, which 
values are respectively equal to 1/g and gj/3, are plotted as dotted curves in graphs 5 and 6, 
which show the experimental data. The experimental value log (S/F) is clearly some tenths 
larger at all levels of E. If we ignore the slight variation in the theoretical value for the 
moment, its average is 0·07 compared with an experimental average of 0·4, with a standard 
deviation of0·1 between subjects. Apparently the theoretical value is approximately a factor 
2 too small for all levels. Instead of equation (12), the experiments can be better described 
with: 

F=g/kS (14) 

where k ~ 2. 
Equation (12a) can be roughly written in the following form which, because of the 

resemblance to equation (13a), is easily memorised: 

F/S ~ 1/2. (14a) 
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FIG. 4. Threshold characteristics calculated from the flicker fusion curves of subject R.K. for 
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FIG. 5. The sensitivity factors S for flicker and F for flashes as a function of the background 
intensity E, plotted on a double-logarithmic basis. Only the values for subject H.J.M. are 
plotted. The lower part of the figure shows the ratio S/Ffor all the subjects. The symbols are 
again the same as those used in Part I, namely 0 for H.J.M., A for R.K., c:J for J.T.H.L. and 
~ for J.A.J.R. The dotted line is the theoretical relation based on deterministic properties. 
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Flo. 6. The reciprocal of the cut-off frequency, 1/Ji,, and the critical duration, 1;;, as a function of 
the background intensity, plotted on a double-logarithmic scale. The logarithm of the product 
Ji,Tc is also plotted. The dotted line is the theoretical curve on the basis of deterministic 

properties. 

The average theoretical value of log Tcf;, is -0·34 compared with the average experimental 
value of -0·31, with a standard deviation of0·02. The difference is therefore not significant. 

5. SOME STOCHASTIC ASPECTS 
I 

The results in the form of equations (12) and (13) are based on a detFrministic model. In 
fact, however, there are stochastic sensitivity fluctuations. The e;x:perimebtal thresholds refer 
to a perception probability of 50 per cent. The probability of a train I of sinusoidal peaks 
being perceived is greater than that of a single flash with the same maximum response 
amplitude. It. will be shown later that this can explain the factor k. It will also be seen that 
the constancy of k when the background level is varied is a consequence of the constancy of 
the Crozier quotient explained in Part I, 4.2. In the model the transmission of system 
L or threshold d might be the source of the fluctuations. The experimental data give no 
definite indication because it can be shown that, so far as the result is concerned, the two 
possibilities are equivalent if the relative scatter in the transmission or in dis constant. 

6. DISCUSSION 

The definite relationships found in Part I between the results for flicker and flash 
thresholds can be explained with a mathematical-physical model ba~ed on only a small 
number of hypothetical general system properties. Within the accuracy pfmeasurement, the 
present results, like those previously obtained with limited experimental material (RoUFS, 
1966), confirm the theoretical relations between the chosen characteristic quantities as 
derived from the model. At the same time we must bear in mind that the ratio F/ Sis reduced 
by a certain factor with respect to the theoretical value, and that this factor, of the order 
of 1/2, is due to stochastic effects, which have still to be verified. 

The agreement indicates that the choice of the assumptions on which the model is based 
and which were intended to facilitate calculation, was to that extent justified. The choice 
of characteristic quantities has contributed to manipulability and to easy memorising. 

Although, -as Fig. 2 demonstrates, the sensitivity at low frequencies decreases relatively 
steeply when level E increases, the effect on the important quantities g and gf fJ is relatively 
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slight. This is because, as viewed on a linear scale, only a small part of the relevant Fourier 
spectrum is attenuated at these low frequencies. Moreover, this implies that the relation 
between the characteristic quantities as a test of the model is insensitive to a possible in
correct description at the low frequencies. 

Although DE LANGE (1957, p. 26) was somewhat pessimistic with regard to the ext~nsion 
of his approach to non-periodic phenomena, the results at threshold levels, at any rate, are 
encouragmg. 

Both in direct connection with physiological measurements (DEVoE, 1962, 1963, 1964) 
and in relation to psychophysical experiments (KELLY, 1961; MATIN, 1968; SPERLING and 
SoNDm, 1968; TROELSTRA, 1969) there are studies in which relationships are established 
between pulse, square-wave and frequency responses for small signals. The variation in 
transmission {sensitivity) and time constants with the background level which result from 
non-linear aspects (FuORTES and HoDGKIN, 1964; DEVoE, 1966, 1967a, b) are sometimes 
used to estimate the model parameters. For application in psychophysical experiments both 
MATIN (1968), who elaborated the Fuortes-Hodgkin model, and SPERLING and SoNDm 
(1968), who essentially modified this model, estimated their parameters from flash-threshold 
characteristics. 

One of the key factors in this is a complicated relation between system constants and the 
critical duration. A relation of this kind was also examined by TROELSTRA {1969) for a 
number of simple linear processes and for a non-linear photochemical model. These 
markedly detailed models with many parameters go far beyond that used in this report 
because they are intended also to predict the non-linear behaviour referred to. 

The relationships as worked out, however, are too complicated to permit ready com
parison (without a computer) of flash and flicker results. Sperling's and Sondhi's pulse 
responses at various background levels (see their Fig. 7) are otherwise very similar to those 
in Fig. 4. There is apparently a great measure of equivalence for these small-signal responses. 

KELLY (1961) and LEVINSON (1968) respectively forecast the response to a pulse and a 
half-sine from a transfer function adapted to the flicker fusion curves, a method similar to 
that employed here. Most nearly related is LEVINSON (1968), who compares sensititivies and 
"fusion frequencies" for single-shot half and whole sine periods. In doing so, he ignores 
the differentiating action, unlike KELLY (1961). Compared with, for example, ten integrating 
RC sections, this differentiating action gives rise in the fusion characteristic to a drop at the 
low frequencies, resulting in, inter alia, the negative phase in the pulse response, and also 
to more pronounced crest curvature at the higher frequencies, just beyond the sensitivity 
peak. 

Both linear elements (KELLY, 1961; this report) and non-linear elements (DEVoE, 1962-
1967; FuoRTES and HoDGKIN, 1964) are found to be possible causes of this differentiating 
action.4 The model used has consequences which have a certain bearing on literature data 
on postulated neural responses at flash thresholds. On the basis of measurements with 
double flashes (CLARK and BLACKWELL, 1960, quoted by BLACKWELL, 1963) BLACKWELL 
(1963) assumed a monophase "temporal unit". In the present context this is like the unitary 
pulse response, although the latter is diphase at sufficiently high background levels (see 
Fig. 4). 

This cannot be demonstrated unambiguously with threshold measurements with two 

4 In the Limulus this has been ascribed to a change in the average size of the ••noise bumps" when the 
background level is increased (DoDGE, KNIGHT and TOYODA, 1968). 
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identical flashes. In theory, however, we should find a lowering of the t;h.reshold of a short 
flash if this flash is preceded by, for example, a negative flash of the san!te amplitude, timed 
so that the second phase of the negative flash coincides with the first of the positive pulse. 
IKEDA (1965) in fact concluded from his work with positive and negative flashes that the 
neural response must have a negative phase. 

BoYNTON eta/. (1961) measured a sinusoidal variation of the threshold of short flashes 
if they were superimposed in various phases of a subliminal sine. In our present view there
fore the pulse response is, so to speak, carried over the threshold on the back of the sine, so 
that the threshold intensity varies sinusoidally. 

7. CONCLUSION 

In Part I we set ourselves the task of showing for a number of measurements of a varying 
nature that certain characteristic parameters reflect the same dynamic properties of the 
visual system. This can lead to considerable simplification in the evaluation of information 
from literature. In fact we found a rigid experimental relationship between the factors S for 
flicker and factor F for flashes with which we characterised the sensitivity, and also between 
the cut-off frequency J,. for flicker and the critical duration 1'c for flashes, which we used 
to characterise inertia. 

To generalise the description of the dynamic behaviour, we adopted in this part a 
mathematical basis founded on three general deterministic properties. The transduced 
light signal is assumed to pass through a quasi-linear minimum-phase system. The response 
of this system can only be perceived when the maximum deviation from the steady-state 
level exceeds a certain value. The theoretical relationships between the characteristic para
meters agree with the experimental ones, but for a factor of about 2, in the ratio of charac
teristic sensitivities, which is probably a consequence of stochastic effects. The results can 
be described in the following easily memorised approximation formulae: 

F/S ~ 1/2 and Tch. ~ 1/2. 

The model is also found to be relevant for some other dynamic experiments in literature. 

APPENDIX 
Ideal filter 

An insight into the structure of the formulae and the order of magnitude ot the figures can be obtained 
quickly and without a computer by replacing system L by an ideal low-pass filter having a transmission: 

and 

19'(217/)1 = SdifO~f<h 

= 0 if f~Ji, 

and a phase shift 4> = -217/ro. By Fourier analysis it follows that: 

u,(t) = 2Sdfi, sin cu,(t - 'To) 
cu,(t- To) 

and o,- 2Sdfi, 

(compare 2 with~ in equation 6 and Fig. 3). 
From this we obtain by integration: 

Sd{ 2 } U,(t) == 2 1 +;; Si[cu11(t- '1'0)] • 

(lS) 

(16) 
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For an amplitude E 

O. = 1·09e Sd 

(compare 1·09 with gin equation 9 and Fig. 3). 
For a short rectangular pulse with amplitude e and duration {} 

03 = eiJ2Sdfi.. 
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(17) 

(18) 

When the maximum output 0 8 is constant the asymptotes of E for short and long rectangular pulse intersect 
by definition in IJ = Tc. 

There ETc 2 Sd f, = 1·09 Sd. 
Hence 1'c !it = 0·545. (19) 

Although this filter is not causal, the approximation for the relationships required is already good. An 
approximation by a ladder network, with say, n integrated RC sections, as often found in literature, yields 
g = 1, Tcf, = 1//3. Table 1 gives the value of P for some widely differing values of n. 

TABLE 1 

n P 
2 2·31 

10 2·15 
00 2·13 

The fitting of the transfer function curves 

The fusion characteristics of the four subjects can be well approximated by a minimum phase system with 
the following transfer function :5 

where 
G1 and Ga are the gain factors of the integrating and differentiating sections, respectively, 
T, and T11 the corresponding time constants and 
C; a photometer constant. 

(20) 

This function links up as closely as possible with DE LANGE's (1957, p. 60) ten RC sections, now, however, 
with two differentiating sections. The difference is in the use of purely RC elements for the differentiating 
sections, made possible by abandoning the doubtful requirement of real gain at about 10Hz (see Part I, 3.3). 
In any case the number of integrating sections is not critical. 
e- 1(w) is measured experimentally. Assimilation yields: 

where 

_ 1( ) _ I fJJ(w) I _ C (Gi + w2Ti) 
e w - d - (1 + w2T,2)5 (1 + w2T,2) 

C
- c,G,lo 
- d • 

(21) 

With the aid of a minimization programme developed by LooTSMA (1970) C, T, Ga and Ta are fitted to 
the experimental curves. 6 Table 2 shows these parameters for subject R.K. 
Figure 2 shows that the desired shapes are generated by varying the parameters. It is unneccessary to vary 
the number of integrating sections as DE LANGE (1957) did.7 With the aid of operational calculus we then 
find for the step response: 

9 9 

for Ta :/: T1 : U~) == H(t) CGi [ { 1 - e-t!Tt 2: ~! (;,r} + (~; )10e -tiT a{ 1 - e-fiTI 2: ~! (;or} 
a•O •=O 

X {(1 - ~42) _ {1 - ~a)2 (t- 10 T0)} _ {(1 - fJ2 ..!_(To) (!..) 10 
e-tiTt}] 

Gd Ga T4 G11 9! Ttl T, 
(22) 

-------
5 In the relevant frequency range equivalent systems with a different transfer function can be found. 

Measurements down to very low frequencies (as in I, Fig. 6) are better described with a slightly modified 
function. 

6 The standard deviation of the fitting of the curve was on the average 0·07 log unit. This is approx
imately equal to the scatter between identical experimental points because of sensitivity fluctuations during 
a session. 

7 SPERLING and SoNDm (1968) and DEVoE (1967) also only needed to alter the parameters in their models 
which were based on physiological considerations. 

VISION 12/2-t 
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TABLE 2 

E(td) c Gd T,(msec) T,(msec) 

2·0 60·0 0·293 13·95 13·94 
9·1 31·6 0·319 12·96 12·96 

43·5 4·26 0·338 8·89 18·85 
148 1·01 0·410 6·73 21·88 
525 3·64 10- 1 0·339 5·63 15·00 

6500 3·53 10-2 0·274 4·46 10·25 

TdTt 
where T0 = T. T, and H(t) = 0; t ~ 0 

d- I 

= 1; t > 0 

_ (1 - Gd)
2 ..!_ .!.}] 

Gi 11 T, 
(23) 

The first two terms within the braces describe the response to ten integrating sections alone. 
For tbe pulse if T4 :1: T,: 

U,(t) = H(t)C [.!_ .!_ (.!..) 9 e-ttr, {1 + (1 - G4)2 (T') (To) (.!..)} 
d T,9! T, Td Td T, 

9 

+ _!_ (To) 10 
e-ttr4 { 1 _ e-rtr0 "'.!_ (!...)"} {o _ G

4
) 2 ((t- 10 To) _ 2 )}] 

Td T, L., n! To Td (1- Gd) 
11=0 

(24) 

and for the pulse if Td = T,: 

U,(t) = H(t)C .!_ (.!_)9 -ttr, { 1 _ ~ (1 _ G) (!...) ..!._ (1 _ G )2 (.!_) 2
} 

d T1 9! T1 e 10 4 T1 + 110 4 T1 • 
(25) 

The expression in front of the first brace is the impulse response of ten integrating sections alone. The values 
calculated from the above for g and P with the aid of a computer are plotted in Fig. 3 on the basis of the 
four parameters already determined. 
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Abstract-On the basis of some general system properties theoretical relationships have been 
established between parameters which characterise the sensitivity and inertia of the visual 
system in :flicker and flash experiments. The results are in good agreement with the experimental 
relationships found in Part I over a background intensity range of five decades. 

Resum&-sur la base de certaines proprietes generales des systemes on a etabli des relations 
theoriques entre des parametres qui caracterisent Ia sensibilite et l'inertie de l'appareil visuel au 
cours d'experiences de perception de papillotement et d'eclats. Les resultats concordent bien 
avec les relations experimentales determinees dans la premiere partie sur une gamme d'inten
sites de fond de cinq decades. 

Zusammenfassung-Aufgrund einiger allgemeiner Systemeigenschaften wurden theoretische 
Beziehungen zwischen Parametem aufgestellt, welche die Empfindlichkeit und Triigheit des 
visuellen Systems bei Flimmer- und Blitz-Experimenten charakterisieren. Die Ergebnisse 
stehen in einem Hintergrundintensitiitsbereich von fi.infDekaden in guter Vbereinstimmung mit 
den in Teill gefundenen experimentellen Beziehungen. 
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DYNAMIC PROPERTIES OF VISION-III. TWIN FLASHES, 
SINGLE FLASHES AND FLICKERFUSION 
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Instituut voor Perceptie Onderzoek, 1 Insulindelaan 2, Eindhoven, The Netherlands 
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1. INTRODUCTION 

IN ORDER to arrive at a better understanding of the dynamic properties· of the eye and to 
effect a simplification of the description of these properties as obtained from the results of 
various types of measurements, using time-dependent stimuli, a series of investigations was 
carried out. For the purpose of finding relationships between these results the same subjects 
were given the various tests under identical conditions. In Part I (ROUFS, 1972a) thresholds 
for flashes and harmonically modulated light were measured. The charac~eristic values both 
for sensitivity and for inertia (time constants) were found to have a close relationship at 
background levels ranging over 5 decades. In Part II (RoUFS, 1972b) these 

1

relationships were 
given a theoretical foundation based on only a few general system properties. No effort was 
made to go into detailed assumptions concerning the physiological mechanisms underlying 
the processing of the signal. 

The present article is concerned with the results obtained with short double flashes as 
part of the same investigation. We wish to know how the interval between two short suc
cessive identical incremental flashes, henceforth called twin flashes, affects the detection 
threshold of this combination for various background levels. An attempt will be made to 
relate this connection between threshold and flash interval to the integr.ting properties of 
the eye as manifested in the threshold characteristics of single incremental flashes and the 
"De Lange" characteristics in flicker fusion experiments with various I?ackground levels, 
measured in the same subjects under the same conditions. The results are compared with 
theoretical curves calculated with the aid of the mathematical model described in Part II. 
Another reason for conducting these experiments is to get information as to the stimulus 
conditions under which the very simplified model of Part II breaks down. The actual 
measurements constitute one of the tests. However, it has to be realized that this particular 
experiment is not sensitive to the low frequency part of the De Lange flicker characteristics 
where we have most doubts about the meaning of the transfer function derived from the 
measured flicker data (see Parts I and II). Finally it is desirable, in connection with later 
experiments dealing with stochastically induced threshold decrease by lengthening flash
trains, to know how large the interval between flashes must be in order for their signals not 
to have any influence on each other. 

Measurements of the detectability of two short successive flashes is found frequently in 
literature as a method of characterising temporal summation phenomena in the eye. 
BOUMAN and VAN DEN BRINK (1952, 1954) and VAN DEN BRINK (1957), for instance, used twin 

1 Institute for Perception Research. 
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flashes to determine summation phenomena in terms of probability of perception. Sum
mation was investigated by DAVY (1952), IKEDA (1965) and CLARK and BLACKWELL (cited by 
BLACKWELL, 1963) and recently TITTARELLI and MARRIOTT (1970) and UETSUKI and IKEDA 
(1970) in terms of the detection threshold of twin flashes. Summation experiments with short 
double flashes, not twins but relevant to this work are performed by BATTERSBY and 
DEFABAUGH (1969). Literature will be discussed further on in more detail. 

2. CONCEPTS AND NOMENCLATURE 

We will first define with the aid of Fig. 1 the symbols and terms used. The threshold 
intensity e- of the short twin flashes having a duration 8, is a function of the interval -r, which 
is the time separating the beginnings of the flashes. If that interval is large, the 50 per cent 
detection threshold of the combination is somewhat lower than that of one of the flashes on 
its own, for the probability of perceiving at least one of the twins is greater than that of 
perceiving a single flash having the same intensity. This is known as probability sum
mation, 2 a somewhat confusing term. 3 If, on the contrary, the second flash comes very soon 
after the first, the pair functions as a single flash of double intensity. The retina integrates 
them and the threshold is reduced to half that of one of the flashes. Between these two 
situations there is a gradual transition, sometimes called incomplete summation {IKEDA, 
1965), to which special attention will be devoted here. For certain intervals some authors 
even report inhibition; in other words, the threshold for the pair is greater than for one of 
the stimuli alone (ScHUCKMAN and ORBACH, 1965; IKEDA, 1965). Also of some importance 
is the maximum permissible interval (integration interval), where it is possible to speak of 
integration within the measuring accuracy. This interval is not the same as the critical dura
tion as defined for single flashes (GRAHAM and KEMP, 1938). This would only be the case if 
the eye were an ideal integrator. The retina in fact acts like a weak or leaky integrator, the 
information, so to speak, leaking out of the system. It is for this reason that two short twin 

L(E) 
u 

I I \If ~· 
~--,r---Jrr- d 
IVV. r.l. 

I 
-Time 

Flo. 1. Mathematical model for the detection of (twin) flashes. The symbols in the left half 
of the figure illustrate the most important definitions of input quantities used (see text). 

2 See, for example, BLACKWELL, 1963 and PJ:RENNE, 1962. 
3 PIRENNE, 1967; p. 201, note 17.5. 



40 Dynamic Properties of Vision-III 

flashes do not summate completely if separated by an interval such that a single flash of the 
same duration as that interval shows no significant departure from complete summation. 

3. EQUIPMENT AND METHOD 
Much of the equipment has already been described (see Part I). A brief recapitulation of the essentials 

will suffice here. An artificial pupil of 2 mm dia. is again used. The stimulus is a 1 o foveal field, with a dark 
surround. The twin flashes are obtained by modulation of the background level. The light source, a Sylvania 
glow modulator, is electronically modulated from an optimally chosen operating point. The fixed operating 
point determines the highest background intensity. The modulation then works linearly within the control 
range and the colour remains practically constant. The ratio of the intensity of the stimulus to that of the 
background is controlled electrically with the aid of a (dB) attenuator. In order not to alter the operating 
point when the background intensity is changed, the stimulus and the background are attenuated simul
taneously with the aid of neutral filters. The electrical signal which generates the twin flashes is obtained with 
a previously described cascade counter (see Part I, 2.2). Four "needle pulses" generated at pre-settable times 
give, with the aid of a monos table circuit, two rectangular pulses (Fig. 1). The duratipn of the latter and the 
interval between them can be adjusted in steps of 1 msec. A light calibration was m~de before each session, 
although little shift was generally noted. ! 

Procedure 
Depending on the level, the subjects were dark-adapted from 0·25 to 0·75 hr. This was followed by 5 min 

adaptation to the background level at which measurement was carried out. 
A regular series of rest breaks was fitted into each session. The test procedure ad0pted was the constant

stimuli method. When the interval .,. is varied the total expected change in the thres~old intensity is at most 
only a factor 2. It is therefore important to keep the influences of the interthreshold v~riability, the systematic 
shift during a session and the daily differences, if any, to a minimum. All the measurements associated with 
one particular background level were therefore carried out at a single session. In addition, the intensities of 
the elementary test series of 10 judgements were so distributed over the flash intervals that sensitivity shifts 
and slow sensitivity fluctuations were averaged out. For every flash interval we thus find a psychometric 
curve whose experimental points are determined in random order over the entire ses$ion (the random-block 
method). The 50 per cent detection threshold of the twin flashes was then found from these. Approximately 
90 judgements were used for each psychometrical curve. 

4. RESULTS 

The 50 per cent detection thresholds of the twin flashes are shown in.Fig. 2 as a function 
of the interval ,, The duration 0. in all cases is 2 msec except at the 1 t4level at which{} is 
3 msec. The measurements were effected with three different background levels for each 
subject. To make direct comparison possible with the critical duration Tc of single flashes at 
the same levels, which are reported in Part I, the critical durations are indicated by arrows. 
The levels were chosen such that the critical duration was reasonably spread out over the 
achievable range. In the case of subject JAJR the measurements involving twin :tlashes and 
those with single flashes were separated by an interval of several days. The single-flash 
measurements for HJM, however, are several years older.4 

The random-block method, as Fig. 2 shows, helped to ensure that the effect of scatter 
between the results for the various intervals (and of systematic change, if any) remained 
reasonably small in relation to the functional change. As expected, the threshold intensity of 
the twin flashes increases gradually to practically twice the initial value, after which the 
curve levels off abruptly. There is some indication that this is also a maximum. The threshold 
then drops somewhat, probably as a result of the increased probability of perception (see 
section 5}. There also seems to be a tendency to increase again at larger intervals. This is 
consistent with UETSUKI and IKEDA's (1970) findings. On a double-log basis the curves have 

4 The same applies to the flicker data of section 5. Both the single-flash and flicker measurements as a 
whole have already been reported in full detail (see Part I). 
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resulting from "probability summation". The arrows indicate the critical durations Tc found 

experimentally in Part I for the same background levels. 
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about the same shape at all background levels. This situation is analogous with threshold 
characteristics for a single flash, although in the present case the shape is more complicated. 
The curves for the various levels can be made to coincide by translation along the axes. The 
interval at which the threshold of the twin flashes reaches its maximum and levels off 
abruptly lies, perhaps somewhat unexpectedly, close to the critical duration of single flashes. 
This makes Tc, which was introduced as a characteristic quantity for the inertia in the case of 
single flashes (Part I), also suitable for characterizing the related summation phenomena in 
the case of twin flashes. Tc is usually easier to localise than the sharp knee referred to above. 
The abscissa values of the twin-flash curves can be practically superimposed on a common 
curve by plotting the reduced value log -r/Tc along the abscissa. In the case of the ordinate, 
this can be done by, for example dividing by half of the threshold for short flashes, as is done 

. in Fig. 3. Where it is desirable to relate the ordinate to the sensitivity factor F, an alternative 
method would be to multiply by F8/Tc (see Part 1). 

If the interval approaches the duration of the flash, the twin threshold approaches the 
minimum asymptotically. Although, strictly speaking, there is no integration interval within 
which complete summation occurs, because of the weak integration, we can make do in 
practice with a rule of thumb: within experimental accuracy there is complete summation 
for an interval smaller than roughly a third of Tc. 

5. QUANTITATIVE PREDICTIONS ON BASIS OF A DETERMINISTIC 
MODEL 

In view of the reasonably small scatter it appeared worth while to compare the relation 
between the threshold and flash interval with that expected on the basis of a previously used 
model (RouFs, 1966, 1972b, Part II). This model uses concepts taken from systems analysis 
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flashes at that level. The line of dashes demonstrates the shape of the deterministic theoretical 

curve averaged over the three levels. 

to esta~lish a connection between the ?etection of :flicker and that of ringle flashes. The 
properties of the model can be summansed as follows: i 

(a) The signal generated by the stimulus, being proportional to the intensity, passes through 
a quasi-linear system L(E). This system is a low-pass filter whose parameters vary with 
the background level E (see Fig. 1). 

(b) A sine or a :flash is perceived if the maximum deviation at the output of L(E) in relation 
to a reference level r.l., exceeds a certain level "d" which might be thought of as a 
response insensitivity or threshold of the rest of the chain of information processing 
mechanisms acting as a fluctuation detector "FD". 

(c) The attenuation of this filter L(E) can be found as a function of the frequency, but for 
the constant factor "d", from the flicker fusion limit of harmonically modulated light. 
The phase can be calculated from the attenuation by assuming that L is a minimum
phase system (BoDE, 1945). 

For the actual calculation of the threshold curves from the :flicker fusion curves it proved 
convenient, for a number of reasons, to use an equivalent minimum phase system. 

It does not matter in this connection what the exact analytical expres~ion of the equiva
lent transfer function is, provided the modulus coincides, within the experimental accuracy, 
with the flicker fusion curves. The transfer function used here is formulated in equation 20 
in Part II. It follows that for the :flicker sensitivity (equation 21, Part II): 

e-l w _ C (Gd2 + w2Ti) 
( ) - (1 + w2T,2)S (1 + w2Td2) 

where e is the 50% flicker threshold 
w is the angular frequency 
C, G4, T4 and T1 are parameters (see Part II). 

(1) 

Details concerning the adjustment of the parameters and the subsequent computing 
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procedure can be found in Part II. Figure 4 shows the flicker sensitivity of subject JAJR for 
harmonically modulated light. The lines of dashes refer to the moduli of the transfer func
tions (equation 1) fitted with the aid of a computer. The standard deviation of the fitting was 
on the average 0·06log units. The calculated parameters of equation (1) are listed in Table 1. 
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FIG. 4. Amplitude sensitivity for :flicker as a function of frequency. The lines of dashes are 
curves defined by equation (1) and fitted by a special computer procedure (see Part II). The 

parameters can be found in Table 1. 

TABLE 1. 

Level (E) T, Tt~ 
(td) c G. (msec) (msec) 

1 19·23 0·861 11·38 80·00 
42 1·66 0·462 6·79 69·00 

1200 0·0986 0·371 4·57 18·27 

In principle, the relation between the threshold e of the flashes and the interval .,. can 
now be calculated exactly from the flicker fusion curves since the unknown factor d is 
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eliminated. This may be illustrated for the response U of two short twin flashes of duration li 
and intensity c:, where we have: 

Utwin (t} = dJ{U,(t) + U0(t - T)} 

where U,(t) is the unit pulse response of L. 
According to the model the following applies at the threshold: 

Otwin = E {} X max {Uo(t) + UIJ(t - T)} = d 

or 

_o. {U6(t) + U6(t - T)} l EvXmax -- = 
d d 

(2) 

(3) 

(4) 

But U6(t)fd is precisely the pulse response calculated from the flicker fusion curves on the 
basis of the parameters determined above (see Part II equation 25), so that E is known as a 
function ofT. 

Figure 5 illustrates the calculated twin-flash responses, calculated from the flicker-fusion 
data and expressed in d units for various interval lengths T, of subject JAJR for back
grounds of 1200 and 1 td and for the stimulus conditions used in the experiments reported 

... 
I 
0 

T 

0·05 7;;=3·9msec • 

2·5~= 194msec 

~I 
100 200 300 400 

Time, msec 

FIG. S. The twin-flash responses of system L of subject JAJR, calculated on the basis of the 
parameters which describe the flicker-fusion curves of this subject. The responses for the 
1200 td level are shown on the left-hand side, those of the 1 td level at the right. The response 
height is expressed in d units (see text). The parameter is the interval taken left and right at 

equal -r/Tc ratios. 

here. As the two positive peaks merge into one, the maximum amplitude gradually increases 
to twice that of the individual responses. Conversely, we can keep the maximum output 
amplitude at a constant value, e.g. d, by adjusting the input amplitude for various values of 
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T, simulating the working of the eye during threshold measurements according to the model. 
This threshold function, again calculated from the flicker-fusion data, has been plotted in 
Fig. 6 for two levels. On a double-logarithmic basis these functions are roughly the same, but 
for a translation along the axes. Figure 6 also shows the calculated threshold intensity of a 
single rectangular pulse as a function of the duration {}, The interval at the knee of the twin 
characteristic is indeed approximately equal to the critical duration, as defined for single 
flashes. Like the critical duration, therefore, it is a yardstick for the integrating time constant 
of filter L(E) (see Part I, 4.1). 
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FIG. 6. Theoretical threshold characteristics, computed on the basis of the parameters 
obtained from the flic'ker-fusion curves for subject JAJR at background levels of 1200 and 
1 td. The curves marked "single" represent the amplitude of a rectangular input signal as a 
function of the duration of this signal for a constant value of the maximum response at the 
output of system L(E). Th~ point of intersection of the asymptotes corresponds to the critical 
duration in threshold measurements. The curves marked "twin" show the input intensity
amplitude of the two rectangular flashes as a function of their interval -r, also for constant 
output amplitude. The duration of the pulses at levels of 1200 and 1 td are 2 msec and 3 msec, 

respectively. 

For an interval longer than the critical duration no further threshold variation is pre
dicted because the first peak remains constant. The responses, however, continue to influence 
one another, as can, for instance, be seen at T = 33 msec for the 1200 td in Fig. 5. At the 
highest levels, where the negative phase is most marked, this is noticeable up to roughly three 
times the critical duration. This cannot be verified with the present type of experiment, 
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which, as we have seen, is insensitive to low-frequency behaviour reflected in the negative 
phase of the flash response. 

In calculating the values of Fig. 6 no account was taken of the following stochastic 
effects. Firstly, because of the periodically repeated crests of the sinusoidal signal, the 
probability of detection of the flicker signal is relatively greater than for a single signal and 
thus its 50 per cent threshold lower. The result is that the gain of system L, as found for the 
flicker-fusion curves, is apparently a factor k larger than for flash thresholds. From the 
experimental data found in Part I k was estimated in Part II to be in the neighbourhood of 2. 
(A more theoretical justification will be given elsewhere; see also RoUFS, 1970, 1971.) 
Consequently, the thresholds calculated from the flicker-fusion data have to be increased by 
a correction factor of approximately 2. 

We have also to take into account the inaccuracy due to day-to-day variations and 
sampling variations in the flash and flicker thresholds. Using the data published in Part I, 
it is estimated that the effective translation required is 0· 3 ± 0·1 log unit. 

Since, however, it is not the absolute position of the curves which is relevant to our 
present problem but only the change in the threshold with changing interval, we can simply 
adapt the curves to the experimental points in the vertical direction. In this process we 
obtain additional information, namely whether the translation is within the expected range 
mentioned above. 

The lines of dashes in Fig. 2 are the theoretical curves of Fig. 6. They have been shifted 
vertically the number of units stated in the Table 2. These numbers are found to lie within 

Level (E) 
(td) 

1 
2 
9·8 

42 
120 

1200 

TABLE 2. 

Vertical shift of theoretical threshold 
curves ~(log td) 

Subject 
HJM 

0·34 
0·23 

0·28 

Subject 
JAJR 

0·36 

0•25 

0·34 

the expected range. The horizontal bars indicate the threshold lowering of approximately 
0·05 log unit calculated from the psychometric functions. This calculation is based on the 
increased detection probability for twin flashes when the detection probability for each is 
independent of the other (see Appendix). This value is within the limits estimated by 
UETSUKI and IKEDA {1970). 

6. DISCUSSION 

Although the effects are small, the scatter between the experimental points can be kept 
so low with the test set-up chosen that it is reasonable to say that threshold-flash interval 
relation is in good agreement with the theoretical value expected on the basis of flicker-fusion 
curves. Inversely, this can be viewed as a confirmation of the model, within the limitations 
of the stimulus used. 
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The experimental data are in general accord with those of CLARK and BLACKWELL (1960) 
as quoted by BLACKWELL (1963). The temporal element postulated by Blackwell and Clark, 
on the basis of entirely different considerations, should be seen in this context as the pulse 
response of system L. Thus their problem that this cannot be found analytically (BLACKWELL, 
1963, p. 155) is solved in principle. 

In contradiction to Blackwell's temporal element, but in agreement with IKEDA's (1965, 
1966) proposition for neural potentials and that of UETSUKi and IKEDA (1970), a diphasic 
response depending on the background level follows from the low*frequency part of the 
:flicker fusion curve (Fig. 4). KELLY (1961) predicted on the basis of his model previously a 
second negative phase as well. SPERLING and SONDHI (1968) also found diphasic responses 
with their non*linear model. The negative phase is more pronounced at higher levels and 
reflects the relatively lower flicker sensitivity at the lower frequencies in the flicker fusion 
boundary. It can be seen from the above that within the limitations of the model negative 
phases of the response could not be measured with two positive flashes but could with a 
combination of positive and negative flashes, as was done by IKEDA (1965, 1966). As Black
well's temporal element is based on measurements with positive flashes, it can be understood 
why his temporal element lacks the negative phase. There is a good quantitative agreement 
between the experimental data of IKEDA (1965) and those of the present report. For example, 
the thresholds of subject JAJR at 42 td expressed in Ikeda's summation index u, which 
he defined as the logarithm of the threshold radiance of the single flash subtracted from 
the logarithm of the threshold radiance of the double flash, coincides with those of his 
subject MI at 61 td. The interval at which his summation index becomes zero corresponds 
with the sharp knee in Fig. 2 and is approximately equal to the critical duration for single 
flashes. IKEDA (1965) ascribes the summation coefficient zero to inhibition because the 
minimum value of the threshold with independent equal responses would have to be 0·13 on 
account of probability summation. A glance at Fig. 5 shows that, within the model used here, 
another interpretation is possible: with short intervals the relevant response has a single 
peak, and this continues until the interval is about equal to Tc. The maximum of the response 
has then reached its lowest value. There is, however, still only one peak, which is broadened 
slightly only in the neighbourhood of Tc. Apart from this broadening, which is more marked 
at lower levels, there is no statistical advantage in relation to short intervals. In practice, 
therefore, the maximum threshold increase to be expected might indeed approximate a 
factor 2, especially at high levels where the response duration is shortest. This is demonstrated 
in the Appendix. When the interval is increased, two peaks occur but (at high levels) the 
second is lower over the duration of the negative phase of the first, at intervals up to roughly 
3Tc depending on the level. From the statistical point of view therefore, the two peaks are 
not of the same weight in this region. Here again the threshold can be twice the threshold for 
short intervals, as recently is pointed out by UETSUKI and IKEDA (1970). Only when the two 
peaks are of about equal weight again a lowering of the threshold as a result of the increased 
probability can be expected. The shape of Uetsuki's and Ikeda's curves is in fair agreement 
with those reported here. This is illustrated in Fig. 7 where two curves of JAJR's are com
pared with two of theirs. JAJR's levels have been so selected that the characteristic times are 
in as good agreement as possible. 5 

For very long intervals we find, as they do, a systematic increase of the threshold. They 

5 It is clear from the above that the shift to shorter intervals at higher levels can be more directly associated 
with a characteristic time than with a threshold increase, as they suggested. 
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Flo. 7. A comparison of results of UETSUKI and IKEDA (1970) taken from their Fig. 1 (filled 
circles) and data reported here (open squares). In the upper half their data for the 300 td 
level are compared with JAJR's data at 42 td. The lower half shows the 1 td background level 
from both sources. Note that although the levels are the same, the characteristic time is 

different, which is probably mainly due to the difference in surround. 

ascribe this to a second negative phase in the response. As the negativ~ phases calculated 
here are subject to the greatest uncertainty, this may be right but correlation phenomena of 
the internal noise are another possible cause. 

The arguments put forward by TITTARELLI and MARRIOTT (1970) have much in common 
with the present work. Their conclusion that the decay of the flash response in accordance 
with a simple exponential function cannot simultaneously explain the thresholds of twin 
flashes and single flashes of varying length is to be expected in the present theoretical frame
work. Their threshold-interval relation differs somewhat from those in Fig. 2, possibly due 
to the markedly different stimulus configuration (I' of arc and a dark background). 

It should be possible to predict the experimental results of BATTERSBY and DEFABAUGH 
(1969) with regard to subliminal summation of short flashes with the aid of the model. These 
authors used a background level of 3·2 cd m-2 and a 5-msec conditioning flash which was 
kept at 55 per cent of its threshold. They determined the thresholds of a 5-msec test flash at 
different intervals before and after the conditioning flash. The stimulus had a diameter of 
30' of arc and was situated parafoveally at 6°30'. Although the conditions are not quite 
comparable, it is interesting to note that, on the basis of JAJR's flash response at 1 td level, 
the threshold behaviour can be reasonably well predicted (see Fig. 8). 

It is permissible, finally, to wonder whether the twin-flash method is indeed such a 
suitable one for investigating the integrating properties of the visual system. In fact, the 
effects are somewhat small in relation to the scatter. It is in many cases simpler to derive a 
characteristic time constant from threshold characteristics of single rectangular flashes or 
from the flicker fusion boundary, and this can be done with greater accuracy as well. 

7. CONCLUSION 

(a) The shape of the characteristics, representing on a double-logarithmic scale the 
threshold intensity of two short identical incremental flashes (twin flashes) as a function of 
the interval between them, is practically identical for various background levels. 
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FIG. 8. A reprint of the lower part of Fig. 2 and the upper part of Fig. 5 of BATTERSBY and 
DEFABAUGH (1969). The triangles, squares and circles depict the threshold Fr of the test flash 
luminance change of a 5-msec flash at a background of 3·2 cd m- 2 , dia. 60', 30' and 45' respec
tively. The stimulus was presented 6°30' parafoveally. The time at which the test flash is given 
before or after the conditioning flash is indicated at the horizontal axis. The conditioning 
flash was kept at 55 per cent of its threshold intensity. The crosses are theoretical values 

predicted from the flicker-fusion curves of subject JAJR at 1 td. 
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(b) These twin flash characteristics can be derived from the model previously used 
(ROUFS, 1972b ). 

(c) The location of twin flash characteristics can be related in a simple manner to the 
critical duration and the sensitivity factor of single flashes. 

(d) Since the eye behaves in this connection like a leaky integrator, there is no clearly 
defined interval within which the eye integrates and outside which no further summation 
occurs. It can be stated as a rule of thumb, nevertheless, that in practice complete summation 
occurs for intervals smaller than 1/3 Tc. 

(e) Some data found in literature have been linked up with the theoretical framework 
used here. 

(f) In view of the small effects the twin-flash method is in many cases not the most 
obvious one for measuring the integrating properties of the eye. 

APPENDIX 
Stochastic effects in threshold lowering 

So far we have devoted most of our attention to the deterministic properties which cause threshold 
changes of twin flashes. At the present we are not able to give a complete analysis of the threshold lowering 
by stochastic effects. This is mainly due to a lack of knowledge of the time-axis structure of the internal noise, 
which is a source of fluctuation in the detection process. In the following quantitative results are given for a 
simplified case which is nevertheless instructive. 
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In experiments with single flashes (Part I) a fixed ratio was found between the 50 per cent threshold E'1 

and the standard deviation u of the probability density, which is obtained from the derivative of the psycho
metric function. Averaged over all levels and flash durations uf E1 was 0·22 and 0·19 for subjects HJM and 
JAJR, respectively. It can be deduced from equations 3 and 8 in Part II that this is the case, among others, 
when u(d)fd is constant, say 0·2. The source of the noise can therefore be thought of either as a noise generator 
occurring towards the end of the chain, between Land F.D., or as d stochastically fluctuating itself (see 
Fig. 1). 

First, take the interval between the twin flashes sufficiently large and assume that the noise is stationary 
and ergodic and so structured that the probability of detection for each flash is independent of the other. 
If the probability of detection of at least one of the pair is 0·5, then the probability of one particular flash 
being detected is: 

P(e:) = 1- 0·5* ~ 0·9. 

If the distribution is assumed to be normal: 

It follows that: 

or since 

p (E'-E:l) = _1 
a y21T 

8- 1!1 

(1 

J e-x /2 dx. 

-Bt/t1 

E:-£1 Et(E: ) --=- -- 1 = - 0·55 
u a e1 

(5) 

(6) 

(7) 

(8) 

This means that for these subjects we expect a threshold shift of approximately 0·05 log unit for large flash 
intervals. 
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Flo. 9. The change in threshold of twins with noise added (see Appendix). The continuous 
lines represent the deterministic threshold change as measured at an electronic analogon or 
system L of subject JAJR at 1200 td. The circles represent threshold changes when noise is 
added such that a/ e1 is 0·2. The parameter is' the value of the cut-off frequency of the noise. 
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If it is desired to determine the statistical lowering of the threshold as a function of the flash interval, it is 
essential to know the time axis structure and particularly the correlation phenomena of the noise. To the best 
of my knowledge, no psychophysical information based on measurement is available. The following analysis 
of a simplified case shows that the threshold variation as a result of stochastic effects, e.g. as measured by 
UETSUKI and IKEDA (1970) and in the present work, is compatible with the logic of the model used. The 
simplification consists in assuming that the noise is white up to a certain frequency. To evaluate the effect of 
this noise quickly, system L for subject JAJR was simulated on an analogue computer for a level of 1200 td. 
A noise source (Hewlett-Packard type 3722A) with a variable cut-off frequency was inserted between L and 
FD. The effective noise voltage was chosen so that, for the cut-off frequency set, a/ e1 = 0·2 was measured at 
the input. The noise was approximately white up to the cut-off frequency, after which the signal was attenuated 
40 dB/octave. With this analogue the 50 per cent threshold was determined as a function of the flash interval. 
In Fig. 9 the ratio, as found by the Monte Carlo method, between the twin threshold and that of a single flash 
is plotted versus the interval on a double logarithmic scale. The scatter of the points is due to the sampling 
error, which is of the same order as that of the actual threshold measurements. The continuous curves 
represent the deterministically simulated threshold variation. The parameter is the cut-off frequency. 

In view of the observable variations in the detection probability of individual flashes which can be 
perceived separately, the lower limit of the noise frequencies cannot be much lower than 2Hz. Although on 
purely physical grounds the noise has to be limited at the high-frequency side, it is difficult to estimate this 
frequency with any accuracy. The cut-off frequency was therefore varied over a plausible range but except 
at the lowest value, the effect was comparatively slight, as can be seen in Fig. 8. This figure also shows that a 
total threshold variation of a factor 2 and the initial decrease for intervals larger than Tc can in principle be 
explained within the theoretical framework. 

The analogue does not predict the final threshold increase which there seems to be in the experiments at 
large hitervals. This could be due to an underestimation of the second negative phase of the flash-response, 
which originates from the low frequency side of the flicker curves. 
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Abstract-The threshold of two identical rectangular incremental flashes or "twin flashes" 
was measured as a function of the interval between the flashes. The measurements were effected 
with· a 1° foveal stimulus for various background intensities. The relationship with 
threshold characteristics for single flashes of variable duration, measured by the same subjects 
under identical conditions, is demonstrated. The characteristics accord with the theoretical 
values calculated on the basis of the theoretical model discussed in Part II, from the subjects' 
flicker-fusion curves determined under identical experimental conditions. 

Resum&-on a mesure le seuil de deux eclats rectangulaires incrementiels iden~iques ou "eclats 
jumeaux, en fonction de l'intervalle qui les separe. Les mesures ont ete effectuees avec un 
stimulant foveal de 1 o pour diverses intensites de fond. Une relation determinee a ete etablie 
avec les caracteristiques de seuil d'eclats uniques de duree variable, mesures par les mSmes 
sujets dans des conditions identiques. Les caracteristiques concordent avec les valeurs calculees 
sur Ia base du modele theorique dont il est question dans la partie IT, a partir des courbes de 
papillottement-fusion des sujets, etablies dans des conditions experimentales identiques. 

I 

Zusammenfassung-Die Schwelle zweier identischer inkrementeller Rechteck-Blitze oder. 
"Zwillingsblitze., wurde als Funktion des zwischen den Blitzen liegenden Intervalls gemessen 
Die Messungen wurden mit einem 1°-Fovealreiz fiir verschiedene Hintergrundintensitlten
durchgefiihrt. Die Verkniipfung dieser Zwillingsblitz-Schwellenwerte mit Schwellencharakter 
istiken fiir Einzelblitze mit variabler Dauer-bei der gleichen Vp unter identischen Bedingungen 
ermittelt-wird demonstriert. Die Charakteristiken stimmen mit den theoretischen Werten 
iiberein, die aufgrund des in Teil II behandelten theoretischen Modells berechnet wurden, und 
zwar aus den unter identischen Versuchsbedingungen bestimmten Flimmerfusionskurven. 

Pe3IOMe--B:&m H3MepeH nopor .lliDI ~yx B,lleHTif'ni:&IX npnmyrom.H:&IX mm:peMeHTa.JlhHI>IX 
BCn:&IDieK CBeTa, rum )I{C nopor ,lliDI "~oiffio:lt BCIIbllliiCH", B 3a.BBCHMOCTH OT mrrepBana 
Me)l(,lly BCm>IlliKaMB. H3Mepemm npo:a:3Boroumc:& c <),lo:Beam.HhiM CTIIM}'JIOM B 1°, npH 
pa3Jl1f'IB1>IX HHTeHCHBHOCT.SIX <],loHa. IIoxa.JaHo HX coomomeHBe c noporoB:&IMB xapaiCTe
p:a:CTBJCaMH .lliDI e,lllllJI£'illhi BCIT:&Imex nepeMeHHo:lt ,llJl1fre.JlhHOCTH, ITpe,ll'hJIBIDieMhlX TeM 
XOO JmiJ;aM B II,ZJ,eHIH'fHhiX YCJIOBIDIX, XapaiCTepHCTHKH HaXO,ll.flTC.R B COrJiaCBJI C BeJIHlmH8.MH 
paC'IIITamn.IMB TeOpeTifllecKH, Ha OCHOBaHim MO,ll;eJIII 06cy>K,llaeMO:lt BO BTOpo:lt "'a.CTII,. 
HCXO,IVIII(e:lt H3 ,llaHH:&IX KpHBhiX CJDITIDI Mem.xall1rli:, onpe,lleJieHH:&IX B B,lleHTif'nlhiX YCJIOBHJIX 
3KCITepHMeHTa. 
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THRESHOLDS OF DECREMENTAL FLASHES, INCREMENTAL FLASHES AND 
DOUBLETS IN RELATION TO FLICKER FUSION 

J.A.J. Roufs 
Instituut voor Perceptie Onderzoek~ Insulindelaan 2, Eindhoven, the Netherlands. 

1. INTRODUCTION 
This article forms part of a series of studies devoted to the dynamic proper
ties of vision. The primary objective is to establish links between the re
sults of measurements using stimuli which change in accordance with various 
time functions and which are chiefly at threshold level. It is also hoped in 
the course of this work to gain insight into the dynamic processing of signals 
by the eye. To ensure that the results obtained were as nearly comparable as 
possible, the different measurements were conducted by the same subjects under 
the same conditions. 

In Part I (Roufs, 1972a) a relationship was shown to exist between the 
flash thresholds of harmonically modulated light (De Lange characteristics) 
and the threshold characteristics of rectangular flashes. Direct and simple 
relationships over a background intensity range of 5 decades were found both 
between the quantities which are characteristic of sensitivity and between 
those which are characteristic of inertia. In Part II (Roufs, 1972b) it proved 
possible to explain this relationship quantitatively by a simple mathematical 
model based on some general system properties. In Part III (Roufs, 1973) 
threshold measurements of pairs of short identical flashes or "twin flashes" 
were described in which the interval was variable. In this process links were 
established with threshold characteristics of single flashes for a number of 
widely different background levels. It was also shown that the threshold char
acteristics of the twin flashes, in so far as they are determined by determinist
ic behaviour, can be predicted from De Lange characteristics on the basis of 
the model used in Part II. 

The effect of the stochastic system properties on the shape of the thresh
old characteristic is, to the extent that it is predictable, of the right or
der of magnitude. 
The present article discusses experiments concerned with: 
a) threshold characteristics of rectangular incremental and decremental flash-

es; 
b) threshold characteristics of pairs of flashes consisting of isomorphous de

cremental and incremental flashes, referred to as "doublets", in which the 
interval between the elements is varied; 

c) threshold characteristics of single rectangular flashes whose duration is 
varied over a considerably larger range than previously. These experiments 
form part of the series of tests designed to determine the range of valid
ity of the simple model referred to above. The logical connection between 

them is explained below. 

1 Institute for Perception Research 
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FIG. 1. Diagram of the hypothetical signal processing (above) and de
tection condition for incremental and decremental flashes (bottom). 

At the bottom on the left can be seen the input signals with the 
corresponding characteristic symbols and at the bottom on the right 
the responses of the quasi-linear system L(E). 

The stochastic aspects have been ignored in this diagram (see text). 

The model proposed in Part II presupposes that a signal generated by the 
light and directly proportional to its luminous intensity is attenuated in a 

quasi-linear system L(E) (see Fig. 1). An incremental flash, a sinusoidal mod
ulation or modulation of any form whatsoever is detected and processed by sub
sequent parts of the visual pathway symbolized by FD, if the amplitude of the 

response of L(E) exceeds a certain value "d". The transmission curve of system 

L(E) is, according to this model, given to within a constant by the flicker
fusion characteristic. By assigning the minimum phase condition to L it is 
possible to calculate the response to a (small) arbitrary stimulus using "d" 

as the unit. The threshold intensity at the input can be found from this res
ponse. The experiments referred to above were carried out on the basis of the 

following considerations: 

a) Q~S!~~~ll~~!-~!e~h~§ 

To be able to predict the threshold of stimuli in a larger class of time 

functions it is desirable to know how large the minimum negative deviation 

"d " relative to the reference level must be in relation to "d" in order to 
ensure that a change from the static condition is signalled. Experiments using 
decremental flashes can provide information on this point provided the second 

phase of the flash response of L(E), which is opposite in sign to the first, 



is not approximately of the same absolute value as the first (see 3.2). If the 

signals resulting from .the decremental flashes ~ass through the same system L(E) 

as those resulting from the incremental flashes, the threshold characteristics 

must have the same shape. This implies, for example, that the critical durat

ions for decrements and increments must be equal on the same background E. The 
absolute values of the threshold decrements and increments, of equal duration, 

have the ratio d_/d or possibly d/d_. If "d_" and "d" are equal, the 

threshold characteristics of the absolute values of the decrements and increm

ents coincide. 

On the basis of the assumption that the flicker fusion curves for a certain 

level E reproduce the shape of the transmission curve of L(E) and on the basis 
of the minimum phase condition, the shape of the response to a short flash is 

known. As the background level increases, transmission decreases relatively at 

the low frequencies. This increasing bandpass-filter character is found to be 

associated with an increasingly negative phase of the response (Roufs, 1972b, 
Fig. 4). In other words there is a close connection between the existence of 

relatively low transmission at the low frequencies and the size of the second 

and, if any, subsequent phases of the calculated response of system L(E). In 

the interpretation of the De Lange flicker fusion characteristics in terms ofthe 
transfer function of system L, however, doubts on perceptive grounds arise at 

the low frequencies (Roufs, 1972a). Uncertainty exists as to whether the low

frequency branches of the De Lange characteristics still describe the trans-

fer function of system L(E) with any accuracy and consequently also concerning 

the reality and accuracy of the negative phase of the pulse response calculat

ed from it. The flash measurements dealt with so far in this series cannot 
give any independent quantitative information on this point. 

As Figure 2 shows, it is possible within the model to obtain such inform

ation using the threshold characteristics of doublets. In the figure, from top 

to bottom, we see a decremental flash and an incremental flash with the cor

responding system responses. These are followed by a doublet with a suitably 

chosen interval, in which the second (positive) phase of the decremental flash 

coincides with the first positive phase of the incremental flash. In a linear 

system these responses combine additively and the maximum of the doublet res
ponse is therefore higher than that of an incremental flash on its own, Since 

the peak of the response varies linearly with the intensity increment 8 

(Fig. 1), the intensity increment may be proportionally lower at the threshold 

of the doublet. Figure 2 finally shows the_result with a short interval T, in 

which the responses of the separate flashes partly eliminate each other so 

that the threshold 8 will have to be higher than for one of the flashes separ
ately. The shape of the doublet threshold characteristic is therefore a test 

for the interpretation of part of the low-frequency branch of the De Lange 

characteristic. An important factor is the change in the threshold 8 when the 
interval T increases from the value associated with the minimum value of 8 to 

such a high value that no further change occurs because the peaks of the in

dividual flash responses determine the result. If, for a moment, we ignore 
the complication caused by the stochastic properties, there follows directly 
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from this threshold increase the ratio between the peaks of the f1rst and seeR 
ond phase of the pulse response which is needed to draw unambiguo~s conclusions 
from the results of the measurements in a) above. 
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FIG. 2. Illustration of the cooperation between the responses to a de
cremental flash and an incremental flash of the same duration and in
tensity. If the flash interval is equal to the delay of the second peak 
of the first flash, the maximum amplitude of the sum response equals 
the sum of the amplitude of the first and second phases of the flash 
response. The relative amplitude of the second phase can then be calcu
lated from the lowering of the threshold of the combined signal in rel
ation to the threshold of a simple flash. 

The figure shows the responses to 1 td flashes with a duration of 
4.4 ms, expressed in "d" units. These were calculated from the De Lange 
characteristic of subject JAJR at a level of 1200 td. The stimulus was 
centrally fixated and had a diameter of 1° and a dark surround. The 
time pattern of the flashes is shown by hatched blocks; the interval T 
is 34 ms. If the flashes succeed each other quickly, their responses 
compensate each other and the resultant extreme is smaller. This is 
shown for an interval of 4,5 ms. The intensity threshold will have to 
be correspondingly larger. 



In Part I (Roufs, 1972a, p. 272) it was observed that the measured thresh

olds of incremental rectangular flashes have a tendency to increase again 
slightly for durations that are large in relation to the critical duration Tc. 
The results of the further study of this effect, to which reference is made 
there, seem to indicate that at a certain duration of the flashes a cooperat
ion occurs between on-and-off switching transients resulting in the said effect. 
As we shall see later, the theoretical implications also have consequences for 
the interpretation of the doublet characteristics, so that it was felt desir
able to incorporate these measurements in the present article. 

2. EQUIPMENT AND PROCEDURE 
The optical and electronic equipment used has largely been described in de

tail in Part I, so that a brief summary of the essential points will suffice. 
At an adjustable time (approx. 0.5 s) after an acoustic warning signal a casc
ade counter generates two vevy short pulses, the interval between which can be 
adjusted. These pulses drive a monostable multivibrator whose two complement
ary outputs emit positive or negative rectangular signals having a duration 
equal to the pulse spacing set. These signals are the control signals for the 
incremental and decremental flashes. 

A slightly different pulse generator, the MTG (Valbracht, 1968), was used 
for measurements with doublets. With the MTG the interval between the two pairs 
of pulses, the spacing between which pulses can be set, is adjusted independent
ly. 

The rectangular voltages are taken via an attenuator adjustable in 1 dB 
steps to the linearising control circuit of the glow modulator, The glow modul
ator, which is permanently set to an operating point that has been chosen fa
vourably with regard to linearity and spectral distribution, generates rectang
ular incremental or decremental flashes or doublets whose intensity increment 
or decrement can be adjusted qujckly in steps of 1 dB. 

At che start of each experimental session the luminous intensity for incre
mental and decremental flashes was calibrated against the attenuator reading. 
Since in the case of decremental flashes the calibration curve begins to depart 
from a linear relationship at a modulation depth of about 75%, that modulation 
depth was not exceeded during measurements using the doublets. The calibration 
varied very little in the course of the experimental sessions, In experiments 
with very long flashes the intensity.generally changes a little during the flash 
as a result of thermal effects. This, however, was found not to be the case in 
the neighbourhood of the threshold intensity, 

The monocular and foveal stimulus again had a diameter of 1° and a dark 
surround. The background level was set with neutral filters because this en
ables the operating point of the glow modulator to be kept constant. The stim
ulus was observed in a "Maxwellian view" through an artificial pupil of 2 mm 
diameter and an entoptic guidance system for centring purposes (Roufs, 1963). 
The colour of the light was a slightly rosy white, except in the case of sub
ject JTHL, for whom the light was filtered with a 50 nm wide interference fil
ter with a peak at 550 nm. 

The constant-stimuli method was used to determine thresholds. The thresh
olds of the incremental and decremental flashes were measured in pairs for 
every duration. At each flash intensity, which was set in a random sequence, 
the fraction perceived of ten successive stimuli was noted. The 50% threshold 
increment or decrement was found using a psychometric function obtained from 9 
to 13 fractions thus noted. The durations of the stimuli were also varied in a 
random sequence. In the case of subject JTHL all the flash intensities of a 
particular sign were gone through for a particular duration, and then the test 
was repeated with flashes of opposite sign. In the case of JAJR both the in
cremental and decremental flashes were presented at each intensity set and then 
all the intensities were gone through in random order for a particular duration. 

Randomisation in the case of the doublets, where the accuracy of measure
ment of the functional change of threshold with the flash interval has to be of 
a high standard, was achieved in a slightly different way. At all doublet inter
vals, the length of which was varied in a random sequence, the perceived fract
ions of the stimuli presented were found for three different intensities in a 
random sequence, and from these the 50% threshold was found by graphical inter-
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polation (see Fig. 3). 
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FIG. 3. Detected fractions of doublets as a function of the logarithm 
of the intensity. The flash interval T is the parameter. Three fract
ions measured in rapid succession each have the same symbol. 

Top: Some psychometric functions measured at a session at which 
the sensitivity fluctuated relatively greatly. The serial 
numbers indicate the sequence in which the sets of three 
measurements were made during that session. The arrow~ indic
ate, by way of example, the three threshold values which were 
averaged, 

Bottom: Measurements during a session with relatively little sen
sitivity fluctuation. 
The data are for subject JAJR at a 1200 td level. 

This procedure was then repeated two more times for all intervals and the in
tensities were presented in a different sequence. The three thresholds were 
averaged logarithmically. Figure 3 illustrates the effect of such randomisation 
on the situation of the perceived fractions within a psychometric function for 
a session of small and another of large sensitivity fluctuations. 

All single-flash measurements relating to a particular background level were 
again done during a single session, the duration being varied over a large 
range. The advantage of this method will be explained in a subsequent article 
with the aid of quantitative data (see also Roufs 1972a). To average out over 
the thresholds any sensitivity change occurring during the session, the observ
ed fraction of 5 stimuli was noted for each of the 15 durations, taken in random 
sequence, of a particular flash intensity. This process was repeated an average 
of 9 times with the durations in different sequences. The intensities associated 
with these 9 points for each psychometric function were also altered in random 
sequence. The 50% threshold for each duration was found from the psychometric 
curve drawn visually through the observed fractions. In an attempt to reduce the 
variation from day to day, an absolute threshold was determined fo JTHL during 
each session and the luminous intensity at every level was expresse in terms 
of that threshold, 



Only subjects JHM and JAJR had psychophysical experience, the remaining 
subjects being unpracticed students. 
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FIG. 4. Foveal threshold characteristics of incremental and decremental 
flashes. The log of the absolute value of the abrupt intensity change £ 

with a detection probability of 50% is plotted against the logarithm of 
the flash duration ~. 

0 For subject JTHL the diameter is 1.2 and wavelength 550 nm (half
value width 50 nm). 

In JTHL's case the intensity is expressed in the dark threshold meas
ured during the session devoted to the relevant background level. All 
intensities are therefore stated in fechners (F). (On the average a 
fechner corresponds to 0,04 td). For subject JAJR the diameter is 1° 
and the colour of the light practically white. 

The open symbols D0\780 (JTHL) and 0 DO (JAJR) refer to the in
cremental flashes. The filled symbols • Y A X+ (JTHL) and A X+ (JAJR) 
refer to the decremental flashes. 
The continuous and dashed straight lines through the decremental and in
cremental thresholds, respectively, were obtained by averaging the 
weighted energy in the case of the short flashes and the threshold in
tensity in that of the long flashes in accordance with the convention in 
Part I, paragraph 4.1. 
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3. DECREMENTAL AND INCREMENTAL FLASHES 
3.1 Experimental results 2 

The results for subjects JTHL and JAJR are plotted in Figure 4. In the case of 

JTHL the intensity is expressed in terms of the dark threshold measured during 

the particular experimental session. 
The absolute values of the thresholds of the decremental (£-) and increment

al (£+) flashes are not obviously different. Occasionally we see a number of 
successive pairs which show small differences of the order of 0.05 log unit in 

the same direction, generally the direction of a lower decremental threshold. 

The threshold curves as a whole, however, are not obviously systematically 
shifted. Table 1 lists the differences, averaged over the durations, between 
the logs of the thresholds for the various background levels. It also shows 

the standard deviation of the individual differences between pairs, the relev
ant number of degrees of freedom and the general average. Averaged over all, 
the incremental threshold is 0.02 log unit higher, with a standard deviation 

of 0.01 in that average. Partly in view of possible calibration er~ors and 
other equipment errors no appreciable significance can be attached to these 

.small threshold differences and the associated differences of critical duration. 
The average standard deviation in the individual differences between pairs 

is 4.7 10-2 log units, which, in the case of a stationary process, is consist
ent with the standard deviation of 0.02 log unit calculated for an individual 
threshold and resulting from the value of 0.04 found in Part II fo~ the variat
ion coefficient between thresholds. The excessive threshold scatter found in 
Part I is apparently not yet detectable with pairs measured rapidly one after 

the other. 

Perceptual aspects 

From the perceptual point of view there is little difference between increments 
and decrements in the neighbourhood of the 50% threshold. With short flashes a 
kind of agitation is observed. With long flashes agitation is observed at the 
beginning and/or end of the flashes. To enable the increment or decrement to be 
identified as such it must be higher than the threshold by an amount which is 
greater according as the background intensity is higher and the duration shorter. 

On the average several tenths of a log unit are necessary for this in the con
ditions described here. 

3.2 Discussion of decremental and incremental flashes 

Most authors report that they can find no significant differences between de
cremental and incremental thresholds but cases have been reported in which the 
decremental threshold is obviously lower. 

Blackwell (1946) and Vos, Lazet and Bouman (1956) measured decremental and 
incremental thresholds as a function of the stimulus surface area and the back
ground intensity. They respectively used flashes with a duration of 6-60 seconds 
and "quasi-static" flashes, but without fixatiop.. 

2 These results have largely been reported in a provisional form 
(Roufs, Lammers and Siemons, 1967), 



Subject 

JTHL 

JAJR 

Level 
(td) 

0,09 

0.39 

4.9 

65 

510 

1 

42 

1200 

E 

Table 1. 

0.05 

0,06 

0.00 

0.00 

-0.01 

Av. 0.02 

0.03 

-0.02 

0.04 

Av. 0.02 

Grand Av. 0.02 

Stand. dev. Grand Av. 0.01 

0.04 

0.03 

0.03 

0.04 

0.05 

0.06 

0.06 

0.05 

D.F. 

3 

5 

6 

6 

6 

5 

5 

5 

7 

TABLE 1. Averages of the logarithms of the absolute Vf*ues of the 
threshold increments divided by the decrements, log I /s-j. For 
each level the average over the pairs for the various durations 
was taken. The stan~~rd deviation in the of the individual 
pair ratios, s(logl /s-1) and the number of degrees of freedom 
DF are shown. 

Generally speaking, they found no significant differences. Bouman and Blokhuis 
(1952), who did use fixation, reported similar results in the parafovea (7°) 
for durations and surface areas larger than certain critical values. 

Herrick's measurements (1956) were carried out under practically identical 
conditions to ours. He used a foveal field of approximately 1° with variable 
duration and variable background intensity. In plotting the threshold curve he 
was unable to distinguish between incremental and decremental flashes. Rash
bass (1970), who used a 17° centrally fixated field, likewise observed no dif
ference. 

Boynton, Ikeda and Stiles (1964), on ~he other hand, reported a decremental 
threshold which was 0.17 log unit lower for a foveal red stimulus with a dia
meter of 10'. Patel and Jones (1968), measuring at 7° in the periphery, found 
decremental thresholds which were lower according as the background level was 
lower, the surface area smaller and the duration shorter. 

Using an approx. 1° stimulus and 100 ms flashes Short (1966) measured 15° 
peripherally. At the lowest scotopic level he found a decremental threshold 
which was approx. 0.4 log unit lower but at photopic levels the decremental 
threshold was only an insignificant 0.07 log unit lower. 

We find similar small, non-significant but nevertheless systematically lower 
values for decrements occasionally among the measurements of Blackwell and 
Herrick and those reported here. There is however no obvious system in the con
ditions under which this occurs. Moreover, results by Novak (1969), although 
obtained under quite different conditions and with other criteria, show that 
it is even possible to find a difference between increments and decrements 
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with one subject but not with another. Since no decrements are possible on a 
dark field and since the Weber fraction for increments in the periphery can ex

ceed unity (Aulhorn, Harms and Raabe, 1966), it is at any rate obvious that sym
metry cannot exist under all circumstances. 

In the fovea, and with a background level that is sufficiently high to en
able decremental and incremental thresholds to be measured, the difference, if 
there is one, under the present conditions is so small as to be of the same 
order as our measuring inaccuracy. 

Since the decremental and incremental threshold characteristics as a whole 
do not differ significantly, the results according to the reasoning in the in
troduction are consistent with the idea that the signals of both trpes pass 
through the same quasi-linear system and that, moreover, the minimum deviation 
of the response of this system in the positive and negative directions must be 
approximately equal in order to detect them (d = d_). This might mean, for in
stance, that there are "on" and "off" elements at the input of the rest of the 
system, symbolised by FD, whose thresholds are approximately equally large. It 

I 

is also conceivable, however, that the signals are first rectified:by a fre-
quency-independent mechanism such as that described by Spekreijse (1966), 
which has to be symmetrical in our case. 

The consequence within the model is that the definitions and relationships 
given in the preceeding parts (Roufs, 1972a, 1972b, 1973) also app~y to inten
sity decrements, at any rate for stimuli under comparable conditiops and al
lowance being made for the sign. In calculating the lowering of the threshold 
due to the increased probability of perception when identical response peaks 
are repeated, allowance must also be made for possible negative peaks. With a 
sine train, for example, the negative excursions also count (see for example, 
Roufs, 1970). 

Some relativising observations on the conclusions drawn are called for at 
this point. Small and basically non-essential changes in the model can have im
portant consequences with regard to the conclusions to be drawn from the ex
periments. 

It might, for instance, be postulated that a signal can only be detected if 
the difference between the maximum and minimum excursion of the amplitude of 
the response exceeds a certain value. If there were symmetrical peak-through 
detection and the other properties of the model remained unchanged, equality 
of the incremental and decremental threshold would be trivial. 

Levinson (1960), experimenting with the flicker thresholds of two superim
posed sinuses with different frequencies found that that might be the case at 
high frequencies. At low frequencies, however, his results point to peak de
tection (see also Levinson and Harmon (1961)), while in neither case was there 
symmetry between excursions from negative to positive and vice versa. 

For the model in Part II we chose peak detection because of the following 
considerations: 

a) The product of the cut-off frequency fh of the flicker fusion character
istic3 and the critical duration Tc of flashes can be calculated for the 
case of peak-through detection by slightly modifying the formules used 
in Part II. The product then no longer equals 0.5, independent of the 
level, but would vary from 0.5 at the low levels to approx. 0.3 at the 
high levels. This, however, conflicts with the experimental results in 
Part I. 

3 For definitions see Part I or paragraphs 5.2 and 6.2 of the present article. 



b) The quotient F/S of the sensitivity factors F for flashes and S for flick
er4, as calculated theoretically from the flicker fusion curves, would 
have to be situated between 0.5 and 0.4 for the same background variation. 
This, however, coincides too neatly with the average of 0.4 yielded by the 
experiments. The fact is that the theoretical value has still to be cor
rected for the increased probability of perception of a sine train comp
ared with a single flash, whose effect may only be some tenths of a log 
unit (Roufs, 1970, l972b). 

Arguments a and b, however, are of limited significance because they 
are taken from a model. 

c) Peak-through detection demands a much more complex structure of the de
tection mechanism than peak detection. A question which also arises is 
which peak has to be compared with which trough. Moreover, to have any 
meaning, the peak and trough have to be a certain time interval apart, 
which means an extra parameter. 

A second question is the magnitude of the second phase of the response. If, for 
example, in the case of a short incremental flash, the second, negative phase 
is of approximately the same magnitude as the first positive phase, as postul
ated by Ikeda (1965), for instance, on the basis of threshold measurements 
using incremental and decremental flashes, it could not be concluded from the 
equality of the two thresholds that d and d_ are equal. However, on the basis 
of the same technique, Uetsuki and Ikeda (1970) report a second phase which is 
considerably smaller than the first phase for low backgrounds. The second phase 
calculated on the basis of the De Lange characteristic does indeed become smal
ler according as the background is darker. In all cases, however, it remains 
significantly smaller than the first phase. Yet it is precisely with regard to 
the calculated second phase that the greatest uncertainty exists, as argued in 
the earlier parts. The paragraph which follows, however, contains experimental 
information concerning the negative phase which supports the implications, 
discussed above, of the similarity of the threshold characteristics with regard 
to the model. 

At this point it is possible to make some comparisons between the model used 
here and a somewhat more complicated model by Rashbass (1970), which came re
cently to our notice. Rashbass's model consists of a line~ filter followed by an 
element which squares the signal and provides ideal integration over a certain 
period. 

The greatest difference between it and the model in Figure 1 is the quadratic 
operator. The chief reason for this operator is provided by the experimental 
thresholds of pairs of short incremental and decremental flashes. The threshold 
increment of the first flash needed to ensure that something of the pair is 
perceived with a certain flash interval, is influenced by the magnitude of the 
decrement of the second flash set to a subliminal value,and vice versa. If with 
a particular interval the decrement or increment of the first flash is plotted 
against the increment or decrement of the second, we obtain the loci of combin
ations resulting in detection and a curve whose shape approximates an ellipse. 
Figure 5 reproduces, at characteristic intervals, some of the ellipses from 
Rashbass's Figure 4. The continuous lines are the ellipses fitted by Rashbass. 

We will now examine whether his results can also be explained by the model 
used here. For this purpose flash responses were taken which had been calculat
ed from the De Lange characteristic of subject JAJR at a level of 1200 td, a 
stimulus diameter of 1° and a dark surround. Of the available data these come 
nearest to his background level of 700 td. The diameter is considerably smaller 
than Rashbass's 170 but this is less serious than it seems because the dynamic 
properties do not change very much above 1° (Roufs, Meulenbrugge 1967b). 

In calculating the ratiq of the flash intensities at the threshold of the 
pair the premise was that the pair is seen if the maximum deviation of the 
sum of the flash responses obtains the value d or d . The results of the 
calculation are shown in Figure 5 as lines of dashes. The scale has been chosen 
so that the fitting with Rashbass's experimental data is visually proper. The 
same was also done for the triangular flashes in his Figure 6. 

In these calculations no allowance was made for the stochastic effect which 
would have rounded off the acute angles to some extent. 

The reasonable good fits with the experimental points indicates that the ex
periments concerned are not a suitable criterion for choosing between the mod
els. It can also be put as follows: if symmetrical peak-detection is assumed 
in the model considered in this paragraph, a quadratic operation followed by 
an ideal integration is not absolutely necessary to explain the experimental 
results. 
4 For definitions see Part I or paragraphs 5.2 and 6.2 of the present article. 
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FIG.5. Relation between rectangular increments and decrements 
of two flashes at the detection thresholds. 

Some strik results by Rashbass (1970): the intensity of the 
first flash is lotted horizontally, a decremental being indicated 
by a negative gn, i.e. to the left of the intersection of the 
axes in the centre of the s. The intensity of the second 
flash is plotted vertically. The scales are identical and linear. 

The experimental points represent the experimental results of 
Rashbass with a centrally fixated stimulus of 17° and a background 
level of 700 td. 

The continuous ell ses are Rashbass's. The first 3 are taken 
from the middle column of his Figure 5. The 4th ellipse in his F 
ure 6 in which the excursions are triangular. The shape of the re
sultant time functions of the stimulus are grouped in a wreath-like 
form around the ellipse. 

The lines of dashes were calculated on the basis of the actual 
model from the flicker fusion characteristics (see text). The dotted 
lines refer to a slightly modified model explained in section 6 et 
seq. 

Conclusion 
In the actual conditions in which the experiments were conducted no signific

ant difference was found between the threshold characteristics for incremental 
and decremental flashes. 

Subject to the provise that the second phase of the rectangular-flash-res
ponse is not approximately of the same magnitude as the first, this supports 
the hypothesis that the signals for both types of flash are attenuated by the 
same kind of quasi-linear filter and that they are detected if the response of 
the filter in relation to the reference level exceed a certain excursion which 
is approximately equally large positively or negatively. 
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FIG. 6. The logarithm of the absolute value of the intensity change E 
associated with a detection probability of 50% as a function of the 
flash interval T. 

The results of subject HJM are for background levels of 3400 td and 
1 td with flash durations of 4.4 and 15 ms, respectively. Those of 
JAJR are for levels of 1200 and 2 td with durations of 4.4 and 23 ms, 
respectively. 

The lines of dashes are the theoretidal curves derived from the De 
Lange characteristics. These have been shifted several tenths of a 
log unit in the vertical direction in order to fit them to the thresh
old for large intervals (see text and Table 2). 

4. Doublets 

4.1 Experimental results 

Pairs of decremental and incremental flashes, whose duration and abrupt 
change of intensity are identical are called doublets to distinguish them from 
other forms of double flashes. The change of intensity E, the duration -& and 
the interval T are defined by the diagram in the bottom left-hand corner of 
Figure 1. 

The logarithms of the absolute values of the change of intensity E at the 
50% detection threshold are plotted vertically in Figure 6. The intervals T 

are plotted horizontally. The results of measurement at two different levels 
are shown for two subjects. Flicker fusion characteristics were measured pre
viously (Part I) for these background levels. 

The mutual effect of the flash responses on each other are detectable over 
obviously longer intervals in the case of low levels than in that of high le
vels. The crosses refer to doublets in which the decremental flash comes 
first, followed by the incremental flash; these will be referred to as d-i 
doublets. The circles refer to flashes in which this order is reversed; these 
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will be referred to as i -d doublets. 
The doublet characteristics have added to them, as a characteristic number, 

the logarithm of the threshold asymptote for large intervals divided by the 
minimum threshold. This logarithmic difference is further referred to as 
"doublet dip". Table 2 gives a list of the measured values, in which the flash 
sequence, d-i or i-d, is indicated at the top of the column. The average dip 
depth is 0.17 log unit. 

The lines of dashes in Figure 6 are theoretical doublet thresholds calculat
ed from the flicker fusion curves. 

For the purpose of calculating the theoretical curves, the parameters of the 
transfer function of a system equivalent within the measured range were fitted 
to the measured flicker fusion curves ~y m•ans of a computer (see ~art 1I). These 
parameters were then substituted in the analytical expression for the doublet 
response, which can be made up simply from the known analytical e!pression. for 
the particular step (cf. pp. 22-23, Part II). The doublet threshold character
istics calculated for the actual flash duration then follow. 

For reasons explained in the discussion, however, they were di~placed about 
0.3 log unit along the intensity axis to ensure an optimum fit with the exper
imental values at the large intervals. This procedure is similar to that em
ployed for the threshold characteristics of twin flashes in Part ~II. The shift 
required for a fit contains information concerning the stochastic 'processes and 
is also included in Table 2. 

Table 2. 

Subject Level "Doublet dip" Shift of theo-
(td) (log units) retical curve 

d-i i-d (log units) 

HJM 2 0.18 0.16 0.28 

3400 0.13 0,23 0.35 

JAJR 1 0,12 0.18 0.47 

1200 0.12 0.21 0.15 

Average 0.17 0.31 

TABLE 2. The logarithm 6f the ratio of the minimum threshold of a 
doublet to that of the threshold for large intervals, referred to 
as doublet dip. . 

Doublets in the sequence decremental-incremental are indicated 
d-i, those with the reverse sequence i-d. 

The table also shows how much the doublet characteristics cal
culated from the flicker fusion curves had to be shifted to fit 
them to the thresholds for long intervals. 

The threshold characteristics for the high and low levels are plotted in re
duced form on a double logarithmic chart in Figure 7. The purpose of this, in 
harmony with the procedure adopted in Parts I and III, is, so to speak, to 
eliminate differences of sensitivity and inertia by using the threshold of a 
suitably chosen stimulus at the relevant level as the unit for the thresholds 
and a time constant which is characteristic of the inertia for the intervals. 
The units selected are respectively the final value of the threshold at large 
intervals and the critical duration of a single flash at the same level, both 
of which were found for the same subject under the same conditions in Part I. 
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FIG. 7. Reduced doublet-threshold characteristics for subjects HJM 
and JAJR. 

The ordinate is the logarithm of the threshold 8 expressed in 
units of the threshold ea for the large intervals. ea is the aver
age of the threshold at the two largest intervals in the graphs in 
Figure 6. The abscissa is the reduced flash interval T/Tc with the 
relevant critical durations from Part II as unit. 

Perceptual phenomena 

The subjects were asked, if they detected the doublet, to say, if possible, 
whether it became darker or lighter. The idea, based on the theoretical res
ponses of which an example is shown in Figure 2, was that flashes generated at 
intervals corresponding to a minimum threshold or thereabout would be seen as a 
bright flash in the sequence d-i and as a dark flash in the sequence i-d. 

Unfortunately, when intensity changes were in the neighbourhood of the 
threshold, the subjects proved in the great majority of cases unable to des
cribe in terms of light or dark what they saw. Instead, they spoke of agitation 
or ripples. 
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For large intervals there was also no reliable correlation between the few 
"1 ight" or "dark" verdicts and the sequence of decrements and increments. At 

the large intervals, however, subjects frequently reported agitation both at 
the beginning and at the end of the doublet, which is a further indication 
that the decremental and incremental threshold cannot differ much. 

4.2 Discussion of doublets 

The results agree with Ikeda's conclusion (1965) that the neural signal of 
an incremental flash has a non-negligible negative phase. 

Qualitatively, the behaviour of the threshold accords with the expectation 
arrived at in the introduction by a process of reasoning on the moqel: for 
long intervals, when the flash responses are still separate, the threshold is 
determined by the response peak of the decremental and/or incremental flash 
and is independent of the interval. As the interval becomes shorter, the 
threshold, starting at a certain interval, decreases to a minimum that is 
caused by the summation of the second phase of the response to the !first flash 
with the first phase of the second flash (Figure 2). With still shorter inter
vals the threshold gradually increases owing to the mutual elimination of the 
flash responses. 

The gradualness of the change once more underlines the non-ideal character 
of the integration mechanism, a point which we already drew attention to in 
connection with the summation phenomena occurring with the twin fl~shes dealt 
with in Part III. (With an ideal integrator the threshold would suddenly be
come infinitely great within the integration interval.) 

It is also clear that the time scale of the effects at the low levels is 
greater than that at the high. This must be expected from the greater inertia 
of the eye at low levels (see Parts I and II). 

Quantitatively, however, there are deviations from the expected behaviour. 
The first and possibly most important type of deviation is revealed by the fact 
that the doublet dips for low levels are obviously deeper than the values cal
culated from the flicker fusion curves (lines of dashes, Fig.6). These low 
levels, however, were chosen precisely for the reason that with them, in contrast 
to the high levels, a negligible dip depth was expected on the bas~s of the flicker 
fusion curves. 

In terms of the model this means that at low levels the second phase of the 
flash response is larger than expected on the basis of the De Lange character
istic (see also paragraph 6). Moreover, the depth of the dip in no case gives 
reason to presume that the second phase of the pulse response is of approximat
ely the same magnitude as the first. The reservation in the conclusion of pa
ragraph 3 can therefore be ignored. In view of the shape of the doublet charac
teristic, however, it is not beyond the bounds of possibility that the second 
phase differs so much in amplitude from that calculated that it is larger than 
the first. 

The second deviation from the theoretical expectation can be seen at the 
high levels where the minimum in the characteristic is less deep for the doubl
et in which the decremental flash precedes the incremental than that in which 
the sequence is reversed. With a linear system and "d" equal to "d-", the two 
curves should be identical. 



For intervals smaller than that at which the threshold is minimum the dif
ference in the logarithm of the three; holds is approx. 0. 1 for both subjects. 

This is somewhat larger than the estimated measuring inaccuracy. It might be 

caused by a difference in "d" and "d_", but that explanation does not accord 
quantitatively with the data in paragraph 3. 

This experimental result is supported by Ikeda's results (1965). Inspection 
of his Figures 7 and 8 shows at the 328 td level a small corresponding asymme
try which is missing at his 61 td level. Levinson's results, referred to in 3.2 
above, are possibly connected with this phenomenon. 

A possible explanation is that under these conditions the system can no 
longer be approximated linearly with sufficient accuracy over the entire res
ponse time since the signals are no longer sufficiently small and short simul
taneously. 

A good example of this kind of asymmetry is given by DeVoe (1967a, 1967b), 
who in experiments with the wolf spider found asymmetrical responses to large 
incremental and decremental intensity steps. He was able to ascribe these to a 
non-linearity which produces its effect with a certain time lag. 

In the case of signals with less than 8% modulation depth, however, the re
sult was a transmission which can be described with good approximation as a 
linear filter with the characteristic of a band-pass filter such that its non
linear behaviour is no longer manifested even in the tails of the responses. 

We lack psychophysical information about non-linear behaviour that could 
manifest itself in response to such small signals and especially at high levels. 

The large differences in the experimental relationships between the thresh
old and interval at low and high levels in Figure 6 have become remarkably small 
in the reduced form showed in Figure 7. 

The deviations relative to the average curve resulting from asymmetry at the 
high levels are in fact second-order effects which, for the time being, we shall 
neglect as such. 

Isomorphy in the threshold characteristics means within the present model 
that all time constants of the transfer function shift by the same factor upon 
transition from low to high levels. In that case, however, the flicker fusion 
curves must also be isomorphous. The agreement between the threshold character
istics is therefore closer than one would expect on the basis of the different
ly formed De Lange characteristics (Figure 11). We will return to this phenom
enon below. 

Table ~ ves an idea of the accuracy with which the absolute location of 
the threshold characteristics is predicted from the De Lange characteristics. 
The last 90lumn shows the vertical shift of the thP.oretical threshold charact-
eristic in relation to that measured. This might be due to stochastic 
sensitivity fluctuations. which have 3 effects on the doublet characteristics 
Yhich have not been taken. into account in the calculation. 

rn the first place, because of the periodic repetition of the extremes of the 
sinusoidal signal, the probability of perception of the flicker signal is relat
ively greater than that of a single signal with the same maximum response am
plitude and has, therefore, a lower 50% threshold. The result may be that the 
gain of system L as found from the flicker curves is roughly a factor 2 greater 
than that found from the threshold of a single flash.s 

Secondly, if "d" is. equal to "d-", the probability of detection of the pair 
of response peaks of the same size is larger than that of a single peak as it 
is at the optimum interval. This results in a threshold lowering of 0.05 log 
unit (Roufs, 1973). The dip in the doublet characteristic therefore becomes 0.05 
log unit shallower than that which is calculated deterministically. 

5 An article g1v1ng a detailed analysis is in course of preparation. See also 
Roufs (1970). 
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Thirdly, because the doublet and flicker threshold characteristics were 
measured at different sessions, the discrepancies in the fit are mainly due to 
the daily variations of sensitivity. The differences between days have been 
estimated on the basis of material in Part I as having a standard deviation of 
0.07 in the log of the threshold. , 

The shift of the flat part of the characteristic in relation to the calcul
ated value is thus estimated at 0.25 log unit with a standard deviation of 0.07. 
This accords reasonably well with the actual shift shown in Table i· 

Conclusion 

Qualitatively, the doublet threshold characteristics show the expected pro
file. 

Reduced and plotted on a double logarithmic chart, however, they coincide 
better than was expected in view of the differences in shape of the De Lange 
characteristics at low and high levels. For low levels the "doublet dips" are 
obviously deeper than was calculated from the De Lange characteristic. The 
ratio of the second phase to the first phase of the response to short flashes 
is therefore larger here than was expected. In none of the cases, however, do 
the data point to a second phase of the same magnitude as the first, so that the 
conclusions of section 3 are not affected. 

At high levels we found a small unexplained asymmetry so far as the two 
possible flash sequences in the doublet are concerned. 

5. FLASH THRESHOLDS OVER A LARGE RANGE OF DURATIONS 

5.1. Experimental results 

The 50% threshold intensities were measured for rectangular incremental flash
es whose durations were varied over a wide range. 

Since the shape of the characteristic is important, efforts were made to use 
as many experimental points as possible. The measurements at these numerous 
points were spread over a long period and special attention was therefore paid 
to the test set-up designed to minimise the effect of slow sensitivity fluct
uations and drift which occur during the session. 

The results are illustrated in Figure 8. Between the branch with a slope of 
-1, which describes the lowering of the threshold in the area where Bloch's 
law applies, and the horizontal asymptote for long durations, which describes 
a constant threshold, there is a shallow minimum. 

The difference in the logarithms of the threshold for the horizontal asymp
tote and the minimum, henceforth referred as the "block dip" was chosen as a 
typical quantitative item of information and listed in Table 3. The average 
value is 0.17 log unit. 

The effect of surrounding conditions is demonstrated for one case, namely 
that of subject JAJR with a background level of 1200 td and an adjacent so 
surround with the same intensity as the background level (black symbols). All 
thresholds are lower6 and the dip has practically disappeared. This is also 
the case at the low level and for the other subject. 

Figure 9 shows the results in reduced form for both subjects. The symbols 
are the same as those used in the original curves in Figure 8. The logarithm 

6 
This also applies to flicker thresholds; see Part I, Figure 6. 
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FIG. 8. The threshold characteristics of single rectangular increment
al flashes measured over a large range of durations. 

The stimulus intensity is plotted as a function of the duration 
of the stimulus on a double logarithmic basis. 

The open symbols apply to a stimulus with a diameter of 1° and 
dark surround. The filled symbols also refer to a 10 field but now 
with an equally bright contiguous surround with a diameter of 5°. 
The background levels E are indicated in the figure. 

of the intensity increment at the threshold divided by the intensity associat
ed with the horizontal threshold asymptote is plotted along the vertical axis. 
Along the horizontal axis is plotted the logarithm of the duration divided by 
one of the possible characteristic time constants for the inertia, namely the 
duration defined by the intersection of the two asymptotes. 

Perceptual phenomena 

All 50% thresholds for the stimuli without a surround are based on detection 
of what we call agitation. The higher the background level and the shorter the 
flashes, the more the intensity must exceed the 50% agitation threshold if the 
stimulus as a whole has to be clearly seen to light up. The intensity differ
ence depends on the configuration of the stimulus. It is maximum for a diameter 
of approx. 1° and with a dark surround. 

If the rectangularshapeis rounded off, the agitation disappears. With the 
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FIG. 9. The reduced intenaity as a function of the reduced f~ash 
duration, both plotted logarithmically. 

The threshold increments in Figure 8 are expressed for the 
purpose in terms of the threshold associated with the horizontal 
asymptote Ea. The point of intersection of the asymptotes T0 a 
was chosen as the unit of duration. 

The results of the two subjects for both levels are shown 
with the same symbols used in Figure 8. 

stimuli used in this case the disappearance of the stimulus was reported an un
expectedly large number of times in the form of agitation. For durations ex
ceeding 400 ms it proved possible to distinguish between percepts at the start 
and end of the increment. 

In about 100 cases per level, distributed over various intensities, the 
subjects reported what part of the stimulus they saw. Table 3 shows in success-
ive columns the number of pronouncements, the number of times that something 
was perceived only at the start of the stimulus and the 
something was seen only at the end of the stimulus. The 
were detected approximately equally often. 

number of times that 
beginning and the end 

Table 3. 

Subject Level block number of "on" "off" log(Fa) log(T
0
a) log(Fm) 

(td) dip pronounce- only only (log td-1) (log ms) (log td-1) 
(log unit) ments 

HJM 2 0.1'+ 103 '+2 25 0.86 1. 81 1. 00 

3'+00 0,18 95 26 36 ~2.23 1.19 -2.05 

JAJR 1 0.18 0.75 1. 81 0.93 

1200 0.16 105 21 37 -1.82 1. 2 5 -1.66 

log(T 0 m) 
(log ms) 

1. 95 

1. 37 

1. 99 

1.41 

TABLE 3. Summary of the experimental results in the form of some character-
istic data. See text for definitions of the parameters. 



5.2 Discussion of long flashes 

The results show that under the conditions in which the experiments reported 
in this series of articles were carried out the threshold does not decrease mo
notonically with increasing duration as has previously been assumed (see, for 
example, Part I, paragraph 4.1), but has a minimum. The effect is not particul
arly large but it is clear. 

The same effect is reflected in the slight tendency of the threshold to in
crease with increasing duration which was observed in the previous measurements 
over a limited range of durations (Part I). It is now also possible to under
stand why this tendency was more obvious at the high levels because the minimum 
then shifts towards shorter durations, ending up in the limited range of short 
durations applied there. 

The magnitude of the effect depends on the stimulus configuration, as was 
demonstrated specifically for the surround condition. This makes it understand
able why the increasing tendency is only observed incidentally in the data 
found in the literature. 

For instance Keller (1941, p.411) using a semi circular 1.5° field, 
Rashbass (1970, fig.l) with a 17° field, Herrick (1972) with a 1° field, 
all centrally fixated within a dark surround. 

The change of certain dynamic properties with the ambient conditions is in 
fact a well-known phenomenon. Examples can be found in Kelly (1969), Harvey 
(1970) and Keesey (1970) for flicker thresholds and in Westheimer (1967) and 
Teller (1971) for flash thresholds. 

Even in the case of flashes above the threshold it can be easily demonstrat
ed that in the presence of a contiguous surround with the same luminance as the 
background, the flashes light up in a much more homogeneous way than with a dark 
surround. 

The second remarkable aspect is again the similarity in the shape of the 
threshold characteristic for.the two different levels. The curves translated in 
to two axial directions in Figure 9 coincide very accurately with each other. 
The isomorphy, as in the case of twin flashes (Part Ill) and doublets, indicates 
a proportional shift of all time constants describing the block response when the 
background level is altered. With the detection model used hitherto the scores 
at the beginning and end of the stimulus are unexpectedly close to each other. 
This is illustrated in Figure 10. The continuous line in the top half of the 
figure is the response to long flashes calculated from the De Lange character
istic. Assuming peak detection (Figure 1), if the "on" peak were at threshold 
level, the negative excursion upon extinction would remain far below the thresh
old level if "d" equals "d_". The probability of detection for "offt1 would be 
much smaller than for "on". (Peak-trough detection would be a better hypothesis 
for this phenomenon but raises difficulties at other points.) 

Another look will be taken at these anomalies in Section 6. In conditions un
der which the dip in the characteristic occurs, we need to refine the definit
ions used hitherto. The sensitivity factor F and the critical duration Tc were 
defined in Part I (equations 5 and 4) respectively by 

F ( 1) 
and 
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FIG. 10. Block responses calculated for subject JAJR with a back
ground level of 1200 td. The responses in the left-hand column were 
found from the De Lange characteristics on the basis of the low-pass 
filter model. The responses in the middle-and right-hand columns are 
based on the band-pass filter modifications C and D described in 
section 6. The duration of the flashes is indicated by the lines at 
the top-left of the figures. From top to bottom the responses to 
flashes of long, optimum and short duration are shown. The flash 
durations in the middle row were chosen so that a second phase of 
the step response,when the flash is switched-on, gave the optimum 
sum along with the first phase of the step response upon extinction. 
All curves are normalised to the maximum deviation of the response. 

It was postulated in this connection that E approached the minimum value E
1 

for long durations ~ . More exact determination of the threshold characterist

ic over a large range of durations, however, shows that the asymptote and the 

minimum value are not always identical and equations 1 and 2 must be revised 
for those conditions. Both the asymptotic threshold value for long durations, 
henceforth indicated by Ea' and the minimum threshold, henceforth symbolised 

by Em' are suitable for characterising the sensitivity and replacing E1 in 
equation 1. Both have advantages and disadvantages, the implications of which 

cannot be foreseen at this stage. Equations 1 and 2 have therefore been pro~ 
visionally replaced by two sets of equations whose usefulness has still to be 

investigated further. The first set has been added to the minimum threshold Em 

and has been given the index m to distinguish it from equations and 2: 



In the double logarithmic characteristic Tern is shown graphically by the point 
of intersection of the horizontal tangent through log ~m and the tangent to the 
threshold arm described by Bloch (see Figure 8, 1200 td). Table 3 shows the 
values of Fm and Tern calculated from these equations. These are only a little 
larger than the values given previously which were calculated using equations 
1 and 2, because the latter were obtained by averaging ~ over a relatively 
short range of durations beyond the minimum ~m· The second set has been added 
to ~a and has been given the index a to distinguish it from equations 1 and 2: 

Fa = 1/e:a ( 5 ) 

( 6) 

Fa and Tea are also included in Table 3 for the purpose of comparison. 
The theoretical model will also have to be refined. As in the case of the 

doublets, the deviation can be interpreted as a consequence of a greater band
pass filter effect than is suggested by the De Lange characteristics on the 
basis of the model (see paragraph 6). 

A tedious consequence with regard to measurement is the large number of ex
perimental points needed to obtain full information from the threshold charact
eristics. Time-saving methods, such as finding the critical duration from the 
thresholds for one short and one long time, have to be used with considerable 
caution. 

Conclusion 

Measurements over a large range of durations reveal an unexpected shape of 
the threshold characteristic for the present stimulus configuration. For both 
low and high background levels with increasing duration, the threshold is found 
to pass through a shallow minimum before the constant final value is attained. 
The previously observed slight tendency for the threshold to increase with 
long durations can be ascribed to this effect. The reduced threshold character
istics on a double logarithmic basis are found to accord extremely well for the 
various background levels. 

The threshold characteristics calculated from the De Lange curves, however, 
do not display the "dip" to which attention was drawn above. 

6. EXCESSIVE BAND-PASS FILTER EFFECT 

6.1 A possible refinement of the model 

Both in the case of doublets and in that of the extended threshold character
istics of single flashes the differences between experimental results and theo
retical expectations are attributable to errors in calculating the relatively 
late parts of the responses. This suggests non•linear processing of the signal, 
as in the case of adaptation, which becomes noticeable with longer duration. 
The modulation depths at the threshold, however, are so small that a clear 
manifestation of these non-essential non-linearities cannot readily be expected. 

It appears more probable that the non-linearity is absorbed in the quasi
linear processing, a process similar to that which takes place with the wolf
spider signals described by DeVoe, to which reference has been made in para
graph 4.2 above. 
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The degree of isomorphy of the threshold characteristics also suggests that 

the later parts of the response can be approximated reasonably linearly at 
threshold amplitude. In the first instance we do not consider that sufficient 
reason exists to abandon the quasi-linear approach and with it the advantages 
of linear analysis. 

With regard to the assumption of the minimum-phase character of the system, 
a comparison of theory and experimental results during flashes of short durat
ion in Parts II and III did not reveal any grounds for abandoning it, although 
it is conceivable that these experiments were not sensitive enough in relation 
to that condition. 

If quasi-linearity and the minimum-phase condition are maintained, however, 
! 

the consequence is that the transfer function based on the De Lange character-
istic must be partly incorrect. The late response parts of the flashes are re
flected in the behaviour of the transfer function at low frequencies. Since a 
more markedly negative phase in the flash response was concluded from the 
threshold characteristics in paragraphs 4.1 and 5.1 than was theoretically expect
ed, the transmission at low frequencies is probably lower than is •expected from 
the De Lange curve and therefore more closely resemblesthat of a band-pass filter. 

In discussing the possible cause of this discrepancy we will adopt a heuristic 
procedure. We will first look for a type of transfer function which makes it pos
sible to explain the experimental results discussed in sections4 and 5. Then 
considering the nature of the deviations from the De Lange characteristic, we 
will try to find a possible cause of these deviations. 

In searching for an adequate transfer function, care was taken to ensure that 
the transmission curve continues to fit the flicker fusion curve at least upward 
from the frequencies associated with the peak of the flicker sensitivity. If the 
attenuation at the low-frequency end of the transmission curve is sufficiently 
low, a dip occurs in the threshold characteristic of rectangular flashes because 
the second phase of the step response upon switch-on is added to the first phase 

of the step at extinction. This point is illustrated in Figure 10. 
With the transfer function used hitherto (Roufs, 1972b, eq. 20) a set of para

meters could be found which gave rise to threshold curves of rectangular flashes 
and doublets which had about the right shape. The theoretical thteshold curves, 
however, did not accord the experimental ones simultaneously with a precision we 
felt to be necessary. Generally speaking the fit can be improved by making the 
low frequency arm steeper. 

The search for a transfer function which matches with equal precision all 
experimental data we obtained so far was found to be laborious. It view of the 
limited accuracy of the experimental data we contented ourselves . ith two funct
ions "around" the best conceivable solution, which has the advantage of giving 
a notion of the consequences of minor variations in the hypothetical low fre
qu.ency arm of the transmission curve. As a constraint we required block dips and 
doublet dips of equal size, and roughly 0.22 logunit. 

Figure 11 shows the flicker fusion curves of subject JAJR of P~rt I, measured 
under the same conditions as the actual threshold curves, for both levels of 
interest. The lines of dashes are the computer fits for the transfer function 
used hitherto. The widely and closely dotted branches belong to the transfer 



functions of respectively eqs A, C, and B, D in Table 4. The associated char
acteristic numbers and the dips in the threshold curves are also listed in 

Table 4. The shape of the pulse and step responses can be seen in the top 
and bottom row of Figure 10. The second phase of the pulse response is in 

both cases even larger than the first. 
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FIG. 11. The amplitude sensitivity for flicker of harmonically modul
ated light as a function of the frequency, showing the results for 
subject JAJR, which were described in Part I, at the 1200 and 1 td 
levels. The lines of dashes are the computer fits of the low-frequency 
branches using the procedure described in Part II. The widely and 
closely dotted lines refer to band-pass filters described in the text. 

The theoretical threshold curves of subject JAJR for the 1200 td level, which 
are calculated from these transfer functions, are plotted in Figure 12. 

It has been shown above that both the threshold characteristics of the doub
lets and those of the single flashes over a large range of durations could be 
explained by a greater attenuation at the low-frequencies than that shown by 
the De Lange curve. The problem now is why the De Lange curve does not reflect 
this transfer function at the low frequencies. 

Perceptually, there is the indication that the attribute whose threshold is 
being determined is different at low frequencies from what it is at high fre
quencies. It was for this reason that doubt was expressed in Part I (Roufs, 
1972b, pp.265-266) as to whether the De Lange characteristic renders the trans
fer function in relation to the same output variable over the entire frequency 
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range. In Part I the subjective phenomena were divided roughly into two class

es: 
a) at low frequencies more or less homogeneous brightness fluctuations are per-

ceived which were referred to as "swell"; 
b) at high frequencies a kind of inhomogeneity over the surface is observed 

which is difficult to describe and was characterised by the term "agitation". 
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FIG. 12. Theoretical threshold curves of filters with band-pass types 
of transmission compared to experimental data from subject JAJR' at 
the 1200 td level. The widely dotted curves belong to transfer funct
ion C of Table 4, the closely dotted to D. The vertical positions of 
the theoretical curves are shifted slightly upwards in order to fit 
them to the experimental values at short durations or intervals. With 
re to the thresholds of rectangular single flashes, the curves in 
the top row of the figure, this shift amounts Q,09 log units for filter 
C and 0.10 l.u. for filter D. With the twin flash thresholds, drawn in 
the middle row, these shifts are resp. 0.13 and 0.14 l.u. 

Finally, with the doublet thresholds, in the bottom row, the shifts 
are respectively 0.13 and 0.17 l.u. The shifts are in fact estimates 
of k, the quantity which is estimated in Table 5 from the experimental 
data in a slightly different way. 
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Table 4 

I 
E eq 9/d g (l 13 doubl. block 

(td) dip dip 
( det.) { det.) 
1. u. l. u. 

1 A 36(0.37+jw72.2 l0- 3 ) 2 (jw27 10-2)9 
0.37 1. 60 1. 3l.f 0.20 

( l+jw13. 8 10 
3 >10

(1+jw72.2 10 ~3 ) 2 ( 1+ j w 2 7 10-2)9 

38(0.37+jw55 10- 3 }2(7.0 -2 10-2)9 
1 B 10 +jw59.9 

0.42 1. 82 1. 36 0.26 
10- 3 ) 10 (1+jw55 -3 2 10-2)9 (l+jW13.8 10 ) (l+jw59.9 

-2 9.6 10- 2 ) 2 (jw9o 10-3)9 
1200 c 10 (0.37+jw2.4 

10-3 ) 10 (1+jw24 10- 3 ) 2 (1+jw90 
0.37 1. 60 1. 36 0.20 

(l+jw4.6 10-3 9 
) 

-2 9 0.1(0.37+jW18.3 10- 3 ) 2 (7.0 
1200 D 10 +jW0.20) 0.42 1. 82 1. 38 0.26 

10- 3 ) 10 (1+jw18.3 10- 3 ) 2 (1+jW0.20)g (l+jw4. 6 

TABLE 4. Transfer functions associated with the dotted curves in Figure 
11 (subject JAJR). Equations A and C belong to the widely dotted curves 
the eqs. B and D to the closely dotted ones. The characteristic numbers 
g, a and B (see 6.2), calculated from them by means of di filter 
simulation, and the theoretical "doublet dip" and "block d " have also 
been added. The doublet and block dip have to be decreased at most with 
0.05 log units for the effect of the increased detection probability in 
the case of two equal responses at large intervals. 

The results for subject HJM are about the same. 

The transition is gradual and situated roughly around 7 Hz. The gradualness 
of the transition can perhaps be demonstrated with a slightly more different
iated account of the subjects' pronouncements: at frequencies lower than 1 Hz 
all our ects the brightness fluctuations as homogeneous and 
simultaneous over entire stimulus surface?. Between imately 1 and 7 
Hz, when the brightness modulation can still be followed time, there is 
gradually increasing uncertainty regarding homogeneity as the frequency in
creases. The first sign of inhomogeneity which we find in the subjects' pro
nouncements is that the brightness variations are larger in the middle of the 
stimulus than at its edges. As the frequency increases, they next report 
brightness variations such that at a certain moment parts of the stimulus are 
darker and simultaneously other parts are lighter than the br ss associat-
ed with the average luminance. The impression received is that of bright and 
dark spots jump about. This finally leads to the difficult-to-describe 
"agitation", wh can no longer be followed in time. Henceforth, for the sake 
of brevity, we will group together under the term "agitation" all phenomena 
which cannot be considered homogeneous brightness variations. The background 
to agitation is still not understood and would have to be investigated more 
closely. 

Let us now assume, by way of refinement of the model used hitherto, that 
with h:nmonic modulation the attrihutes "swell" and "agitation" are to be con
sidered as different output variables of the visual system. Each variable has 
its own threshold. At low frequencies, threshold for swell is lower than for 
agitation. After a certain frequency has been reached the reverse is the case. 

7 
If there is no surround, and the frequency drops below 1 Hz, the difference 
in brightness between the peaks and the troughs gradually replaces deviations 
from the average brightness as a perceptual criterion at threshold. This, 
of course, is not the case if there is an equally bright surround as a refer
ence. In deriving the parameters of the transfer function used hitherto from 
the De LRnge characteristic, no experimental points below 1 Hz were used for 
stimuli without a surround. 

0.?0 

0.26 

0.20 

0.26 
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\lie assume that the crrcctiveness of the signal in the visual pathway to 

generate swell strongly Jiminishes heyonJ a certain frequency so that the 

attenuation of the input signal with respect to the generation of this attri

bute has a low-pass character. We also assume that the attenuation of the in
put signal with respect to the generation of the attribute agitation can be 

Jescribed with a quasi-linear band-pass filter (see Figure 13). 

>. -:~ -·;,;; swell c:: 
3J 
a. 
E 
cu 
g> 

l 
log frequency 

FIG. 13. Schematic representation of how the amplitude sensitivity curves, 
which are derived from the thresholds of harmonically modulated light as in 
Figure 11, could ori nate from the two output variables swell and agita
tion. The lines of dashes represent the imaginary amplitude sensitivity 
function for those variables. The itude sensitivity curve of agitation 
is assumed to describe the transmiss n of a quasi-linear band-pass filter 
expressed in "d" units, which is the value of the deviation of the reference 
level which the response of the band-pass filter has to reach in order to 
be detected, 

With regard to the low-pass filter no further specification is required in 
the ?resent context. 

With regard to the band-pass filter we assume. in order to follow the model 

used hitherto as closely as possible that. in order to generate agitation at 
least the value "d" the amplitude of the attenuated signal has to deviate from 
the reference level somewhere in the information-processing chain. The input
output relations of this variable can be described by a system L(E), of which 
the transmission is given. but for a factor "d". by the flicker fusion 
characteristic with the exception of a part of the low frequency arm. 

In all the flash experiments published in this series, the detection 
criterion was based on agitation. This is not surprising since the time 

functions used for the stimuli contain alarge proportion of high ~requency 

components. In this process the use of agitation as a threshold determining 

attribute is as stated, promoted by circumstances such as high levels, a dark 
field as a constraint. and a diameter of 1°. 



Conversely, the threshold characteristics of flashes might be expected to 
be determined by the cooperating frequency components transmitted by the band
pass filter, so that as long as there is any question of agitation as a thresh

old criterion, the band-pass character is reflected in the flash threshold 
characteristics, 

6.2 Quantitative aspects of the refined model 

s i n g l e £ l a s h e s 

In paragraph 5.2 two sets of definitions were proposed for the sensitivity 
factor and the critical duration. In this paragraph we will determine their 
connection with the system properties discussed in paragraph 6.1. 
The expression for the unit pulse response of the equivalent band-pass filter~ 

in terms of "d" units can, on the basis of the same considerations as for the 
similar equation in Part II (Roufs, 1972b), be written in the form: 

(7) 

where 
'J( 

U0(t) is the pulse response of the equivalent system normalised on the maxi-
mum deviation, which may be in negative direction in case there is a strong 
oscillatory behaviour. 

fh is the cut-off frequency, defined as the frequency at which the trans
mission of the filter at its high-frequency end has dropped to half of the 
maximum; 

s is a sensitivity factor for flicker, defined as the maximum amplitude 

sensitivity in the flicker fusion curve; 

a is a proportionality factor found £rom the response of the equivalent 
system. S is somewhat smaller for the ban~-pass filter than for the low-pass 
filter in the form of the De Lange characteristic, as can be see~ from a 
comparison of the values 1,3- 1.4 in Table 4 with these of 1.7 to 2.2 in 
Part I I, Figure 3. For short flashes having an increment B and a duration ~ 

we have at the threshold, as in eq. 10 in Part II: 
£~max £1 U0/dll = 

after substitution of (7) £ ~ Sfh S = 1 
so that e !\1 = (Sfh S) ~l (8) 
In the same way as in eq. 9, Part II, we write for the unit step: 

def lt 

u (t)/d = s g us (t) (9) 
s 

where 
u*(t) is the step response normalised on the maximum deviation and g 

s 
is a proportionality factor to be determined from the equivalent system. 
g is smaller than the corresponding value in the low-pass filter model, 

namely 0.4 compared with 0.7 - 1.0. The values in Table 4 can be compared 
with those in Figure 3, Part II. 

For a rectangular flash with a long duration the maximum deviation of 
the response is equal to that of the step response. For the threshold 
increment £ 

a 

hence 

!:: 
a 

of a long flash we have: 

max £1U (t)/dll •1 substituting (9) one obtains~ S g = 1 
s a 

£ = ( s g )-1 (10) 
a 
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For a long flash we find by substituting eq.10 in eq. 5: 

F "' 1/r = g S a a 

As reasoned in Part II and III (Roufs, 1972b, 1973), comparing the experimen-
tal findings of and S, S in this expression must still be reduced by a 

factor k to correct for the stochastic advantage resulting from the periodic 

stimulation in determining S. This yields Fa/S = g/k . k has still to be 

determined more exactly but was expected to lie somewhere in the neighbour
hood of 2 (Roufs, 1970, 1972b, 1973). 

If the band-pass character is so pronounced that the static part of the 

response is negligible, F measured by a long flash on the other hand must 

be reduced by a factor j to correct for the probability advantage created 

by the fact that the transient response peak upon extinction is the same 

size as the transient peak at the switch-on, since d~d_. It can be seen from 
the experimental data in paragraph 5.1 that the detection probability of the 
beginning and the end of the flash in fact is about equal. According to a 

calculation in Part III (Roufs, 1973) 

The final expression for the ratio 

F /S = j g I k 
a 

j is estimated at 1.12. • 
of the sensitivity factors !become: 

( 11 ) 

The critical duration, defined by eq. 6, becomes after substitution of (8) 

and (10) and correcting for the stochastic advantage of two transient peaks 
of the long flash: 

T ca = j g /Sfh 
so that fh = j g IS (12) 
(This is approx. 0.3, see table 5) 
At the minimum threshold e: there is cooperation between two phases of the 

m 
step responses as illustrated in figure 11. 

For a flash with an optimum duration ~ the response for an increment e: 
m 

has a maximum deviation which is given by: 

I d I } defe: 
c:max { u~ I g a s 

m 

with a= 1, if max {!u*(t)- u*(t-!il' )j}~1 
s s m 

(13) 

{jUlk(t) lk otherwise a= max - u Ct- f} J 1 J s s m 
a again can be found from the equivalent system (Table 4). 

At treshold the increment e: for the duration f> m is given by: :m 

e:m max {jUf> I dj} 
m 

Hence e:m = 1 /a g S j (14) 

Substitution in eq. 3 yields Fm g a S 
Since Fm is determined bnly by a single response peak, the correction for 
stochastic effects is limited to the factor k for the correction of S. 
The ratio of the sensitivity factors thus becomes: 

Fm I s = g a I k 
The critical duration defined by eq.4 becomes after 
and 13: T f =ga/e 

em h 

( 1 5) 

substitution of eq. 8 

(16) 

(In the present experimental conditions this is approx. 0.5 fur all levels) 



Table 5 shows the relationships between the experimentally determined 

characteristic quantities for the flash thresholds in Table 3 and those for 

the flicker thresholds in Part I, which were found for the same subject 

under the same conditions. The latter, however, were measured a consider
able time previously. From the ratio of the sensitivity factors, 

Fa IS= j g I k (11) and Fm IS= a g I k (15), and the values for g 
and a new estimates for k are found. g And a and therefore k depend on 
the shape of the low-frequency branch of the transmission curve. In Table 
5, k ranges from 1.1 to 1. 5. 

The product of the cut-off frequency and the critical duration can be 

directly compared with the theoretical values according to Tea fh = j g I S 

(12) and Tern fh = g a IS (16), Comparing the experimental and theoretical 
data, the values in Table 5 obtained from the transfer function B or D 

fit slightly better, while in Figure 12 the functions A or C give a some
what better match. In view of the precision of the experiments the 

theoretical values are based on, it does not seem worthwile to look for 
a transfer function "in between" at this moment. 

1 I 
Sub-
ject 

JAJR 

Table 5 

2 3 4 5 6 7 8 9 10 11 12 13 

Level Type log log log log log log log log log log 
E transfer /S gj k T fh j s F /S ga k Tcmfh ga/S 

(td) function ca m 
. 

A ~0.37 O.Of -0.49 -0.2210.03 -0.34 

1 -0.43 -0.40 -0.25 -0.22 

B -0,33 0 .1C -0,46 1-0.07 0,18 -0.20 

c -0.38 0. OE -0,52 ' -0.23 0.05 -0,36 

1200 -0.44 -0.45 -0.28 -0.29 

D -0.33 0.1 -0.471 -0.12 0.16 1-0.26 

TABLE 5. A comparison of experimental relation~hips of characteristic 
values of sensitivity and inertia obtained by flicker and flash 
experiments with theoretical values (see 6,2). The values of the 
7th and the 12th column can be compared directly with those of 
columns 8 and 13. Estimates for k can be found in the columns 6 
and 11 which are obtained by subtracting the values of 4 and 9 from 
those of 5 and 10. The estimates of k are subject to daily variations 
of the sensitivity. Two types of transfer functions have been used 
whose transmission can be found in Figure 11. 
Practical~y the same results were obtained for subject HJM. 

6.3 Discussion of excessive band-pass filter effect 

E f f e c t s o n t h e r e 1 a t i o n s h i p s i n P a r t I 

In Part I it was assumed that the threshold of single flashes decreases 
monotonically to its asymptote at long durations. On this assumption a procedure 
was adopted there to estimate F and T • The question which now arises is how the 

c 
experimental data in Part I have to be interpreted in terms of the above. F and 

m 
can be estimated from these data, although with limited accuracy. Instead of T 

em 
averaging over the long durations one can take the minimum measured value as the 
best experimental estimate for E: • m 
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Averaged over all subjects and all levels the values found then are Fm/S = 0.5 

instead of F/S = 0.4 and fh Tern = 0.57 instead of Tc = o.so. The differences 
are rather small, which is mainly due to the fact that the long-duration 
thresholds over which was averaged in Part I are not too far from the optimal 
duration. Using a transfer function o£ the type D of Table 4 the estimate for 
k drops from 2 to 1.5. 

It is a fortunate circumstance that the theoretical ratio of the sensitivity 
factors and the product of the critical duration and cut-off frequency in the 
band-pass filter model, which are based on the minimum threshold, differ little 
from the same relationships in the low-pass filter model, i.e. that these rel
ationships are insensitive to the exact shape of the low-frequency transmission 
curves. This is of some importance, since such measurements cover a limited 
range of durations and no obvious minimum is found, the threshold obtained by 
averaging must satisfy the stated relationships within the measuring accuracy. 

E f f e c t s o n t h e t w i n - f 1 a s h t h r e s h o 1 f 
c u r v e s i n P a r t III 

I 
! 

The shape of the theoretical twin-flash threshold characteristic$ is not 
affected basically by the change-over to the band-pass refinement. This is 
demonstrated in Figure 12 for both types of band-filter considered here. How
ever there are differences. At particular intervals the theoretical threshold 
is slightly more than twice the value for the shortest intervals. 
This apparent paradox is caused by the compensation of the negative second 
phase of the response from the first flash by the positive first phase of the 
response from the second flash, the first and the third phase being smaller 
than the second. Our experimental curves did not show this inhibition, but it 
might easily have been missed with the intervals chosen and the limited pre
cision. In literature, thresholds for twin flashes which are slightly larger 
than for one flash alone, have occasionally been found by Ikeda (1965, Fig. 2), 
Herrick (1972) and with decremental twins by Schuckman and Orbach (1965). 
Figure 12 shows that the general shape of the theoretical twin characteristic 
matches the experimental ones at large intervals somewhat better than the curves 
based on the complete De Lange characteristic (Fig. 11, dashes), even when the 
latter is corrected for probability summation (Roufs, 1973, Fig. 9). The thresh
old fall after the top which is slightly larger than expected on the basis of 
increased detection probability and the final rise at long intervals (Herrick, 
1972; Roufs, 1973) can be understood with this kind of flash response. 

As a result of changes in S the estimate for k changes also from 2 (Table 2, 
Part III) to 1.5. 

P e r c e p t i o n o f f 1 i c k e r a n d b r i g h t n e s s 
v a r i a t i o n s 

The refinement of the model can, within the imperfection of the fit due to 
the restriction in the choice of the transfer function, explain the threshold 
characteristics in sections 4 and 5 and the other experimental evidence prod
uced so far in this series. The fact that the low-frequency branch of the 
transmission curve is not identical with the De Lange characteristic means a 



loss of simplicity. On the other hand, the isomorphy of the transmission curve 
which follows from that of the flash threshold curves represents a basic sim~ 

plification. An essential point about the refined model is that threshold be
haviour for swell and agitation may depend differently on the stimulus para
meters such as background and diameter. The attribution of the difference in 
threshold behaviour at low and high frequencies to different but not independent 
mechanisms is in the present context the basis of the relative increase of low
frequency attenuation in the De Lange characteristic with increasing background 
level. Different mechanisms governing the low and high frequency flicker sensit
ivity have previously been employed by Kelly (1971a, 1971b) in a model in which 
certain physiological processes are made explicit. 

It is desirable to test the band-pass filter hypothesis concerning the agit
ation attribute experimentally in a direct and independent way. This cannot be 
done by modulating so far above threshold at the low frequencies that agitation 
is introduced on top of brightness variations, since swellwas experienced to mask 
agitation. Another method is to add a subliminal sinus with variable frequency 
to a constant subliminal reference sinus with proper frequency. Exploratory ex
periments, however, have shown that stochastic complications make this method 
extremely laborious if we wish to obtain pronouncements with a reasonable sig
nificance. An intermediate solution is perhaps to replace the reference sinus 
by a subliminal flash which is in fact a minor modification of a method used by 
Boynton, Sturr and Ikeda (1961). 

If there is any point in considering flicker and brightness variations as 
different output variables of the visual system, consequences for other meas
urements like flicker photometry have to be considered. Because of the potent
ial importance a critical testing of this hypothesis against other suitable ex
periments seems to be worthwhile, as is a study of alternative hypotheses. 

Although we realise that caution is necessary in comparing psychophysical 
and electrophysiological data we would like to call attention to the fact that 
the band-pass filter action suggested here and the existence of two systems are 
not entirely alien to ideas based on physiological results. The analogy of a 
band-pass filter effect in an electrophysiological context can be found, for 
example in neurons which react with a kind of switch-on phenomenon as reported 
by Gouras (1969) and Cleland, Dubin and Levick (1971), and others. Slow and fast 
processes were also found by Maffei, Cervetto and Fiorentini (1970) in the 
transmission byganglioncells, which show in some cases a remarkable attenuation 
of low frequencies (Schellart and Spekreijse, 1972). Analysis of human EEGs led 
Spekreijse (1966) to a concept of two systems to explain the results, as did 
Levett (1972) on the basis of the ERG of the frog. 

C o n c 1 u s i o n s 

The deviations of the doublet and block threshold characteristics from the 
behaviour calculated from the De Lange characteristics can in principle be ex
plained simultaneously by a refinement of the model. The most important aspect 
of this refinement is the band-pass filter effect in connection with the agit
ation attribute. The increased complexity of the model is compensated to some 
extent by a simplification of the system properties. The straight-forward 

85 



86· 

theoretical relationships between the characteristic quantities for flicker 
and flashes remain unaffected provided the definitions are slightly adapted. 

A c k n o w 1 e d g e m e n t s 

I am indebted to Messrs J.T.H. Lammers and J.A. Siemons.who participatedin 
the experiments as students of the Technological University of Eindhoven; 
to Mr. H.J. Meulenbrugge who gave valuable technical assistance and acted as 
a subject as well; to Mr. L.F. Willems for his cooperation in programming a 
digital filter simulation; to Dr. H. Bouma and Prof. Dr. J.F. Schouten who 
read the manuscript critically. 

S u m m a r y 

The following were measured: the thresholds of pairs of incremental and de
cremental flashes as a function of their duration, those of doublets as a 
function of the flash interval and those of incremental flashes over a very 

I 

large range of durations. The measurements constitute a coherent tbst of a 
I 

model based on general system properties. The incremental and decremental 
threshold characteristics do not differ significantly, from which it is con
cluded that the excursion of the system responses to the flashes in the 
positive and negative direction must be approximately equally large if the 
flashes are to be detected. The doublet characteristics confirm that the resp
onse to short flashes contains a definite second phase. At low and high levels, 
however, they are practically isomorphous, which represents a deviation from the 
characteristics calculated from the De Lange flicker fusion curves. Measurements 
over a large range of durations show that under certain conditions the thresh
old characteristics of rectangular increments display a minimum and that they 
are remarkably isomorphous at low and high levels. This minimum was also not 
predicted from the De Lange characteristic. 

A refinement of the model introduced in order to explain these results yields 
a transmission curve which differs from the De Lange characteristics in the di
rection of greater attenuation at the very low frequencies and which, on the 
basis of the results referred to above, is also isomorphous for the various 
background levels. 
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DYNAMIC PROPERTIES OF VISION-V 

PERCEPTION LAG AND REACTION TIME IN RELATION TO FLICKER AND FLASH 

THRESHOLDS 

J.A.J. Roufs 

Instituut voor Perceptie Onderzoek! Insulindelaan Z, Eindhoven, the Netherlands. 

1. INTRODUCTION: PERCEPTION LAG AND VISUAL LATENCY 

Very simple, but spectacular demonstration of inertia effects in visual per
ception is the classical experiment with what is known as the "fluttering 
hearts". Little bits of paper, deep red in colour, are glued on to a piece of 
dark blue cardboard. If the cardboard is moved to and fro rhythmically at a 
steady speed at a low level of luminance, the red objects appear to be drifting 
about on the cardboard. They no longer seem to be moving synchronously with the 
background. The name was given to this phenomenon because in the first experim
ents the red objects were heart-shaped. 

Von Helmholtz (1867, p. 383) explained the effect by assuming that the light 
impression does not come about at the same speed for the different colours. The 
blue would lag behind the red in the path described. Szili (1892) investigated 
many colour combinations and discovered that objects which were not coloured 
did the same under given conditions. He realised that intensity is an important 
parameter. Szili found that a grey object on a dark background moved relative 
to the white reference points intended to indicate the position of the back
ground. This wandering was all the clearer as the difference in brightness be
tween object and background was smaller, the background darker, and the ambient 
luminance weaker. Szili concluded that under these conditions there must be a 
great delay on the part of the retina in observing the grey test object. 

In this article measurements carried out by more suitable methods of obtain
ing quantitative data on perception lag are compared. The flash intensity and the 
background intensity are the parameters. From the results it will be found that 
the optimum conditions according to Szili for "fluttering" indeed promote a 
great latency difference between test object and reference object. In addition 
the results will be compared with latency times which are calculated from flicker 
fusion characteristics at the same background level from a simple system
theoretical model, so that Szili's experiences dating back about a century can 
also be made quantitatively acceptable from a more general point of view. 

The concept of latency is clearly defined in a physiological experiment aimed 
at a difference in time between the beginning of a stimulus and the occurrence 
of the first nerve pulse as a reaction to it (in Latin: "latentum", hidden). With 
gradually increasing signals, for instance as in the case of ERGJ it is no 
longer clear at what point of time the first signal was observed. The signal 
leaves the zero line gradually. Often the delay of the "a" or "b" peak compared 
to the beginning of the stimulus is called 1atency which properly speaking is 
wrong nomenclature. There is psychophysical evidence that the brightness sen
sation of a light source switched on also increases gradually to a maximum 
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(Exner, 1868; Hess, 1904; Bills, 1920; Schouten, 1937). Here, however, what is 
precisely understood by latency time is still less clear, because in the major

ity of measuring methods it is not even clear what part of the sensation curve 

determines the measuring result (Roufs, 1963). One has to have recourse to an 
operational definition coupled to the method. If, in accordance with one or 

other psychophysical method, measured times are indicated by the term "visual 

latency", there is often confusion on comparison with properly defined latency 

times of models in some physiological experiments. In order to avoid this we 

shall use for psychophysically obtained times the term "perception lag", a term 
which has fallen into some disuse. 

Two sorts of latency can be distinguished: 

a) A transport time which is independent of the intensity of the stimulus. This 
part is not amenable to direct psychophysical determination, except for an 

estimate of upper limits on the basis of reaction times. 

b) A latency which is intensity-dependent and whose variation can in principle 
be measured psychophysically. 

It is expected that this last has something to do with the inertia of the 
eye, for instance, as manifested in the results of flicker and flash thresholds. 
The primary purpose of the investigations discussed in this article is to make 
an attempt to quantify this relationship. This article belongs to an inter

related series in which relations have already been established between thresh
olds of sinusoidally modulated light, of single incremental and detremental 
flashes, of twin flashes and doublets. The relationships are based on general 

dynamic system characteristics without going into details about the physiologic
al processes fundamental to them. 

In order to promote the conditions for a quantitative comparison the types 

of measurement to be compared are carried out by the same subjects under the 

same conditions. 
First of all a brief survey will be given of usual methods of measuring per

ception lag. Then the techniques chosen will be experimentally compared over a 
wide intensity range. Finally the relationship will be applied to flicker fusion 

results and flash thresholds. 

2. BRIEF SURVEY OF METHODS OF MEASURING PERCEPTION LAG 

For more than a hundred years periodicals of divergent types have published 
research into visual perceptive delay. Since Exner's first article known to us 
(1868) new measuring techniques have been regularly introduced because existing 
ones were not considered adequate or because their use in practice was unsatis
factory. Some of them are rediscoveries of old principles or variants on them, 

Alas, little comparative research into methods has been carried out, so that 
to the extent to which they are in accord with one another or dif is scarcely 
known. Although no detailed analysis can he made on the basis of the set from 
which we have made our choice, it struck us as useful to provide a brief survey 
stating a few characteristics. We restrict ourselves either to the oldest or to 
the ''pacemaking'' sources known to us. The survey is divided into four categories 
based on the perception of A) brightness or contrast, B} movement, C~ simultan
eity or sequence in time and on measurement of D) motoric reactions. 

A) Measurement of brightness or contrast 

Al. Determining the perception lag from measurement of the momentary brightness 
development (Exner, 1868; Bills, 1920) is in principle very fundamental and 
gives the theoretical possibility of dealing with the peak or other part of a 
sensation curve as separate characteristics of perception lag. The methods of 
measuring brightness development (e.g. Exner, 1868; Schouten, 1937} are, however, 



difficult to carry out for this limited requirement and, in addition not fully 
understood. 

A2. In the masking method (Exner, 1868) the sensation of a weak flash disappears 
into that of a subsequent stronger and larger flash. This can be explained by 
attributing a shorter delay to the sensation of the bright flash than to that 
of the weak one, so that the later bright flash masks the weak one. The course 
of the maximum interval for instance for masking the weak stimulus on intensity 
variations of the strong one, gives the variations in the perception lag of the 
strong flash • It must be assumed that the time required for the necessary form 
contrast in perceiving the test flash can be neglected. In practice the measure
ment can be disturbed by changes in the adaptive state resulting from the 
strong flash which has a relatively great influence on the weak flash. The cri
terion is very vague. 

A3. As regards masking, the metacontrast method (Alpern, 1954) represents 
an improvement. Instead of masking the weak stimulus by a strong one in the same 
place, the weak one is inhibited by a contiguous strong flash following shortly 
after it (Metacontrast, Stigler, 1910). 

The course of the interval set, at which the weak flash is just suppressed, 
as a function of the intensity of the bright flash, is considered to be the same 
as that of the latency of the bright one. The propagation speed of inhibition 
has to be assumed constant. Here too the vagueness of the criterion makes 
stringent demands on the measuring procedure, 

B) Perception of movement 

B1. Hess (1904) used two moving strips of light placed vertically one above the 
other, differing in intensity and which moved horizontally at a uniform speed. 
Subjectively a phase difference is seen when the direction of vision is fixated 
if the intensity differs sufficiently. From this phase difference, which for 
instance can be determined by compensation, the difference in lag can be deter
mined as the speed is known. The phenomenon itself has been demonstrated earlier 
by Szili (1892, p. 382) by means of pieces of paper. The method is rather in
flexible and requires good fixation on the part of the subjects. 

B1.1. A variation on this is the rotating strips (Prestrude and Baker, 1968). A 
strip rotates round its end and is observed with one eye. The other eye sees a 
strip rotating at the same speed around the same point, however, at such a dis
tance that with both eyes together the strips connect as if in the extension of 
the same axis. The intensity of the background or that of the strips can be var
ied. Here, too, the latency difference can be determined from the compensated 
phase difference and the rotation speed. 

B1.2. A second variation consists of vertical stri s harmonicall movin to and 
fro (Wilson and Anstis, 1969). These strips move as two dark shadows or light 
strips) in the band-shaped backgrounds differing in brightness and placed di
rectly one above the other. The phase difference to be compensated provides the 
required information. 

B2. In Hazelhoff's localisation method (1923, 1924) a constant movement of the 
eye itself is essential. A horizontally moving dark narrow shadow above a scale 
is fixated. The subject indicates on the scale where he sees a stimulus light
ing up in the shadow. From the difference between real and observed position 
and the speed the perception lag follows. The method is complementary to 
of the moving strips. This method is often described as "absolute" (Hazelho 
1923; Frohlich, 1929; Pieron, 1925; Hironaka, 1950), but here too what one 
measures is in fact tha difference in lag between the image of the stimulus and 
the reference scale moving over the retina. The method is not very flexible and 
sets great demands on following the movement and perception of scale details 
during the movement. 

B2.1. Frohlich (1929) modified Hazelhoff's method by taking a circular movement 
instead of a horizontal one and setting an indicator where the stimulus is per
ceived. Mita et al. (1950) and Hironaka (1950) introduced a number of refine
ments to this; Thelast-named compared the delay of electrical and light stimul
ation by this means. 

B3. Frohlich (1925, 1929) measured the place where, from behind a screen. a 
constantly moving beam of light appears when the edge of the screen is fixated. 
From the quotient of the length of the "dark gap", which as it were, is skipped 
by the strip and the speed of movement should follow the perception lag. This 
method is based on unclear hypotheses which have been subject to considerable 
criticism. 

B4. A physidal p•ndUlum, observed binocularly, appears to be moving in an ellip
tical path perpendicular to the plane of movement when a ·grey filter is held 
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before the eye of the observer. This experiment was designed in 1923 by Pul
frich, himself a monoculus(!}, on the basis of a theory of Fertsch. The im
ages of the pendulum observed at a given moment correspond to a somewhat 
shifted position of the eye compared to that of the other eye resulting from 
the difference in delay. The effect of depth described is assumed to arise from 
the disparate identical image points. The difference in delay between both eyes 
can be calculated from the apparent deviation from the plane of pendular move
ment, speed of the pendulum, the eye basis and distance to the observer. The 
dynamic range is limited, as when the difference in intensity between the eyes 
is too great the stereo impression is spoilt by exceeding the Panum field and 
by disturbing the convergence reflex so that two pendulums are seen to be moving 
more or less independently. Although this method is very demonstrative, it is 
known that the deflection can be affected cerebrally, for instance by placing 
objects in the vicinity or even by verbal suggestion. There is also an extensive 
literature in which the fundamentals of this method are criticised. 

C. Ob•ervation of simultaneity 

C1. With the double flash method the subjective concurrence of two flashes which 
have a different perceptive delay can be made simultaneous by shifting the 
nition moments. This is possible not only for flashes which strike the retina 
at different places (Sweet, 1953) but also if the flashe.s have different intensities 
(Arden and Weale, 1954; Alpern, 1954). In the case of stimuli placed close to
gether the criterion is still more stringent due to an apparent movement in the 
direction of the last stimulus, which was already discovered by Exner (1875) in 
measurements of the smallest perceptible time difference. If the adjustment me
thod is applied, the subjects have to make many attempts and find the continuous 
making of decisions tiring. The spread, however, is found to be relatively low. 

C2. Exner (1875) already used the eye and ear method, further elaborating on a 
technique used by astronomers in which the mutual shift is used to 'set the init
ial moments of the visual and auditory sensations as simultaneous. Smith (1933) 
varied the intensity of the visual stimulus over a wide range. Rutschmann (1966) 
put forward a refinement on the two last-named methods by consistent application 
of the psychometric function on the sequence assessment. In practice it has been 
found that the build-up of a satisfactory criterion and its application over 
longer periods is a difficult task. 

C3. In the comparison of eye and ear, periodical signals can also be used. The 
phase shifts which occur when periodical signals are synchronised with taps 
(Lichtenstein and White, 1961) or by placing periodical clicks subjectively be
tween periodical flashes (May, 1964) have been used as a measure of perception 
lag. 

D. Measuring motoric reactions 

Dl. Reaction to a visual stimulus by pressing a contact key has already been 
used by Exner (1873) and more systematically by Cattell (1886). The variation in 
the reaction time is a measure of the variation in the perception lag, if the 
efferent part of time of the reaction delay does not depend on the intensity of 
the stimulus. That means to say that the time required for the central process
ing and for the motoric reaction should be constant or negligible. 

D2. Instead of a manual reaction, the flutter of the eyelid can also be measured. 
This has already been done by Exner (1874) and more systematically by Bixler et 
al (1967). 

D3. In principle the reaction can also take the form of movements of the eye 
(White and Eason, 1962). 

Comparison of the localisation and reaction time methods has been carried 
out by Hazelhoff and Wiersma (1926). Their conclusion was that towards low in-
tensities, reaction time increases more rapidly than the perception . Vogel-
sang (19~5) compared Fr6hlich's method with reaction times and found over a 
limited intensity range a constant difference between reaction time and percept
ion lag. Roufs (1963) showed the equivalence of the double flash method, the 
eye and ear method and reaction times over about two decades of intensity var
iation at medium intensities. They were selected for their potential suitability 
for measuring over a wide field of intensity, the flexibility with respect to 
the stimulus dimensions and the position on the retina and their suitability for a 
comparative survey under identical conditions. For adequate quantitative analys~ 
is of the relationship between perception lag and the intensity increment it is, 
however, desirable to carry out measurements over a considerably greater inten
sity range. How the results of these methods behave in extreme intensity ranges 
must, however, first be investigated. 



3, APPARATUS AND METHODS 

The measurements of perception lag as a function of the intensity increment 
in accordance with the three selected methods were carried out as follows: 

a) In the double flash method flashes following ahortly after one another are 
presented in two equally large semi-circular fields positioned in horizont~ 
al direction next to one another. In measurements on a dark field two fix
ation li~hts <• 2 1 ) were used in the middle between the stimuli, one above 
the other. The 1ntensity varies in a block-shaped way, The duration of 400 
ms chosen, as regards ease of perception is sufficiently long to give these 
blocks the effect of steps with respect to delay. The initial moments of the 
stimuli have to be shifted with respect to one another in such a way that 
there is subjective concurrence of the stimuli, The instruction was to ig
nore the end of the stimuli. Two subjects checked this systematically by 
looking to see whether they were still satisfied with their adjustment when 
they closed their eyes for a short period before the end of the stimuli. The 
reference flash had a fixed intensity during each experiment and was so 
chosen that comparison with the strongest and weakest stimuli roughly had 
the same degree of difficulty. The flash with the variable intensity is 
shifted in time by the subject by turning a knob whose position cannot be 
recognised either in a tactile or a visual manner. 

By turning the arm of a telephone selector it passes over 100 contacts 
arranged in a circle. Every step shifts the difference in time between two 
stimuli by 2 ms. If the subject is satisfied with the adjustment he has made 
he can, by pressing a button, have the result recorded automatically without 
knowing what the result is. The stimuli are periodically presented with a 
cycle time of 2 seconds, which from the perceptive point of view is not too 
long for comparison with the preceding one and long enough to concentrate 
on the subsequent one. 

The 100 intervals of 2 ms are generated by a cascade counter described in 
part I (Roufs, 1972a). The setting of the switching arm is scanned by means 
of a telephone selector, whose output signals drive an Addo X counting ma
chine, which records the setting. The starting moment of the first of the 
intervals compared to the reference stimulus can be adjusted, 

b) By the eye and ear method the beginning of the sensation of a 400 ms flash 
is made to equal the beginning of a 400 ms-lasting, likewise sharply limited, 
audio signal of 1000 Hz. The equipment is the same as that used for the 
double flashes, but instead of the second flash the electrical signal controls 
a gate which for the period of 400 ms feeds a 1000 Hz signal at a constant 
energy to the headphones of the subject. The cycle duration is likewise 2 
seconds. 

c) With the reaction time method the subject is instructed that when a flash is 
perceived he should react by pressing a morse key. In order to prevent anti
cipation the time between the flashes was varied between 2.2 and 4.2 seconds 
by means of a punched tape reader controlled by a random programme. The stim
uli were presented in series of 5 or 10. After 10 seconds pause a new series 
followed on a warning tone. Longer pauses of about 5 minutes were regularly 
interposed. The time between the beginning of the stimulus and the reaction 
was automatically recorded without the subject knowing the result, If he" 
thought he had reacted wrongly through lack of attention, winking,spontaneous 
premature reactions etc. he could cancel this reaction by pressing a special 
button and this stimulus was presented anew. 

The optics and the equipment for modulating the light are described in detail 
in Part I (Roufs, 1972a). We restrict ourselves to the essentials: the light 
source(s) are depicted on the pupil(s) of the subjects. For each eye there is an 
artificial pupil with a diameter of 2 mmplaced between ocular and cornea which 
is provided with an entoptic guiding system in order to check the centring 
of the pupil(s) for the artificial pupil(s) (Roufs, 1963), Glow modulators were 
used as light sources, except for test subject DM for whom current-driven xenon 
arc lamps were used. 

In the flicker experiments, by presenting background and surrounding through 
different optical channels, only the part that was congruent with the test flash 
when measuring the douole•flash perception lag, was modulated. The average back
ground intensity is equal to the conatant surround intensity. 

The so% flicker threshold is determined either by varying the amplitude of 
the harmonically modulated light by varying the electric control signal by 
means of a dB step attenuator or by varying the frequency of the steep part of 
the De Lange characteristic by fixed modulation depth. The 50% flash thresholds 
are also determined by varying the electrical increments in steps of 1 dB. ,(For 

93 



94 

details see Roufs, 1972a). 
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FIG. 1. The perception T of a test flash with variable intensity 
compared to a constant reference flash defined by the set difference 
of the moments of onset in the case of subjectively concurrent flash
es (double flash method). The flashes vary rectangularly in time and 
last 400 ms. The stimulus configuration and the fixation points are 
indicated in the inset figure. The background is dark. In monocular 
measurements (filled symbols) the left eye is used, in the interocul
ar experiments (open symbols) the reference stimulus is perceived 
with the right eye. The intensity of the reference stimulus is 150 td. 

4. DOUBLE FLASH, EYE AND EAR AND REACTION TIME METHOD QUANTITATIVELY COMPARED 

4.1 Measuring results 

In this paragraph the double flash, the eye and ear and the reaCtion time 
methods are compared over a wider intensity range than in an earlier investigat
ion (Roufs, 1963), in which the methods at medium intensities were found to be 
consistent. As in every method for measuring perception lag these fhree, 

contain assumptions which are hard to verify. That is why this research 
is not only a comparative test of suitability for measurement over a wide 
range of intensities, but also a test of consistency of the resultp, which 

should strengthen cvnfidence. in the methods. i 
In the double flash method the onset moments of two stimuli are shifted so 

far with respect to one another that, subjectively, they start sim~ltaneously. 
Although this method is found a difficult perceptive task, the cri~erion to 
which the subject adjusts is, in view of the results obtained, adequately con~ 
stant for the purpose of obtaining reasonably reproducible measurements. 

In figure 1 monocular and interocular measurements of the subje~t HJM are 
compared. The measurements are carried out in the fovea against a dark back

ground and with a stimulus configuration which is drawn in the inset of figure 
1. The intensity of the left-hand stimulus varied over about S decades. The 
right-hand one had a fixed intensity of 150 td. In the monocular measurements 
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FIG. 2. A comparison of the reaction time, the double flash and the 
eye and ear method, The corresponding time scales to the left of the 
figure have been shifted with respect to one another in such a way 
that the experimental data in the central range coincide as far as 
possible. The symbols appertaining to the method and the foveal stim
ulus configuration are in the inset. The background was dark and the 
absolute threshold E 0 of the flashes, besides the intensity of the 
reference flash in the double flash method are shown in the figure. 

(filled symbols) both stimuli were presented for 400 ms to the left eye. In 

the interocular experiments (open symbols) the reference stimulus was observed 
with the right eye. The marked points are the averages of 15 observations. The 

data points have been determined in a random sequence and with large inter
vals over a period of 5 months. The average standard deviation of the individ

ual settings is only 4 ms. The resulting 2cr limit of the average is about 2 ms. 

From the location of these averages in figure 1 it is found that the spread is 
in fact greater than is calculated from the inter-series spread. Nevertheless 

it is clear that there are no great differences between the interocular and the 
monocular observations. 

Results of a comparison of the three methods, in which the test stimulus is 
always the same and always affects the right eye, are shown in figure 2 for 
subject DM against a dark background. The circles are averages of 15 time set

tings with a reference flash on the other (left) eye. The average standard 

deviation from the individual settings was 4.5 ms. The short vertical lines are 

the 95% confidence intervals on the averages. The triangle~ are the averages 

of 15 time settings in which the onset of the auditive reference signal and the 
onset of the flash were perceived as simultaneous. In this case the average 

standard deviation from the individual settings was 8.9 ms. The vertical lines 

have the same significance as before. The intensity of the test flash could not 
be made as low as in the case of the double flashes because the perception of 

simultaneity with the beginning of the audio signal at the low intensities was 

too difficult. 
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The rectangles are averages of 180 reaction times. All reaction time meas

urements were obtained in one continuous long session. The spread per individ

ual reaction time is relatively great and is clearly greater at the low inten

sities than at the high ones. The lowest measured standard deviation was 14 ms 

and the highest 43 ms per individual reaction times . The average was taken at 
each intensity over a large number of reactiontimes in order to keep the 

standard deviation of the means acceptably low. Spreading the measurements 

over a number of se~sions has a bad effect, as it has been found from a 

statistical analysis of a large number of observations of identical stimuli 

measured over many days, that this type of measurement constitutes a consider
able source of variations between the days.In addition there is a strong 

learning effect from one day to another in the case of untrained subjects. 

To ensure that the 3 sorts of results could be compared, the identical time 

scales had to be shifted with respect to one another. In the time adjustment 

methods the reference stimuli differed and in the reaction method we are faced 

with unknown pure delays and time needed for central and efficient processes. 

The scales are so shifted that the measuring points between 10 and 1000 td are 

fitted on one and the same straight line as well as possible. 

Subjective aspects 

When asked about their simultaneity criterion the subjects said, that in the 
' final adjustment for double flashes they relied on apparent movement. They elim-

inated this movement which the stimulus seemed to be making from where the first 
flash was observed to where the last flash was seen (<p-phenomenon). 

If the eyes are closed halfway through the flash the illusion of movement is 

sustained. Apparently the difference in end times is not essential. If the flash
es are made much shorter then the illusion of movement is much weaker. In the 

end the subject ~ays he reacts to successiveness. 
The eye and ear method is used to compare sensations of two modalities which 

is done with ease by some subjects. Others, however, including the author, were 

not in a position to build up such constant criteria that their da~-to-day 
spread was anything near that of the first group. One expects that successive
ness is the only possible criterion. Yet subjects seem to be able to handle 
criteria other than successiveness. One of the most stable subjects stated that 
he adjusted himself in such a way that "something happened in the middle of his 

head, comparable to the sensation of two absolutely simultaneous auditive sig
nals in a stereo experiment". 

At the low intensities the brightness sensation was experienced! as too dif

fuse for him to be able to adjust to it as concurring with that of the sound. 
At intensities approaching 10 5 td the subjects stated that they experienced 
definite positive and negative after-images. 

As regards the reaction times the subjects made a number of categorical state
ments which may be of significance in interpreting the data. 

At low intensities they were now and then uncertain for sometim.e whether there 

was a stimulus. However, in the case of clearly visible but weak stimuli they 

had the feeling that their fingers were pressing more slowly on the morse key 
than they intended. 



At high intensities, on the other hand, they felt they were pressing rapid

ly as a sort of re£lex over which they had no control. At the same time the 

test leaders stated that the morse key clicked harder the higher the intensity 

the subject was faced with. 

4.2 Discussion of comparison of the measuring methods 

At intensities in the middle range there is a good agreement between the 

three methods, which is consistent with earlier findings (Roufs, 1963). 

At high intensities the double flash and the eye and the ear methods are con

sistent. Both show a deviation from the expected monotonous drop in perception 
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lag whose form is perhaps to be described as "horse tail". This cannot be an effect 
of order of the measurements since they were carried out in a random sequence. 

The phenomenon is also to be found in the measuring results with double flashes 

made by Arden and Weale (1954) for the fovea, but not in their parafoveal re
sults. Elsewhere (Roufs and Meulenbrugge, 1971) we have c9nnected this "horse 

tail" deviation with a disturbance of the adaptive state by the measuring flashes 

themselves. 

In the reaction time, however, the disturbance at these intensities, does not 

show clearly. This is probably a result of a prolonged cycle duration, which is 
in the average 3.3 seconds, this being 1.3 seconds longer than for the other ex

periments. From threshold measurements (RoufsandMeulenbrugge, ibid) it has been 
found namely that at 400 ms flashes of about 105 td the adaptive state at the 

moment of measuring recovers so quickly with increasing cycle duration that with 
an extension of 1.3 seconds the adaptive state is able to recover to a large 

extent. 

On further comparison of theory and experiment we shall, to avoid complicat

ions, not use intensities at which the adaptive state is clearly disturbed. In 

principle this intensity limit could be increased by lengthening the cycle durat

ion, but this lengthens the experiments roughly in proportion, which had to be 

avoided. 
At low intensities, where the lag varies most markedly, there are indicable 

differences between the length of the reaction times and the double flash set

tings. Unfortunately it was found in this range of intensities, as a result of 
the criterion difficulties described in para. 4.1, that the eye and ear method 
could not be used. Although the spread between the averages of the measuring 

series is greater than was expected on the basis of the spread within the ser
ies and the difference between reaction times and double flash settings is not 
very great under these conditions, the difference is at least alarming. This was 

more so because measurements with a second subject, not given here, show the same 

systematic behaviour practically the same conditions. Moreover this is found to 

be more pregnant when the backgrounds are used (see 5). The steeper cour5e 
of the reaction times compared to double flash settings is probably caused by 

time sectors in the reaction process contributing markedly at low intensities, 
the more so the closer the intensity is to the vicinity of the threshold. On 

the basis of subjective experience described in 4.1, it is conceivable, that 
with weak stimuli for instance the time necessary to decide on the presence of 
the stimulus will become relatively great. This has already been suggested by 

Hazelhof (1923, p. 24). Starting from the subjective statements it is also 

possible that the time required for the motoric system with weak stimuli will 
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have a part to play. 

In view of the foregoing it is doubtful whether the intensity dependence of 
reaction times at low intensities can be interpreted in terms of perception lag. 
As this interpretation is widely used in studies of retinal processes we 
shall study the problem more extensively by using the double flash method 

and reaction time measurements in parallel in the subsequent experiments.~. 
In the double flash method no difference was found between monocular and in

terocular results for two other subjects as well. The mutual influence of two 
contiguous stimuli is apparently not yet expressed in this type of measurement, 
even at the great differences in intensity which can occur here. Practically, 
this has the favourable consequence that this type of measurement can continue 
to be carried out monocularly, which is experimentally very much simpler. 
Conclusion 
a) At the medium and high intensities the three methods appeared to be 

consistent. Only at the low flash intensities are differences b.etween the 
reaction time - and the double flash method indicated. 

b) The eye and ear method cannot be used at low intensities. For the rest it is 
consistent with the double flash method. 

c) It is doubtful whether at the low flash intensities the course of the react
ion time reflects that of the perception lag. 

d) Interocular and monocular double flash settings are equivalent in value. 

5. PERCEPTION LAG AND FLICKER SENSITIVITY AT VARIOUS BACKGROUND LEVELS 

5.1 Results with double flashes 

In Part I to IV (Roufs, 1972a, 1972b, 1973, 1974) it has been shown that 
for the description of the dynamic behaviour of signals in the vicinity of the 
threshold, flicker fusion characteristics of harmonically modulated light (De 
Lange characteristics) are an important source of information. 

Although the signals we are dealing with here are no longer in the vicinity 
of the threshold, it is still useful from a given point of view (see 5.3) to 
compare the inertia of the visual system as expressed in perception lag, with 
that characterised by the De Lange characteristics. If we wish to compare them, 
measurements on a background are necessary. A background makes it possible to 
modulate light sinusoidally and affect the inertia by changing the level. 

The measurements are carried out with a stimulus configuration which is use
ful both for measuring perception lag with double flashes, measuring reaction 
times and measuring De Lange characteristics. The stimuli consist of two adja
cent, just overlapping circular fields as shown in the inset of Figure 3. Be
tween the stimuli two red fixation lights are placed. This form of stimulus, 
earlier applied by Scott (1958, 1960) is subjectively pleasant to use with dou
ble flash measurements. 

The left-hand field of the double flashes was the fixed reference stimulus, 
the intensity of the right•hand field was varied in intensity. In order to avoid 
errors resulting from scattered light and eye movements in the case of these 
stimuli fixated at the edges,the background has been chosen somewhat larger than 
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FIG. 3. Perception lag of an incremental rectangular flash with a var~ 

!able intensity 8 of the increment compared to a constant reference flash, 
measured fly the double flash method. Both flashes last for 400 ms. The in
tensity of the increment is expressed in the 50% thresholds of the flashes 
appertaining to the low- and high background levels at which the measure
ments are carried out. The time scales used with both levels are marked as 
such. The inset shows the stimulus configuration. Th~latency scalebelongs 
to the theoretical dashed lines which are calculated from the flicker fus
ion results (see para. 5). 
Top: Results of subject HJM at nackground levels of 0.4 and 460 td. The 

reference stimuli had an intensity of 2 td and 815 td, respectively 
and thresholds of 0.042 td and 5.5 td. 

Below: Results of subject JAJR at levels of 1 td and 1200 td. The reference 
stimuli have an intensity of S td and 1290 td, the thresholds are 
0.082 td and 33 td, respectively. 
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the stimuli themselves. In Figure 3 the results of the double flash measurements 

withtwo subjects have been drawn at two discrete levels. The intensity increment 

e is expressed in the threshold increment e.
4 

of the rectangular 400 ms flashes 

appertaining to the corresponding background level. This 50% threshold is 

measured once. The horizontal line gives the 95% confidence interval in the 
threshold which can be expected on the basis of data from Part I in comparing . 

experiments which are carried out on different days. The perception lag is 

the average of 15 settings. The vertical lines are the 95% confidence intervals 
based on the standard deviation within the series. 

The perception lag, in the variation of the flash intensity at low background 

levels, passes through a clearly larger trajectory than it does at high levels. 

(This difference will be found to be important for testing theoretical consider

ations.) In three of the four cases, at the same intensity of the measuring and 

reference stimuli, the setting for subjective simultaneity deviates from the ob
jective (see the asterisks in Figure 3). 

It is only for the lowest levels, these being the most vulnerable state, that 

the disturbance of the adaptive state is checked by special test flashes. 
Here the left-hand reference flash was left out and the flashes on the right

hand field operated as conditioning flashes. Every sixth conditioning flash was, 
however, replaced by a test flash lasting 400 ms or 10 ms. Small involuntary 

movements of the eye can easily disturb the measurement because in that case the 

edge of the test flash lands on unconditioned parts of the background. For that 

reason the conditioning flashes (1,3°) are somewhat larger than the test flash 

(1°). From these test flashes after an adaptation time of 7 minutes to this cy

cle, the 50% threshold is determined. The method of constant stimuli is used. 
By varyinj the intensity of the conditioning flashes a 400 ms threshold re

flects the course of the sensitivity at 2 seconds after the last conditioning 
flash. 

This is a measure for the adaptive state which the test flash encounters 

in double flash measurements as the result of previous flashes. The critical 

duration which is a measure for the inertia (see Part I) is roughly estimated 
from both thresholds by means of the equation: 

= €(10 ms) 
Tc €(400 ms) (1) 

In Figure 4, the points which are measured in a random sequence, the 
threshold initially increases slowly bnt rapidly from about 10 4 - 10

5 Fechner. 

This goes han~ in hand with a drop in the critical duration. About iS decades 
above the threshold the adaptive state is apparently seriously disturbed. 

If,in order to have something to go by, a threshold increase by a factor of 
2 is taken as a rejection criterion, lag measurements up to about 4 decades 
above the threshold are permissible. 

5.2 Results with reaction times 

The results with the reaction time measurements are given in Figures 5 and 6. 

The significance of the horizontal scale and the horizontal lines is the same as 
in the case of the double flash measurements. Here all the measurements with one 
subject were carried out in one session. At each level the series of 10 trials 
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FIG. 4, Below: The threshold of a test flash last 400 ms as a funct 
ion of the intensity of the conditioning flashes. The intensity of the 
test flashes is expressed in terms of €Q• the threshold intensity if 
there are no conditioning flashes. The 1ntensity of the condition 
flashes is likewise expressed in Eo· In order to avoid the point minus 
infinite,the term +1 is added to the argument of the logarithm. For 
details, see text. 
Above: A rough estimate of the critical duration Tc from the thresh
olds of 400 ms and 10 ms flashes according to equation (1). The inset 
illustrates the stimulus configuration. 

per intensity were carried out in random order. The levels were changed in turn. 

The points drawn in are the averages of 5 repetitions of the whole cycle with 

a total of 50 measurements per point. The vertical lines are the 95% confidence 
intervals of the averages. 

The statements made by subjects were similar to those made in paragraph 4.1. 
They stated that their uncertainty and hesitation at intensities in the vicin
ity of the threshold was greatest when the background level was highest. 

ro 1 
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FIG. 5, Reaction times of subject HJM as a function of the intens 
of the incremental flashes expressed in the threshold intens e~ 
of these flashes lasting 400 ms and pertaining to the backgrqund ~n
tensity which is the parameter. For details see text. 

The dashed lines are theoretical lines calculated from flicker 
fusion curves measured under the same conditions (see para. 5). The 
start point of the pertaining time scale, which is drawn to the 
left o the reaction time scale, has been placed in such a way with 
reference to the reaction time scale that the results over the last 
2.5 decades are optimally covered for both background levels simult
aneously. 

5.3 Results of the flicker fusion measurements 

The right-hand circular field with a diameter of 10 that was used in measur
ing the perception lag as a test field (see Figure 3), is now harmonically 

modulated. In order to keep the conditions equal as much as possible to those 

during the double flash- and reaction time measurements, the left-~and 
test field and the surround of 2.3°, form the surround of the harm~nically 
modulated field. The constant luminance of this is equal to the average 
value of the modulated field that gives a retinal illuminance described as: 

(; = E + e sin 2nft ( 2) 

E is the background intensity, e the modulation amplitude and f the frequency. 
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4 

If e is so large that in 50% of the cases flicker is perceived, then 1/e is the 
so-called amplitude sensitivity. In Figures 7 and 8 this is drawn in for the two 
test subjects as a function of the frequency and at background intensities which 
were also used during measurements of the perception lag. 

5.4 Theoretical relationships 

The relationships between the threshold characteristics for incremental 
single- and twin flashes and for harmonically modulated light found experiment
ally were given a theoretical framework in Part II. This was based on three 
hypothetical general deterministic system characteristics and a stochastic one. 

In Figure 9 the essences of the deterministic characteristics are illustrat
ed by means of a block diagram. The variation in the retinal illuminance on 
modulation of the light is converted linearly into a signal which then passes 
a quasi-:linear system L(E) and is then processed by the rest of the visual 
chain FD. The parameters of L(E) are dependent on the average background level. 
Flickering or flashing stimuli are assumed to be capable of detection only when 
the deflection of the responses compared to the reference level at the output 
of L(E) exceeds the value "d". This implies that the measured amplitude sensit
ivity to flicker as a function of the frequency (a somewhat modified De Lange 
characteristic) is equal to the modulus of the transfer function of L(E), ex
pressed in "d" as a unity. From this we can calculate, on the basis of the 
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FIG. 7. Amplitude sensitivity to flicker as a function of the frequency 
of the harmonically modulated test field for subject HJM (see text), The 
measurements were made under conditions that were comparable as far as 
possible and at the same background levels as the measurement~ of the 
perception lag. The dashed lines are transmission curves acco~ding to 
eq. 21 in Part II (Roufs, 1972) where the parameters were opt~mally ad
apted by means of the computer programme mentioned there. The! insets 
are the step responses, calculated from this, normalised at t~eir max 
imum. 
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FIG. B. As figure 7 but for subject JAJR. 
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FIG. 9. A visualisation of the essences of the mathematical model and 
an illustration of the symbols used. The top half shows in schematic 
form the structure of the visual pathway as described in the text. 
The left-hand column of figures gives the variation of the retinal 
illuminance as an input signal on harmonic, pulse-shaped and stepped 
stimulation. The symbols appertaining to the essential stimulus para
meters are likewise drawn. The right-hand column gives the signals U 
at a strategic point in the visual pathway. The 2 upper figures il
lustrate how, with adequately large variation in the input signals 
the deflection of signal U reaches the critical value d, which, ac
cording to the model, is required so that the subject can detect the 
signal. The lowest of these figures illustrates that the further the 
stimulus is above the threshold, the more the moment of exceeding 
shifts in the direction of the starting moment of the stimulus, so 
that according to the model described in the text the perception lag 
is reduced. 

minimum phase axiom,· the responses of non-periodic time functions like the 
steps relevant to this article. These are also expressed in the unknown para
meter "d", although in calculating the threshold increments at the input which 
is required for experimental testing,"d" is again eliminated (for details see 
Part II). 

As a workjng hypothesis we define the visual latenay as the time which 
transpires between the beginning of the stimulus and the moment that the resp
onse exceeds the value "d". In this case pure delays are left out of consider
ation. In calculating the relationship of flicker and flash thresholds it is 
assumed that L(E) behaves linearly so long as the relevant signals are small 
and of relatively short duration. In the case of visual latency we are dealing 
in general with supra-threshold signals. When the increments are large, account 
must however be taken of a non-linear processing of the stimulus. Fortunately, 
according to the above~mentioned latency hypothesis, only that part of the sig
nal of L(E) is of interest in the calculation of the rise time, whose amplitude 
is less than or equal to "d". The greater the stimulus increment, the shorter 
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the duration of this relevant early part of the response. In the linearity 

hypothesis we now reckon the fact that this early part remains isomorphous 

even at high stimulus intensities with that of the responses in the vicinity of 

the threshold, that is to say that the response amplitudes are in ratio with 

the stimulus increments. In other words, we assume that in the case of the sig

nals relevant to latency, the non-linear phenomena (adaptation) have not had 

sufficient time to become manifest when the limiting value "d" is reached. 

If Us(t) is the unit step response of L(E), the visual latency tL is given 
implicitly by: 

or: ( 3) 

£ • 1 
d 

"d" is unknown nor do we need to know it, because the step responsej calculated 

from the flicker fusion curves is automatically expressed in "d" units. 
The maximum latency at a given background intensity is the delay of the peak 

of the step response and is thus found at the threshold increment. :On comparing 

the latency-intensity relationship of stimuli at differing backgroJnd levels or 
otherwise differing configurations this is one of the reasons why it is useful 

to select the threshold increment as an intensity unit. According tl:o the model 
the threshold increment Ea is given by: 

e: a max . { Us~ t ) . } = 1 ( 4) 

Dividing 3 by 4 gives 

( 5) 

I 

in which Ux(t) is the step response normalised at its maximum which, as it 
s 

were, represents the form of the response at the relevant background level. 

A step with an intensity increment e: has as response: 

u (t) 
s 

£--d- ( 6 ) 

On altering the level E the shape of UK(t) does indeed change, yet the max-
s 

imum remains equal to 1 by definition. The maximum of the step response, there-
fore, so long as the signal processing is linear, is equal to the ratio of in

crement to threshold increment. Although at large increments, non-linear pro
cesses tend to dominate, steps at various levels can be defined as steps which, 
expressed in threshold units, are the same size. (This is a second reason for 

selecting the threshold as a unit). 

From 5 it follows that: 

£ 
a 

£ 

As between the starting point and the maximum of Ux(t): 
s 

d ult 
d ~ (t) f 0 (for instance see Figure 7) 

( 7) 

( 8 ) 



The explicit expression for t 1 is given by the inverse function: 

t L 

-1 def 
= u)t (<: /£) -=::- (<:/£ ) 

s a a (9) 

Expressed in words: a normalised step response for a given background level 

and the intensity expressed in threshold units determine the latency. 
The theoretical values of the normalised step response Ux(t) and the 

s 
threshold £a can be determined from the flicker fusion curves in different ways. 
As in Part II, we decided to take an equivalent minimum phase system consisting 

of lumped network elements in calculating the response. The transmission 

of the equivalent system used here, whose transfer function is to be found in 
the appendix is shown in Figures 7 and 8 by the dashed lines. 

The procedure was briefly as follows: the parameters of tne transfer function 
are adapted in such a way by means of a minimalising programme discussed in Part 
II, that the modulus describes the flicker fusion curves (see appendix eq. 14 
and 15). The parameters found are then used to determine the step response (see 
appendix eq.16). 

After some processing, the latency t 1 expressed in eq. (9) follows. 

In the double flash experiments the perception lag is measured and compared 
to a reference stimulus. As the latency of the reference stimulus is unknown, 

on comparison of theory and experiment in Figure 3 the starting point of the 
vertical scale of the experiments pertaining to each of the background levels 
is so adapted that the theoretical curves pass through it as well as possible. 

The points of more than 4 decades above the threshold are then not considered 
in the rejection criterion stated in 5.1 (dotted crosses). The horizontal scale 
is laid down by the flash intensity and the independently measured threshold. 

In the reaction time experiments the time needed for central processing, 

motoric action, signal transport etc. is not known. The zero of the theoretical 
scale is shifted with respect to the theoretical one in order to get the best 
possible fit at the last 2.5 decades (see 5.5). 

On the basis of results with experiments sensitive to the course of the am
plitude at relatively late parts of the responses a refinement of the model is 

suggested in Part IV. Under our experimental conditions there is, in the vicin-

ity of the threshold, a close relationship between the perceptive attribute that 
is typical for flicker of roughly 10 Hz,and the attribute accompanying the 

switch-on phenomena at rapidly changing non-periodical stimuli. This attribute 
is called "agitation". It was found that the threshold characteristics published 

there can be better explained when the transmission at low frequencies with re
spect to the signals which generate agitation is lower than can be interpreted 

from the flicker fusion curves. This apparent paradox, which can be explained 

when one assumes that the change in the perceptive criterion encountered when 
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the flicker threshold is measured at low frequencies, goes hand in hand with the 

change over to another basic variable of the visual system. This variable associat
ed with the brigtness sensation called "swell" is thought to have a lower 
threshold than agitation at low frequencies, whereas at high frequencies the 

opposite is the case. In Figure 8 the dotted curves are attenuation curves "D" 
of Part IV which can better explain the experiments in that part under the given 
axioms. The latency curves calculated herefrom are shown in dotted form in Fig-
ure 3. 
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Instead of the threshold increment the slightly different threshold for 

the actual flash of 400 ms is used in the calculations. On the basis of conclus

ions from Part IV, account has also been taken of the fact that a negative dev
iation from the response which is at least as great as "d", likewise leads to 
detection of. the flash. which was one of the conclusions of Part IV. The differ

ence between the two theoretical curves in the range of the experimental pointsis 
so slight that there is no reason for using the refined model. In other words: 

the latency calculated according to this model is insensitive to the form of the 
low-frequencybranch of the transfer function. For these reasons we shall continue 
to use the simpler concept of Part II, which has also the advantage of being in

dependent of these refinements. 
In calculating the latency, no attention has as yet been paid to the sto-

chastic aspects of the signal processing. If it is assumed that the variability 
in the threshold and in the latency is a result of stochastic variations of "d" 

it can be shown that the theoretical curves are practically not changed by it. 
A detailed analysis cannot be given within this framework. We restrict ourselves 
to naming the most important effects. In the case of periodical stimuli such as 

a sine in the case of flicker fusion measurements, the chance of observations 
as a result of the repetition at a given value of the maximum deviation of the 

signal is greater than in the case of a non-periodic flash response with the same 
maximum deviation. In calculating flash thresholds from flicker fusion charact
eristics corrections must be made for this. When calculating the latency as a 

function of the intensity it is found that a correction is also ~ecessary unless 
the intensity is expressed in the threshold increment calculated from the same 
flicker fusion curve, as has been done here. A second consequence is the in
crease of the random variation of t

1 
at decreasing intensity and a certain bias 

in the expected value, which, however becomes importantonly at theverv near vi
cinity of the threshold. 

R e d u c t i o n o f 1 a t e n c y c u r v e s 

Threshold characteristics of flashes of variable duration at different back

ground levels can be made to coincide by reduction of the variables. This can be 
done, for instance by dividing the duration by the critical duration, which is a 
yardstick for the inertia, and the intensity by the threshold for long flashes 
whose reciprocal characterises the sensitivity (Part I and IV). Thus, when at a 
certain background level the characteristic values for sensitivity and inertia 
are known, the threshold curve can be drawn once one such curve at any level is 
known, provided the system we are dealing with does not change essentially. 

In the case of flicker fusion curve this is done by dividing the amplitude 
sensitivity by the sensitivity factor S, defined as the maximum amplitude 
sensitivity. The frequency can be divided by the cut-off frequency , defined 
as that frequency at which, in passing the peak of the amplitude sensitivity, 
has dropped to half the value. It has been shown (Part I, Figure 4) that the 
curves coincide to a reasonable extent except at the lower frequencies. 



Can we do something simular with latency curves? In fact, there has already 
been a reduction with respect to sensitivity by expressing the intensity of the 
flashes in their thresholds as units. 

As the behaviour of the flicker fusion curves at the high frequencies 
corresponds to early response parts in time which determine latency, one expects 
a close relation of the latter with £~ 1 the yardstick for inertia in the case 

of flicker. 
In close approximation, latency is given by 

-1 
t 1 = fh R (log 8/ea) (10) 

R is a dimensionless function having the log of the intensity in Fechners as an 

argument. 
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In Figure 10 this is demonstrated for latency curves calculated from the 
flicker fusion curves of subject RK (see Part II, Figure 2). The background level 
E is the parameter. Perpendicular to the plane of drawing the values of 1

• The 
smalle circles are the points where the lines pass through the vertical planes 
appertaining to the various values of E. Their position as to be compared with 
the curved lines, representing the latency calculated from eq. 9. 

rn Figure 11 the functions R averaged over all levels E obtained from 4 sub
jects tested under the same sonditions. The differences between the curves reflect 
individual differences in the flicker fusion curves. 

5.5 Discussion of the experimental and theoretical results 

The working hypothesis assumes that the latency is equal to the time which 
the amplitude of the signal generated by the stimulus requires to reach a given 
threshold value "d". This "rise time" model in which the latency is calculated 
from the flicker fusion curves, is a logical consequence of the calculation of 
the relationships between flicker- and flash thresholds. On the basis of the 
same model good agreement was found between experiment and theory on flicker
and flash threshold. 

Over the intensity range that has been accepted with respect to the disturb
ance of adaptation resulting from measuring flashes, the results of the double 
flash measurements agree reasonably with the rise time model within the limits 
of experimental error. However, it must be recalled that in these graphs the 
zero of the time scale appertaining to the experiments at each level has to be 
shifted to that appertaining to theory in order to fit the experimental points. 

In the reaction times the scales must also be shifted, but in that case the 
demand is more stringent as the fitting must take place simultaneously at 
both levels. In the vicinity of the threshold the reaction times, however, are 
much steeper than the double flash results and the theoretical curves. This 
confirms Hazelhoff and Wiersma's finding (1925) that the difference between 
reaction time and perception lag is greater in weak stimuli than in strong 
ones. If one only takes into account points which are about 2 decades above the 
threshold, the time scale can be shifted such that both the course and the dis
tance between the curves are in good agreement with theory. The increasing dis-
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tance in the direction of the threshold between reaction time and latency 

strengthens the suspicion expressed on subjective grounds that extra contrib

ution to the reaction time above the stated rise time will play a role in weak 

stimuli. These can be decision times and delays in the motoric system which may 

become important near the threshold, as suspected earlier by Hazelhoff (1923) 

and Pieron (1922). It might mean that at low intensities in particular one 

should be careful in interpreting reaction times in terms of peripheral visual 

processes, even when the intensities are expressed in threshold units (for in
stance see Pieron 1922, Raines 1963). 

A fundamental result of the theoretical calculation is that the drop in the 

latency course becomes smaller at higher background levels. The result obtained 

could be put into the following words: the eye is lazy when there is a dark 

background. The internal signal resulting from an intensity step rises slowly to 

the value required to pass over the threshold. At a greater intensity step the 

amplitude of the said signal is proportionally greater and reaches the threshold 

earlier (Figure 9). When the background is bright the step response rises to its 

maximum more quickly. The steeper the flank the slighter the effect of an am
plitude increase with respect to the time difference between the beginning of 

the stimulus and the moment at which the step response reaches the value "d". 

The result is that the total margin in the perception lag at a high background 

is smaller. 
This explains the practical independence of the level of the reaction time 

of stimuli with a high intensity and wide margin at low flash intensity, as for 

instance was found by Bartlett and MacLeod (1954). 

The position of the theoretical scale compared to the reaction time scale 

gives what Galifret and Pieron (1949) called: "la phase irreducible", which 
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they estimated to be 150 ms. In the present context this irreducible part is 

found to be 160 ms. According to Bartlett (1963) and Vaughan, Costa and Gilden 

(1966) SO ms passes independently of intensity between the onset of the potential 

action of the muscle and the closure of the contact of the morse key. We our

selves found a practical intensity-independent time difference of about 40 ms
1

. 

This leaves about 120 ms for transmission times and for central visual and 

motor processes. 

Szili's experiences about the most favourable conditions for the wandering of 

the test object, as described in the introduction, are also consistent with the 
experimental data in this study and fit into the actual theoretical framework. 
Since a dark paper and a low ambient lighting provides a dark background and a 

grey test object with low contrast is a weak increment when the paper is moved, 

the difference in latency of the grey object and the white reference objects is 

indeed large. 

1 With the kind cooperation of Messrs. W.G. Koster, R. van Schuur and J. Vreden
oregt. 
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Although this article shows a fair agreement between the experimental results 
and the theory, there are some unsatisfactory elements. As of the two methods 

of comparison chosen by us, unfortunately only one has been found suitable for 

measurements at low flash intensities, we do not know whether the use of other 

criteria with other comparison methods would lead to the same result. In other 

words, we do not know whether the agreement is not largely attributable to the 

method that one happens to be using. For instance, since apparent movement 

appeared to be a criterion in the double flash method, it is conceivable that at 

low intensities the course is determined by mechanisms which detect this movement. 

In that case, however, there might also be a close connection with the De Lange 
characteristics (see Foster, 1971). 

Also, at first sight, it is not obvious that the first time a given value is 

exceeded by the signal generated by the stimulus would determine the time lag in 

perception. One could easily imagine that the maximum of the brig~tness sensation 
would do this. Alpern (1968) defined the latency as manifested in the Pulfrich 
effect as the time required to reach the maximum of the pulse resp~nse. To calculate 

the pulse response he used the Fuortes - Hodgkin (1964) model for • crab's eye 

(Limulus). The parameters of this model consisting of an uncoupled, integrating 
RC sections were adapted by him to latency differences measured with the Pulfrich -
Fertsch effect of a dark pendulum against a bright background. In his case the 

dark pendulum works as a decremental flash with a variable background intensity. 
As the peak of the response within a linear system the delay of the response peak 

does not shift with the stimulus intensity. The response peak cannot therefore 

used as a alternative model to explain the de1ay in the actual maesurements 
within restrictions of quasi-linearity. Only a shift of the peak by one or other 
non-linear mechanism could then be considered. 

In 5.4 it was found suitable to express the flash intensity in the threshold 

of a long flash. Pieron (1922, 1925), Bartlett and MacLeod (1954) among others, 
already used the threshold as a unit. Pieron called this the Physiological unit. 

A subsequent step would be to express the latency in a time characteristic for 

the inertia such as the critical duration or the reciprocal of the cut-off 
frequency. According to eq. 10 this leads to the demensionless reduced latency R. 

In the literature many empirical relations are to be found whic~ are meant to 
describe the course of the visual latency at high intensity variat~ons. For in

stance, see Exner (1868), Cattell (1886), Pieron (1914, 1922, 1925i), Frohlich 

(1929), Liang and Pieron (1942, 1943), Bartlett and MacLeod (1954), Wilson and 

Anstiss (1969). Most of these formulae are similar in structure either to the 
2 equivalent equations given by Pieron (in 1922) for the description of the 

experimental results: 

( 11) 

and 

(12) 

or to Bartlett and MacLeod Is formula ( 19 54) 

( 1 3) 
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Here I is the intensity of the flash and I is its threshold value, a, b, n 
0 

and k are free parameters which must be adapted and are dependent on the exper-

imental conditions. The formula used by Roufs (1963) has a simpler structure 
but was only intended to enable a quantitative comparison of methods by linear 
regression to be made in a limited intensity area and can certainly not describe 
the results over a wide intensity area. 

It could be asked whether there is any significance in describing empirically 
what is obviously the complicated course of the latency over a wide intensity 
field by means of elementary functions. The number of free parameters that would 
be necessary makes thisunattractive and it is a reason why a number of formulae 
describes the results just as good. Instead of extending the set of formulae 
we prefer for the moment to use the reduced latency curve in Fig. 11 in connection 
with the said characteristic values. 

S u m m a r y 

In order to relate perception lag to flicker thresholds, both were measured 
by the same subjects under the same conditions. 

In a preliminary series of experiments, perception lag obtained by the three 
methods, double flash, eye and ear, and reaction time, were compared for foveal 
flashes at a dark background. The course of perceptive delay was measured as a 
function of the intensity of long flashes over a large intensity range. 

At medium intensities the results of the three methods agree. At low intens
ities, decreasing the intensity towards the threshold increases reaction time 
progressively faster than double-flash settings in the first decade above the 
threshold. The eye-and-ear method was not found feasible in this range. At high 
intensities the methods cannot be proved to give different results but the 
intensities are limited by disturbance of the adaptive state caused by the test 
flashes themselves. 

In a second series of experiments, reaction times and double-flash settings 
at a low ind a high background level were compared. The flicker fusion 
characteristics of the same stimuli were determined by modulating them 
harmonically. 

The change of perception lag at the low background level was considerably 
greater than that at the high level on varying the flash intensity over a 
comparable range. The difference between the results of the two methods near the 
threshold is even more obvious with a background. 

Visual latency and flicker thresholds have been related on the basis of three 
hypothetical general system properties. The course of perception lag obtained by 
double-flash settings is in agreement with that calculated from the flicker fusion 
curve. Latency curves at different background levels can be found from a 
generalised function and two parameters which are characteristic for sensitivity 
and inertia and which can be found either from flicker of flash thresholds. 

I i 
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A p p e n d i x 

The transfer function of the minimum phase system used to calculate latency 
(eq. 20, Part II) is expressed in "d"-units: 

(14) 

The parameters C, Gd, Ti and Td are obtained by a minimization programme, 
developed by Lootsma (1970), in fitting to the flicker fusion curve the 

transmission: 

C (G~+ w 2 T~) 

(1 +w 2Ti )
5 

(1 + w 2 T~) 
( 1 5) 

d 

The results are shown in lines of dashes in Figs. 7 and 8.(The band-pass 
I 

modification can be found in Part IV). 
Latency is calculated by eq. 9 from the step response 

us (t) 
-d-= H ( t) CG ~ [ { 1 -

9 
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0 
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t > 0 

0 (t) 
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_ e-t/Tii2.(t)n} 
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( 1 7) 
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DYNAMIC PROPERTIES OF VISION - VI STOCHASTIC THRESHOLD FLUCTUATIONS AND THEIR 
EFFECT ON FLASH-TO•FLICKER SENSITIVITY RATIO 

J.A.J. Roufs 

Instituut voor Perceptie Onder;oek1
, Insulindelaan 2, Eindhoven, the Netherlands 

1. INTRODUCTION 

Detection thresholds of a suitably chosen intensity modulation are an accept

ed mean of analysing the temporal information processing of the visual system. 
When one attempts to explain the results with a deterministic model corrections 

usually have to be made, however, with respect to stochastic aspects. Indeed, 
the modulation amplitude required to detect the signal is a stochastic variable. 

It is sometimes possible to correct the theoretical threshold relatively 
simply for the change in detection probability. This, for instance, is the case 
when modulating in the form of a train with n identical flashes at such large 
intervals that they do not affect each others chance of detection. If the thresh
old of the train is defined as the intensity increment of the flashes at which 
the chance of detection of the train is SO%, this threshold drops by increasing 
the number of flashes. In fact the chance that the detection of one or more of 

the flashes betrays the presence of the train increases by n so that the intens
ity increment must be lowered to reduce it to SO% again. 

Lowering the threshold with respect to a single flash can be calculated as a 
function of the number of flashes per train if the psychometric function or the 
stochastic parameters of the single flash are known {which is not always suf

ficiently the case). 
The shape of the psychometric function depends in general on the background 

level and flash duration. But it is found from the experiments to ~e described 
below that the relative drop in the threshold by an increasing number of flash
es per train is independent of these parameters. 

As will be shown later on this can be explained by invariance of the ratio 
of the standard deviation of the probability density function, which is the de
rivative of the psychometric function, and of the 50% threshold itself. 

Blackwell (1963) encountered a high degree of constancy in this ratio in 
his study of psychometric functions of incremental visual stimuli under various 
conditions. At an earlier date Crozier (1935, 1935/36, 1950/51) drew attention 
to the slight variations in the ratio o£ the threshold spread and the threshold 
itself which is closely connected with the said constant ratio (se~ paragraph 

3. 1 ) . 

In this article the findings of Crozier and Blackwell will be confirmed and 
this complicated property ~ill be reduced by means of a model suggest~d in this 
series, to a simple system property. The threshold reduction we are dealing with 
is often described as "probability summation", a somewhat confusing term as has 
already been remarked by Pirenne (1967). "Probability summation" also has a role 

1 The Institute for Perception Research 



to play if the stimuli follow one another so closely that their chances of de

tection do affect one another. It complicates calculations based on determinis
tic system properties (Blackwell, 1963; I.keda, 1965; Roufs, 1973 and others). 

An additional difficulty is to be found in the possible influence which the 
time-axis structure of the noise will exert on stimuli following one another in 

rapid succession (see Roufs, 1973). 
"Probability summation" as such has already been studied (for instance Bou

man and Van den Brink, 1952; Brindley, 1963). There are,however, few experim
ental data on the extent to which the threshold is lowered when stimuli are 
often repeated within an observation period or are themselves periodic. This 
last is, among other things, relevant to harmonically modulated light whose 
flicker threshold is measured. In paragraph 4, experimental results with these 
stimuli will be given. 

From experiments discussed in Parts I and IV (Roufs, 1972a, 1974) it was 
found that the flash sensitivity divided by the flicker sensitivity over about 
5 decades of background intensity is practically constant and is about 0.5. 
Theoretically too, this was estimated on deterministic grounds as 0.7 to 0.8, 
independent of the background level (Roufs, 1972b, 1973). This would signify 
that the stochastic assessment of the flicker- above the flash sensitivity is 
the same for all levels and is roughly a factor of 1.5. It will be shown below 
that this can be made acceptable on the basis of the constant Crozier quotient. 

119 

To turn now from stochastic system properties, measured with single flashes, 
to the effect of this on flicker thresholds, is however too great a step to be 
done in one go. Therefore we shall first see whether the results of experiment
ally determined threshold reductions in trains with a variable number of flashes 
can be forecast from the results with single flashes with any degree of reliabil
ity. Then experiments with gated sinuses will be dealt with and the transition 
from flash detection to flicker threshold will be made. 

2. APPARATUS AND PROCEDURE 

2.1 Apparatus 

The stimulus was a centrally fixated, circular field with a diameter of 1°. 
It was seen in Maxwellian view through an artificial pupil with a diameter of 2 
mm provided with an entoptic guiding system to check the centring of the nunilof 
the eye (Roufs, 1963). As for the rest of the experiments published in this series 

the surround is dark. All stimulus patterns were obtained by electric control of 
a glow modulator around an optimally selected fixed working point, selected with 
a view to linearity, colour and life duration. The colour was practically white 
(somewhat rosy). The linearity was improved with the aid of a correction network. 
The calibration and linearity were checked at every session using a photomulti
plier cell properly corrected with respect to spectral sensitivity. The amplitude 
of the modulated light signal could be quickly adjusted using a dB step atten
uator. In order to keep the working point constant the background intensity was 
controlled by means of neutral filters. Only in the case of flashes on a dark 
background was the glow modulator driven from zero. In order to ensure in that case 
that the proper colour was retained, strong flashes had to be generated which 
were attenuated by means of neutral filters. 
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FIG. 1. A flash train and a gated sinus as an illustration of the 
stimuli used. 

The electric generators which supplied the signals for the desired stimulus 

patterns were built in this laboratory. The flash trains were obtained with a 
pulse generator which, on every start command, supplies a series df identical 

right angled pulses, whose number, duration and interval length can be adjusted. 
A pulse preceding the train and a pulse at the end controlled a generator for an 
acoustic signal which marks the beginning and end of the inspection period. For 

stimulating with a variable number of sinus periods a function generator is used 
which starts on a command pulse with a phase, frequency and number of periods 
which can be adjusted. Tr&nsient phenomena are avoided by combining a favourable 
switch-on phase with a "creeping" enveloping one. For this purpose the signal of 

the function generator is controlled by an electric gate whose gain can be var
ied according to the desired "smooth" envelope (see Fig. 1). 

2.2 Procedure 

Depending on the background level, dark adaptation was applied for a period 

of between 10 to 45 minutes, after which the subjects adapted for 10 minutes to 
the level of the stimulus concerned. All measurements were carried out during 
one session with one background level. 

All the thresholds were determined by the constant stimuli method. When single 

flashes were used the test subject was given an acoustic warning signal about 0.5 
sec before each stimulus, after which he pressed a morse key when he perceived the 
flash. At a given duration of intensity the perceived fraction of 10 successive 
and identical stimuli was established. About 15 seconds later 10 stimuli at a 
different intensity were presented, etc., in all an average of 13 times. The in
tensities are changed in random order. From this a psychometric curve was compiled. 

After a pause the measurements were repeated with a different dur;ation, which 

was again chosen in random order. Only in the case of subject JAJR were 

intensity and duration changed in random order simultaneously. No blanks were 
used. In orienting tests it was found, namely that in this type of dynamic 



measurement the number of times that subjects reacted positively when a fictit

ious stimulus was presented was in the order of a few per thousand. This is in 

agreement with data from the literature for comparable conditions (for instance 
see Bouman, 1949; Marriot, 1963; Barlow, 1956, page 638; Crozier, 1950/51, page 
90). This percentage is so low that there was no point in including blanks in 
the measurements here reported on. 

In the case of the flash trains the instruction for the subjects was to re
act if anything at all of the train was perceived. When the subject reported 
during the inspection period that he had blinked or moved his eyes the present
ation was repeated. 

As effects are so slight that the drift of the sensitivity during one session 
is important, it was necessary to work with intensively randomised blocks. That 
is to say a train of flashes was presented 10 times at a suitably chosen intens
ity. Of these 10 trains the perceived fraction was determined. Then both the 
parameter n was changed and the perceived fraction was established at another 
intensity, etc. After the cycle of all the numbers of flashes chosen a priori 
per train were gone through, there followed a new cycle in another sequence and 
at other intensities, etc. _On an average per session, and thus per background 
level, 565 trials were necessary. 

The measurements with gated sinusoids were carried out in the same 
way. Instead of the number of flashes the number of periods were varied. Only 
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wiih the last series of experiments (see paragraph 4.2) the instruction was 
changed. The subjects were asked to react only when they thought it really flick
ered. Of the subjects,HJM and JAJR were experienced in this type of experiment, 
JV was completely inexperienced. 

3. SINGLE FLASHES 

3.1 Experimental results, the Crozier quotient 

The main aim of the paragraph is to determine the Crozier quotient cr/e
1

• Here 
e

1 
is the intensity increment of a rectangular single flash which is detected 

in 50% of the cases. The symbol o stands for the standard deviation of the prob-
ability density function which is the 

If the last can be approximated by 
ation with cr is given by: 

1 
= cr7"27f p(e::) 

0 

derivative of the psychometric function. 
a cumulative normal distribution the rel-

.( . ) 2 X-€1 
~(j2 . 

dx (1) 

The quotient cr/e::
1 

is needed to calculate the threshold reduction resulting 
from the increased probability of detection on repitition of identical stimuli 
and in calculating the spread in the 50% thresholds of single flashes. In this 
paragraph the postulated numbers whichwere given in paragraphs 4.2 and 4.4 of 
Part I are~justified (Roufs, 1972a). 

The Crozier quotient ~/ is easily confused with the coefficient of variat
ion s(e

1
)/e

1 
in which s( l is the standard deviation of the sample of the 50% 

threshold tor which reason we have given it a separate name. 



The Croz r quotient is directly determined from the slope of the psycho

metric function drawn through the detected fractions as a function of the at

tenuation of the intensity in JH (for this purpose eq. 33 from Appendix A is 
used). This determination is relatively insensitive to the nature of the dis

tribution, provided the Crozier quotient is not too large (see Appendix A). 
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FIG. 2. The Crozier quotient cr/e 1 as a function of the reduced flash 
duration -&/T c and the reduced background intensity ( l+io). Eo is the 
minimum absolute threshold. Tc are the critical du~at18ns of Part I. 
For comparison the Weber fraction El is drawn on a 10 times larger 
scale. E 
Equivalent symbols refer to the same background level. 

In addition it is easy to determine graphically, as the curve for the 

distributions governing the chance has a practical linear course between about 
25 and 75%. 

In practice this method was found to work considerably faster than fitting 
by using weighted least squares, even when a computer was used off-line for the 
actual calculation work. The results of both methods as a matter of fact agree 
fairly well as is demonstrated in Appendix B for some cases. 

In Figure Za the estimated values of cr/E 1 of test subject HJM are plotted 
as a function of the reduced flash duration-&/Tc. 
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FIG. 3. The Crozier quotient 0/€1 as a function of the reduced back-
ground inten (l+E/E0 ). The results obtained from the three sub-
jects are averaged over all flash durations. 

Division of tl1e flash duration & by the critical duration Tc at the level con
cerned gives, as shown in the previous parts, better agreement of comparable 
states along the time axis. The values of Tc are taken from Part I. From the 
figure it is clear that the Crozier quotient does not depend systematically on 
the duration. The precision of the estimate can be increased by averaging over 
the durations. The result is plotted in Figure 2b as a function of the loga
rithm of the background level. In order to be able to plot the flashes on a dark 
background on this logarithmic axis, the intensity of the background is express
ed in the absolute threshold e . 

0 
The Crozier quotient is clearly invariant with reference to the background 

level. In comparison the same graph also shows a plot of the Weber fraction e1 /E 

which appertains to the SOl threshold ~ 1 of such duration that the latter is mi
nimal. In contrast to the Crozier quotient the Weber fraction varies, as we 
know, considerably in the vicinity of the absolute threshold. 

In Figure 3 the results are shown of three subjects giving an impression of 
their individual differences. Averaged over the test subjects we obtain 0.25 as 
the crozier quotient. 

The spread in the SO% thresholds 

As the number of fractions used in determining the thresholds is roughly the 
same in every experiment and as the Crozier quotient is constant, it is clear 
that the variation coefficient s(~il o£ the thresholds.must be roughly the same. 

In Appendix C (eq. 69) it is derived that: 

1 
=----
~.€:1 

J J J 

N. is the number of trials at intensity e. from which the detected fraction is 
J J 

determined, w. being a fraction dependent weighting factor. 
J 

l23 

Samples of thresholds and Crozier quotients found from straight lines drawn by 
eye, for the actual numbers of trials lie clearly within the confidence limits of 
the determination by means of regression techniques as seen in Appendix C. These 

were applied to the same material. 
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From the Crozier quotient, averaged over the subjects and taken from equation 

69 from Appendix C, the average coefficient of variation s(E
1

)/E
1 

can be estim

ated a priori as 0.04. Then it follows from the Taylor expansion for the log of 

the threshold: 

and taking the standard deviation for the small step~, one expects in the log 

of the threshold a standard deviation: s(log E
1

) ~ 0.434 s(E
1

)/E
1 

= 0.02 log 

units (2). 
If there are no other sources of variance this spread is expected to be found 

between equivalent thresholds within one session. Usually thresholds of flashes 
with different durations are measured in one session. Within the area in which 

Bloch's law applies, the product of duration times intensity is, nowever, equal. 
The variation coefficient of these products is equal to the required variation 

coefficient between thresholds and can be determined experimental~y within the 
sessions. Averaged over the sessions and over four subjects we found, however, 

a variation coefficient of 0.133, that is more than 3 x the expec~ed value. 

If we assume a linear stochastic model over the long periods so that the to
tal variance is equal to the sum of the variances between and within the thresh

olds it follows from this that there is a coefficient of variatiod of 0.13 be

tween the thresholds. No evidence has been found that this could be the conse
quence of deviations from Bloch's law, nor of a systematic proces$ during the 

sessions. 
During the sessions we find over long periods, haphazard sensitivity variat

ions. Sometimes, even while measuring a psychometric function we find a sudden 

shift in the fractions perceived. The coefficients of variation given are averages. 
The variations can change considerably from one session to another (for instance 
see Figure 3 in Part IV). 

If the thresholds are measured at short intervals one after the other, as in 

the case of incremental and decremental flashes in paragraph 3.1 of Part IV 

(Roufs, 1974) , the average spread, however, is much nearer to expectation on 

the basis of the spread within the thresholds. 
The variations in the thresholds of identical flashes on different days was 

also found to be greater than was to be expected from the spread within the days. 
Between measurements on different days we found a coefficient of variation of 
0. 16 so that between the days there is also an additional coefficient of varia ton 

of 0.09. Figure 4 is an example of the daily variations, showing the absolute 

threshold of subject JTHL at a flash duration of 220 ms. 
The result of all this is that on comparison of parameters which are not 

measured immediately one after the other the sensitivity fluctuations during or 

between sessions are mainly responsible for the suread. 

In Part I we determined, for instance the sensitivity factor F from an average 
of 4 thresholds. This had to be compared with the flicker sensitivity S which was 
measured on another day. Taking into account the spread within-the thresholds, 
between the thresholds during one session and between the days, one calculates a 
coefficient of variation of 0.11 which agrees with a standard deviation of 0,05 in 
the log of F. If flash and flicker sensitivity were measured on one day this would 
have been 0.03 log unit. 
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FIG. 4. An example of daily variations in the absolute threshold. 
Subject JTHL. Foveal stimulus, diameter 1.2°. 

3.2 Discussion 

In the thirties Crozier and Holway (Crozier, 1935, 1935/36; Crozier and Hol

way, 1937; Holway, 1937) found that there were only slight variations in the 

ratio of the psychometric threshold to the spread of this threshold. 

In 3.1 a relation between the coefficient of variation of the thresholds and 

the Crozier quotient was given. 

Blackwell (1963) used the constant stimuli method to study the ratio between 

l2 5 

cr and E1 for visual stimuli directly. He varied over ~ wide range , parameters 

such as duration, background intensity, wavelength, etc. Over the whole material 
cr/E 1 is between limits of 0.28 and 0.67. Our data confirm his finding that cr/E 1 
is practically constant at variations of duration and background intensity. In 

Table I the averages of the Crozier quotient have been assembled from incremental 
or absolute thresholds from the data supplied by various authors and measured by 

the method of constant stimuli. The values of q/E 1 have been taken directly from 

the psychometric curves of Bouman, Heinz and Lippay and Mueller. Those from Cro
zier were converted from his data. 
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Author 

Blackwell 
Bouman 
Crozier 
Heinz and Lippay 
Mueller 
Thijssen 
This report 

TABLE I 

Year 

196 3 
1949 
1950/51 
19 2 8 
19 51 
1969 

0,42 
0,30 
0,44 
0.33 
0.25 
0.42 
0.25 

Comparison of Crozier quotients from the material of various authors. 
Only those data of Bouman have been used, whose duration and diameter 
are greater than 3 times the critical value defined byhim. 

Although the individual relations _in the case of Blackwell sprea~ over a 
range comparable to that of the valuesin Table 1 there seem to be fbwer differ
ences among the observations of one author than between those of different 
authors. Possibly instruction to the subject plays an important part here, 

There is some ambiguity as to the type of probability distribution of the 
psychometric functions. Blackwell is of the opinion that it is a cumulatively 
normal distribution although Crozier('SO/Sl)prefers a lognormal distribution. 
The large number of observations required to decide between these two distribut
ions, added to the non-stationary character of the stochastic variability rais
es the suspicion that it will be impossible to make a significant statement on 
the matter with the results of single flashes. This material is certainly not 
suitable as the basis of a statement on distribution, but the method used to de
termine the Crozier quotient is not sensitive to the nature of the distribution. 

The high degree of constancy of the Crozier quotient among the subjects means 
that in variation of duration and background intensity the detection criterion 
built up by them as well as certain physiological properties forming the basis 
for this criterion must be constant over these variables. At first sight this 
last would seem a very stringent requirement. If, namely, in Figure 2 the dur
ation varies from 0.1 T toT , £

1 
changes roughly by a factor of 10 and this c c 

means to say that a has to vary in proportion. If in Figure 2 the background 
intensity E varies by a factor of 10 5, £

1 
varies roughly by a factor of 104 , 

so that here, too, a has to vary over the same range in the same way. 
These requirements are less extreme when they are analysed within the frame

work of the dynamic model used by us· Define a stimulus against a background E 
by its form f(t) and the intensity amplitude £. In accordance with the actual 
model (Roufs, 1972b, 1974) in the vicinity of the threshold the stimulus must be 
represented quasi-linearly in the space where the excess of the signal has to be 
realised so that the stimulus can be detected (see Figure 5). 
The response can be represented by 

U (t) : L{Ef(t)} ( 3} 

In general this can be represented by 

U (t} = EA U*(t) ( 4) 

in which u*(t) is the response, normalised at its maximum and A is a proport-
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FIG, 5, An illustration of the hypothetical mechanism for detecting 
signals affected both by positive and negative deflections. The 
hatched figures on the left show the input signals and appertaining 
symbols. The exclamation marks at the responses indicate that the 
stimuli have been seen. The thresholds of d and d are assumed to be 
stochastic variables, 

ionality constant which depends on the dynamic system characteristics and the 
form of the stimulus. For instance: for a short flash of duration ~ it applies 
that: 

Here fh is the cut-off frequency, V the maximum transmission of the system de
pending on the level,U~(t) the impulse response normalised at its maximum and S 
a proportionality factor (see Roufs, 1972b, equation 8). 

In accordance with the model the stimulus is detected if the maximum of the 
signal U(t) exceeds a certain value d. 

A 

U( t) ~ d ( 5) 

Now assume that under the actual experimental conditions the effect of the phys~ 
ical variations in the quantum flow is small compared to the physiological noise 
and that the last-named can be described by assuming d to be stochastically var
iable. This can be expressed as: 

d = d
0 

t E. O'd ( 6) 

in which d
0 

is the average, ::_ is the stochastic standard variable and ad is the 
standard deviation of d. 

The chance that the stimulus is detected is equal to that of the response am
plitude exceeding the value d. This is not only the chance that the maximum will 
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do so, for in principle even parts of the response with a lower amplitude can 
contribute to this chance. The amount of this contribution depends on the form 
of the response function and the time-axis structure of the noise. This contrib~ 
ution is expressed in an effective increase in the maximum amplitude of the res
ponse by introd~cing a form factor G. The chance that the stimulus is seen is the 
chance that G U .:::_ 2_. 

Expressed in the.amplitude e: the probability P(e:) that the stimulus is de
tected becomes: 

or 

If£ is standard-normally distributed this becomes: 
e:GA~d 

0 

P(e;) 

' ' 

(7) 

( 8) 

( 9 ) 

i 
As it will later on be found that d/od is roughly equal to 4, it follows from 
the implicit definition of the threshold e: 1 that: 

hence 

and from the derative of (9): 

dP = 
(de:>e: 

1 

1 
od/211" 

( 10) 

(11) 

( 12) 

However, from the empirical equation 1, which defines o, it follows at that 
point that: 

( 
dP 

)e: :::: 1 
de oh1r 

1 

so that 
0 = 

()'d 

GA 

From 11 and 14 it finally follows for the Crozier quotient that: 

()' ()'d 

"E1= do 

(13) 

i ( 14) 

1 (15) 

Equation 15 means that the independence of the Crozier quotient of flash durat-
ion and background level can be explained from a constancy of crd/d

0
• The physiol

ogical background can thus simply be, for instance one or more neurons with a 
threshold whose average value and the noise•like fluctuations are independent of 
the background level. Nevertheless a detection mechanism working at a constant 
signal to noise ratio is also thinkable. 



The greater spread bet~een the thresholds than can be expected from the 

spread within the thresholds calculated from the Crozier quotient is attrib

uted to slow sensitivity drifts during the session. 

A recent example of this sort of drift is given by Clarke (1971). They are 

especially irritating if a precise statement has to be made as to the type of 

chance distribution. This type of non-stationary behaviour not only occurs in 
the visual system, but, for instance is also found in machine-made products in 
long time-series. 

This must be taken into account in the sampling strategy. It means, for in

stance a limitation in the number of measurements per psychometric function if 

a threshold characteristic is measured, for, when there are too many observat
ions the characteristic has to be measured during a number of sessions and as a 

result, loses very considerably in precision. 
Parameters which should be directly compared are best measured immediately 

one after the other, which in spite of the limitation to the number of trials, 
often has the advantage of a higher degree of precision. 

CONCLUSIONS 

a) The experimentally obtained Crozier quotient cr/e
1 

is independent of the back
ground intensity over about 5 decades and a flash duration of about 3 decades in 

agreement with data from literature. 

b) There are only slight differences between the values of this quotient for the 

individual subjects. The average obtained over the subjects 
falls within the limits ~£ spread found in literature. 

is 0.25, which 
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c) The invariance of o;e
1

, with a wide range of variations for a and e
1 

separate
ly, is reduced to one simple, acceptable system property by the dynamic model 

used in this series of papers. 

d) The coefficient of variation of the threshold can be comprehensibly expressed 
in the Crozier quotient and the number of weighted trials. 

There is a greater spread between the thresholds measured at various times 
during one session than was expected on grounds of stationary behaviour. There 
is even more spread from one day to another and this must be borne in mind if an 
optimum strategy of sampling is required. 

4. FLASH TRAINS AND GATED SINUSOIDAL SIGNALS 

4. 1 Choice of the stimulus parameters 

One of the forms of stimulus suitable for studying threshold lowering due to 
increased perception probability on the repetition of identical stimuli is the 
flash train. Fig. 1 shows a train of n. identical~ rectangular incremental flash
es with a duration ~ and equal intervals T plotted against a background intensi
ty E. The aim is to determine the increment e, at which, in SO% of the cases, 
one or more flashes betray the presence of the train, as a function of the number 

n. 

In order to be able to interpret the effect of threshold lowering in lengthen
ing a flash train, in terms of stochastic properties of isolated flashes it is, 

' I 
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FIG. 6, Theoretical responses of system L(E) to trains of 5 or 
flashes each with a duration of 5 ms, In the left-hand column 

"t' = 15 ms 

50ms 

lOOms 

250ms 

the responses of a minimum phase system, whose transmission is equal 
to the amplitude sensitivity at flicker fusion of subject JAJR en a 
foveal 1° stimulus with dark surround and a 1200 td background l1evel. 

In Fig. 12,Part IV this is the dashed line through the experimental 
points. The right-hand and the middle column are respectively the 
band filter modifications D and C from Part IV, whose transmis~ion 
are represented as closely and widely dotted lines in Fig. 12, Part 
IV. The responses in one row belong to the same interval. From top 
to bottom the intervals are 15 ms, 50 ms, 100 ms and 250 ms. The 
responses are normalised at their maximum deflection. The vertical 
lines above the responses indicate the flash trains. 

for the sake of simplicity, useful if the flashes do not affect each others 
chance of detection. In the model given in paragraph 3.2 this condition is met 
if the responses of L(E) to the individual flashes do not overlap. 

Figure 6 shows what happens if the calculated responses follow one another 
too rapidly. At very short intervals only the on and off transient phenomena of 



the train are perceived. The individual responses are fused as a result of in

tegrating inertia. If the total length of the train is short enough, even the 

integral of the train is a determinant of the threshold (Davy, 1952). As the 
intervals become greater the amplitude variation gradually change into the in
dividual flash responses. If the intervals are sufficiently great, then all 
response peaks are equal in size and their individual probability of detection 
is equal. 

1 31 

From the responses in the left -hand column of Fig. 6, calculated for the 
equivalent minimum phase system it would follow that at intervals of 100 ms there 
is practically no further interaction. The transmission of this system is made 
equal to the De Lange flicker fusion characteristic of subject JAJR at a level of 
1200 td. 

Based on experiments discussed in Part IV, however, doubts have arisen as to 
the precision of the late response parts thus calculated. Probably there is more 
band filter effect with respect to the "agitation" attribute, that indicate the 
presence of flashes under the actual conditions, than the De Lange characterist
ics lead one to expect. As a result the pulse responses have considerably longer 
tails than was suspected on the basis of the responses calculated from the flick
er fusion experiments. 

The intervals, however, cannot be taken much greater than 100 ms, as it is 
desired to compare experiment and theory over a reasonable range, say to 100 
flashes per train. The total duration of the train is restricted in practice, 
however. The subjects found it practically impossible to continue to inspect a 
stimulus for a period longer than 5 to 10 seconds without blinking lids and yet 
remain reasonably fixated. In addition, the experimental sessions become unde
sirably long. 

The first drawback could perhaps be overcome in principle by splitting trials 
into n independent periods of time, but then interpretation becomes doubtful in 
view of the above-named non-stationary phenomena and the second drawback takes 
on even greater weight. 

In a flash train the response peaks are independent of the flash interval, 
provided the intervals exceed a given duration. This makes it possible in prin
ciple to find experimental indications for a "safe" flash interval. By "safe" is 
meant a minimum interval at which no interaction can occur between the responses 
to the individual flashes, so that a simple probability calculation, based on equal 
and independent detection chances is valid. On variation of the intervals,the shape 
of the threshold characteristics as a function of the number of flashes must not 
vary once the said limit is exceeded. In 4.2 results with different interval 
lengths are compared. 

With harmonic stimulation the successive peaks are of course no longer inde
pendent. Frequency and peak size are causally coupled as is expressed in the 
transfer function which .describes the dynamic properties of the system. When time~ 
gating the sinusoid in order to limit the number of peaks, we are in general deal
ing with transient phenomena. Just as above, the solution is sought in such a 
form of stimulus that the threshold.,..determining peaks are all equal in size. As 
the transfer function must be known too precisely in order to realise this by 
means of the starting ph~se of the sinusoid alone, the gated sinusoid is modulat
ed as shown in Figure 1. The peaks grow gradually towards the desired value, re-
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main constant for a set number of periods and after that gradually drop to zero 

again. The envelope must for preference be so steep on starting and stopping 

that the peaks before and after the plateau must make no contribution worth ment

ioning. This can be done in two ways, first by using the transfer function of 

the eye as a theoretical indication and, second by looking at supra-threshold 

flashes modulated in the same way. 
In order to keep the relative error adequately low due to the inevitable 

growth of the peaks, the minimum number of fully fledged periods is kept to two. 

4.2 Measuring results 

Flash trains 

In Fig. 7 the SO% threshold increments £ are drawn as a function of the num
ber of flashes n per train. The interval T is the parameter. The measurements 
were carried out at a background level of 1200 td. According to the measuring 
results with single flashes of variable duration (Parts I and IV) the critical 

duration Tern at that level was 27 ms. The flash intervals are thus lfrom about 
0.6 to 10 T em 

At the smallest interval of 15 ms there is a clear drop at the transition 
from 1 to 2 flashes. This can still be attributed to partial integration, as at 
an interval of 0.3 T there is still incomplete summation, where asT no fur-em em 
ther summation is found as shown in Part III and IV. 

When further flashes are added no significant change in the threshold takes 
place any longer because of the transient peak dominating the response. 

At T=50 ms the initial decrease is still quite abruptly, but at •=100 ms and 

•=?SO rns the decrease has become quite monotonously. 
In Fig. 8 the background level E is the parameter. Between the curves of the 

three levels, which have also been used in the preceding parts, there is no dif
ference within measuring precision. The two lowest levels have an interval which 
amounts to about 3 T , and the highest to about 4 T . ern ern 

Fig. 9 shows the possibility of comparing the results of different subjects 
at 3 T intervals . No striking differences were found, even between the sub-em 
jects. The experiments require no special training, which is demonstrated by 
subject JV who had never been engaged in a psycho-physical experiment before 
and had no training at the beginning of the experiment. 

Gated sinusoids 
In Fig. 10 is plotted the amplitude e of harmonically modulated light (see 

Fig. 1) appertaining to a 50% detection probability of the sinusoi~ burst. The 
independent variable is the number of fully fledged peaks. Both positive and 
negative peaks have been counted in view of the symmetry shown in Part IV. 

The experiments have been carried out at the three background levels shown 
in Fig. 8. The integral value of the frequency lying closest to that at which 
the flicker sensitivity is maximum has been chosen because it is in fact the 
effect of detection probability at this maximum sensitivity that we want to 
know. The points drawn after the interruption of the abscissa are obtained by 
first awaiting the assessment of the subject and then interrupting the sinusoid. 
The subject was allowed to take as much time as he thought necessary to be 
certain of his judgement. Of course short interruptions due to blinking, eye 



movements, etc. hau to be aumitteu. The thresholus at these unlimited inspection 
periods were found to be equal to the lowest measured value which the trains 
achieveu after 30-40 peaks. 
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The threshold apparently drops gradually with the number of peaks, beginning 
with the starting value of 4 peaks. Above about 40 peaks the functional course 
probably does not have much more significance as the sinusoid burst becomes so long 
that the disturbances mentioned in 4.1. become more and more difficult to avoid. 

The slow and steady drop is indeed what should be expected on the basis of an 
increasing detection probability on increasing the number of peaks. In the case 
of transient phenomena, which on theoretical grounds should be very unlikely, the 
course would have to be much more abrupt. 
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FIG. 7. 50% detection thresholds of flash trains as a function of the 
number of flashes per train. The flash interval T is the parameter. 
The measurements have been carried out with a foveal stimulus of 1°. 
dark surround and a background level of 1200 td by object JAJR (left 
eye). The flash duration~ is 5 ms. The critical duration T at this 
level is 27 ms. The dashed lines are theoretical curves bas~~ on norm
al distribution, the dotted ones are based on a log normal distribut
ion (see 4.4). In both cases 0/8 1 is 0.19. 

Just as in the case of the flash trains, there is little difference in the 
course of the three background levels. The results obtained with a second subject 
were consistent with this.(The bottom curves of Fig. 10 will bedealt with later.) 

On the change from detection of the presence of a sinusoid burst to that of 
perception of the threshold of flicker the question is introduced as to the pat~ 
tern of peaks detected by the subject as flicker. In order to obtain some indic~ 

ation of this, bursts with 30 periods (60 peaks) were presented. 
There were two sorts of instructions. ln half the experiments the subjects 

were asked to answer yes when flicker was perceived. They were also asked if 
possible to use the same criterion as in the flicker fusion experiments (Part I). 
The remaining subjects were asked to say yes if anything at all of the sinusoid 
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FIG. 8. 50% detection thresholds of flash trains as a function of the 
number of flashes per train. At the background level of 1200 td the 
critical duration is Tern = 27 ms, at 42 td Tern = 48 ms and at 1 td, 
Tern= 99 ms, The flash duration is 5 ms (subject JAJR, left eye). 

The dashed lines are theoretical curves based on a normal distrib
ution (see 4.4). The dotted curves are the same theoretical curves. 
however, the distribution is log normal. In both cases O/e 1 is 0,19. 

burst was signalled. Unfortunately it was found that the criterion transfer was 
too difficult for the subjects if the two types of experiments were mixed in 
blocks. 

The measurements were therefore carried out in pairs in succession. The res
ults were rather surprising. For subject JAJR they are shown in Table 2. The 
average was only an intensity of 0.05 log units (standard.deviation 2.5 10-2) 
above the detection threshold necessary to report flicker. This is so little 
that as a result of the fluctuations in sensitivity a negative value was found 
incidentally between the two successive measurements. Apparently, in order to 
decide as to flicker, only relatively few crossings of the threshold are ne
cessary during a given inspection period(see 4.2). Arising out of this result sub
jects were asked if they could describe what they saw when they reported flicker 
at a given stimulus. The answer was categorically that they reacted to an irreg
ular phenomenon and that was described as clusters or shreds of one or other 
phenomenon in time. 
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FIG. 9. SO% detection thresholds of flash train as a function of the 
number of flashes per trains.Measurements ~f JV carried out at 
E = 178 td (Tern= 30 ms), ~ = 2.5 ms and T = 100 ms, those of HJM at 
9.8 td (Tern = 65 ms), ~ = 2.1 and T = 156 ms). 

The dashed lines are theoretical curves based on a normal distrib
ution, the dotted lines are based on a log normal distribution. For 
subject JV 0/€ 1 = 0.25. 

TABLE 2 

f flicker detection 

1150 td 

40 

8 Hz 

5 

log e (log td) 
1. 07 

-0.20 

log e (log td) 
1. 02 

-0.19 

difference 
of log e 

0.05 

-0.01 

0.10 1 3 -1.10 -1.20 

average 0.05 

50% thresholds for the perception of flicker compared to 50% thresh
olds for detection of at least one of the peaks, both at a sinusoid 
burst of 30 periods. 
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FIG. 10. The 50% detection threshold and the slope of the p~ychometric 
function in this point as a function of the number of fullyl fledged 
peaks of a gated sinus. The measurements have been carried but with a 
foveal stimulus of 1° and a dark surround (subject JAJR, left eye). 

The background intensity is the parameter. The indicated frequen
cies are roughly equal to the frequencies appertaining to the maximum 
flicker sensitivity at the corresponding levels. The dashed lines are 
theoretical curves based on a normal distribution, 
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FIG. 11. Theoretical psychometric functions for trains of n flashes of 
which at least one is perceived. The intensity is expressed in the 
standard variable y (see eq. 16), 
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FIG. 12. Theoretical psychometric functions of trains of n flashes one 
at least of which is detected. The intensity is expressed in the 50% 
threshold of a single flash and plotted logarithmically. The parameter 
cr;e:

1 
is 0.25, this be the mean value for the subjects. 

4.4 Theoretical treatment 
The effect on the threshold of an increasing chance of detection in the case 

of trains which become longer is in fact a second-order one. The experimental 
results, however, are still such that a theoretical analysis would seem to be 
justified. The considerations given below apply to both sorts of stimuli and 
will be explained in terms of flash trains. 

137 

To start with we assume that the detection probability p of one flash 
as a function of the intensity e: may be approached by the cumulative normal de
vision shown in equation 1. On transition to the standard variable and by sub
stitution 

= 
e:-e:l 

y 
0 

(16) 

this becomes 
J 

2 
p(y) :: e-x /2 dx (17) 

-e: /cr 
1 

In a train of n identical flashes, with an intensity increment e:, the chance of 
detection of at least one flash out of the train is complementary to the percept
ion of not a single flash. In the form of a formula: 

P(1,n,y) = 1-(1-p(y))n (18) 

in which p(y) is the chance of detection of an isolated flash with an intensity 
y. Figure 11 illustrates the effect of an increasing number of flashes per train 
on the distribution of the probability detection of the trains. The steepness of 
the distribution increases and the threshold, which is found from the points of 
intersection with P = Q,5, shifts to lower values. In practice in the psychome

tric function the probability detection is often plotted against the logarithm of 
the intensity. This can be calculated from equation 18 by choosing the proper 
Crozier quotient. In Figure 12 the family of curves is drawn for cr/e:

1 
= o.25. 
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The standard variable y , which appertains to a chance of detection of a 
n 

train of n flashes of so~, is given implicitly by substituting o.s in the left 
half of equation 18. Rewritten, this gives: 

norm. log. 
_Q ,llft~t------t-------.,.l----1---~ a~,; ng~m. 

e, ~"'e1 
----- ---- --0.15 

~~d~~==+=~--Q15 Q20 
- ----- -0.25 

----- @._0.30 
---- ------ -0.35 

04~~r~+-~---=-~-----~-- ---OAO - . 0.25 

-0.5t---\i-~-l-~::----+---l 

;t cff -0.61---+'t-----Pt.::--+---+----1 
S2 
~ -0.7t---+--\--+--~--+--l 

-0.8t---+__,_-+-~-~~ 

20 40 60 
1040 

80 100' 
number of flashes per train n 

( 19 ) 

FIG. 13. The theoretical relative threshold intensity of a train of n 
identical rectangular flashes as a function of n. The Crozier quotient 
a/e1 is the parameter. The drawn lines refer to a normal distribution 
of the psychometric function of the single flashes, the dashed lines 
refer to a cumulative log normal distribution. 

The threshold intensity e of a train of n flashes follows from equation 16: 
n 

E: : e:
1

+ay n n 

It is found useful to convert this expression to 

a 1+-y e:
1 

n (20) 

In practice we often use a logarithmic intensity scale so that the variable 
drawn in Figure 13 as a function of n is: 

(21) 



The Crozier quotient a/£ 1 is the parameter in this figure. 

The slope of the psychometric curves of the trains in the so~ point follows 
from equation 18 by differentiation: 

n-1 
n 

(dP) = n(0.5) 
dy Yn 

2 -y /n 
e n 

On conversion to log s as a variable the left-hand side becomes: 

d p 
dlog£ 

(22) 

(23) 

This slope is drawn in Figure 14 as a function of n with cr/s
1 

as a parameter. 
With a Crozier quotient of 0.25, the average value obtained with our subjects, 
little variation is shown in slope. This means that plotted on a half loga-
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FIG, 14. The theoretical slope of the psychometric function of the flash 
trains at the 50% point on a half log basis. The Crozier quotient 0/£1 
is the parameter. The drawn line.s refer to a cumulative normal distribut
ion, the dashed lines to a log normal distribution of the psychometric 
function of the single flashes. 

rithmic scale the psychometric curves at varying values of n remain practically 
parallel. This is also demonstrated directly in Figure 12. 

In the above calculation we assumed for the psychometric function a cumulat
ive normal distribution. In paragraph 3.2 we saw that a plea is also made in the 

139 



140 

literature for a cumulative log normal distribution. One asks oneself how sen

sitive the relations are for the distribution. 

For a log standard distribution the detection probability is: 

log~"/e1 0'£; 0.19 
O.OU+J~+---+---+---+---.-----1 

FIG. 15. The theoretical 50% threshold of a train of n flashes as a 
function of n, on condition that a least m flashes are percei d. 
The threshold intensity is expressed in the 50% threshold of the 
single flash for m = 1, 2, 3, and 5. The parameter is the 
value obtained by subject JAJR. 

y 
2 

1 J -x /2 dx p(y) = T21T e 

-oo 

ln E 
y = 

aL 

(24) 

( 2 5) 

~ 1 and a1 are the parameters of the distribution. The relationship between o
1 

and the distribution-free magnitude o/s
1 

is given by 

2 2 1 

= (e2oL -eo1)2 
1 

For not too large values of cr;s 1 this is, as is shown in Appendix A: 

From equation 25 it follows that 

::: 

and for the threshold ratio: 

ln E - jJ 
n L 

This function is given in Pigure 13 by a dashed line. 

(26) 

( 2 7) 

(28) 



For the slope we find; 

n-1 

2.3 n(0.5) n 
a

1
h'lT 

This function is drawn in Figure 14 in dashed lines. 

(29) 

A flash train betrays its presence if at least one of the response peaks ex
ceeds the critical value, but for perception of flicker it is reasonable to as
sume that for a certain duration of time more than one crossing of the threshold 
must take place. 

The chance of detecting at least m flashes in a train of n is given by: 

M=n 
P( ( )) "" (n) pM(l-p)n-M M.::_m. n , p y = L. l'l 

M=m 

( 30) 

If a cumulative normal distribution for the chance of detection of an isol
ated response peak or single flash is assumed and equation 18 is replaced by 
equation 30, then in the same way as at the beginning of this paragraph the lo
garithm of the relative threshold lowering is calculated as a function of the · 
number of flashes per train. In Figure 15, at a Crozier quotient of 0.19 
(average value obtained with JAJR) the threshold curves are drawn on condition 
that at least m flashes are above the threshold. Note that the curves for not too 
small values of n are practically parallel, so that the relative threshold rise 
is independent of the precise number of peaks. 

4.3 Discussion of flash trains and gated sinusoids 

The gradual drop of the flash train thresholds is measured over 0.3 log units 
and extends over a period of 3 seconds or more. This drop can, at least for 
those graphs where curves are drawn through the experimental points, not be the 
result of physiological summation in the sense of Bloch's law. 

In the first place the interval between the first two flashes are three to 
ten times the critical duration at the relevant level. In Parts III and IV we 
found that with two identical flashes the summation in the above-named sense 
reaches no further than once the critical duration. Even if the flashes followed 
so quickly upon one another that the train could be regarded as one long flash, 

there is under these conditions no gradual, slow drop of the threshold to be 
expected which could explain the present-day results: on the contrary, in the 
case of long flashes the threshold initially rises somewhat before the constant 
end level is reached (see Fig. 8, Part IV). 

On the grounds of the deterministic system responses which are calculated by 
means of the mathematical models from Parts II and IV the drop in threshold can
not be explained by summation of response tails. The threshold drop is most sim~ 
ply explained on the grounds of stochastic effects. 

The irregularities in the position of the experimental points resulting from 
random sample variations h.ave remained within. such 1imit.s that the form of a 
curve through these points merits a more detailed analysis. This is due to the 
averaging out over the slow sensitivity.fluctuations during the session by the 
test arrangement chosen. which, however, causes lack of precision in the slope 
of the psychometric function. 
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From the results of Figure 7 it is found that the form of the curves does not 

change in such a way with the length of the interval that this could not be 

taken as a sensitive indicator for the "safe" interval defined in 4.1. The funct

ional course of the thresholds at intervals of 100 ms (= 4 T ) and 
em 

250 ms (= 10 T ) is not significantly different within the limits of the number 
em 

of flashes. Theoretically, in the case of band filter interpretation in Part IV 

there is the possibility that at T = 100 ms there is interaction between the res

ponses. Nevertheless, at intervals greater than 3 T and less than 10 T , the 
em em 

peaks remain roughly equal in size, so that the form of the curves in this range 

cannot differ much from that of the large intervals. The middle and right-hand 

columns in Figure 6 show the responses of two possible band filter modifications 

C and D of Part IV. In case D, that at T = 100 ms is the most unfatourable case, 

the negative and positive peaks are still roughly equal in size, hence the 

number of peaks is double the number of flashes. Unfortunately if the appertain
ing theoretical curve is adapted to the measuring points by vertical shift, then 

with the exception of the initial point this practically coincides with the drawn 

curves for the actual parameters and the limits of the actual measuring range. 
The experiments thus give us no key to the matter. 

If we assume that within the measuring inaccuracy all peaks are equal in value , 

the threshold curves in Figures 7, 8 and 9 must be described by equation 21 if 

the distribution of chances is normal. The constancy of the Crozier quotient which 
I 

is the parameter , explains why the curves for the differing levels and observ-

ers are roughly alike in form. In Figures 7,8 and 9 the dashed lines are calcul

ated according to this equation. The Crozier quotient is the average of all the 
measured values of the subject concerned. In order to ensure that the fault in 
s

1 
does not weigh on all the experimental points and since all the measurements 

have roughly the same experimental error, the theoretical log sn;s
1 

is adapted to 
the experimental log E by vertical shifting. Taking the spread into account, 

n 
there is reasonable agreement between the theoretical and experimental course. 
This last applies also to the gated sinusoids, in which the number of peaks is 

the independent variable. 1 

Furthermore, the first three peaks are missing over which the relatively 
greatest threshold decrease occurs. The dashed curves are the same as those in 

the flash trains. 
The agreement between experiment and theory suggests that possible 

correlation phenomena of the internal noise, as mentioned in III, are not 
yet manifest in the intervals which are safe on deterministic grounds. 

In theory the threshold at increasing n should drop steadily al 1though more 
and more slowly. For very high values of n, however, the theory can no longer 
be expected to forecast the thresholds correctly. Interference factors such as 

lack of precision in the assumed distributionJand non-stationary sensitivity fluc

tuations during the measurements then become important. It will later be found 
that, for other reasons, measurements cannot be made at very large n either. 

In Figures 10 and 16 the slopes of the experimental psychometric functions 

are compared with the theoretical ones from equations 23 and 29. The randomis~ 

ing procedure over the session, by averaging over the slow fluctuations, suc

ceeds in improving the precision of the functional threshold course, but this 



is at the cost of the precision in the slope. This leads also to a bias in the 

direction of too small slopes. This bias is evident when the experimental 
results are compared with the theoretical values. 
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FIG. 16. Experimental slopes at the 50% point of the half-log psycho
metric functions of the flash trains as a function of the number of 
flashes n per train. Subject JV, E = 178 td, <r/e: 1 = 0.25 e; 
HJH, E = 9.8 td, O/E:1 = 0.22 X; JAJR, E = 1 td A, E = 42 td 0 , 
E = 1200 0, cr/e: 1 = 0.19. For orientation • between the theoretical 
curves with parameters Q,2QandQ.25 hatched bands are drawn. both 
for the normal and log normal distributions. 

143 

Given the spread and bias, the slopes also fit the formalism of the theory in a 
first approximation. Among other things it makes clear why the slopes of the half 

logarithmic psychometric functions varied but little during the experiments al
though the parameters moved over an enormous range, which surprised us at the be· 
ginning. The theoretical curves were also calculated for the flash trains for a 

log normal probability distribution. The curves are plotted in dotted lines in 
Figures 7 and 9 and in ,Figures 13 and 14 as dashed lines. In the limited numbers 
and small values of the Crozier quotient involved,the differences in the thresh

old curves are not spectacularly large. The differences are greater for the 

slopes. The total impression is that the cumulative normal distribution is the 
best choice. 
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In a sampling strategy aimed at the distribution, measurement with flash 

trainsmight be found to be a fairly good technique for measuring distribut
ions. The large number of stimuli in a short time strongly reduces the 

contaminating effect of slow sensitivity fluctuations. 
What is the implication of these data for the ratio of the sensitivity for 

flashes to that for flicker? In the preceding parts the flash sensitivity is 
defined as the reciprocal of the 50~ threshold intensity increment of such dur
ation that the threshold is minimum. The flicker sensitivity is definedas the 
reciprocal of the 50~ threshold modulation amplitude at such a frequency that 
the threshold is minimum. The effect of increasing the detection probability 
due to the periodic repetition of the response peaks at this flicker threshold 
cannot be exactly calculated. For that purpose the strategy of the subjects 
would have to be known precisely. H~wever, from the foregoing data and one or 
two plausible assumptions an estimation can be made. 

In the flicker measurements of Part I the duration of observation was not 
limited. The subjects looked as long as they considered necessary in order to 
make up their minds. From study of the behaviour of the subjects it was found 
that for frequencies at which the flicker sensitivity was maximum there were 
at each presentation usually one or two short periods of time of concentrated 
inspection used to reach a decision. 

How long do these inspection periods last? Experience with flash trains is 
that without difficulty one can fixate easily about 3 seconds uninterruptedly 
and with full attention, but this is very difficult for periods longer than 5 
seconds. In view of the results of free inspection considered in comparison 
with those of limited sine bursts (Fig. 10) we estimate the effective inspection 
time in flicker measurements as between 2 and 4 seconds. 

For subject JAJR, when the background level is varied over five decades the 
frequency which appertains to the maximum flicker sensitivity ranges from 3 to 
10 Hz. With an inspection time of 4 seconds the number of peaks runs from 12 to 
80. This gives a lowering of the detection threshold of 0.15 to 0.27 l.u. at a 
Crozier quotient of 0.19. For the perception of 2 to 3 flashes per train, ac
cording to Figure 15 an increase in intensity of 0.05 to 0.07 log unit is re
quired. The relative sensitivity increase for flicker as the result of increased 
chance of perception we assume therefore for subject JAJR to be between 0.15 and 
0.20 log unit. This increase compared to the deterministic expectation was ex
pressed in Part II in the factor k. k was found to be independent of the back
ground level, which on the grounds of the foregoing can be understood from the 

constancy of the Crozier quotient. 
By comparing the experimental relationship of flash and flicker sensitivity 

k can be calculated. From the experimental data obtained from JAJR from 
Parts I and III, we find on the basis of the low-transmission filter model of 
Part II for log k, 0.27 and 0.32 log unit respectively. On the basis of the 
band filter model from Part IV we find from the same material, 0.18 and 0.17 
log. unit respectively and from the threshold characteristics of Part IV about 
0.17 log unit. 

Although the values of the band filter model best. fit the limits estimated 
from the flash experiments we consider the precision of the estimate insuffi
cient as a basis for arguments for the band filter model. 
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There has also been reasonable agreement among the other subjects as regards 

both estimates of k. Only one of the four subjects fell outside the estimated 

limits of imprecision. Averaged over the subjects we find k roughly equal to 1.5 
(log k"'0.18). 

Conclusions 

a) Threshold lowering on lengthening of flash trains due to increased detection 

probability have been measured from such a number of flashes that theoretical 

analysis becomes worthwhile. 

b) The total drop is limited to about a factor of 2. This is largely due to the 

limitation in the duration of a continuous inspection period. 

c) The drop is in agreement with the calculation from the single-flash data. This 

applies also to gated sinusoids. 

d) The sameness in form of the curves describing the threshold drop as a function 

of the number of flashes on sinusoid peaks over a wide range of intensities 
can be explained from the invariance of the Crozier quotient. 

e) The constancy of the effect of the stochastic threshold lowering on the rel
ationship of flash to flicker sensitivity at great variations in the back

ground intensity can also be understood hereby. The calculated magnitude of 
the effect is in the vicinity of estimates obtained earlier in a completely 
different way. 

Summary 

Measurements of psychometric functions at thresholds of single flashes, flash 
trains and gated sinusoids are analysed. 

The stimuli are foveal, have a diameter of 10 and a dark surround. In single 

flashes it is found that the standard deviation of the probability density func
tion divided by the 50~ threshold increment (Crozier quotient) is constant over 

a background intensity of five decades and a flash duration of three decades. 
This quotient does not differ much between the subjects and is 0.25 on an aver

age. 

In flash trains with large flash intervals, the 50~ threshold drops as a 
function of the number of flashes per train due to increase in the chance of de

tection. The relative drop is found at discrete background levels to have the 

same course. 
Gated sinusoids also show the same course as a function of the number of 

peaks. 
The invariance of the Crozier quotient, apart from a deterministic model used 

in preceeding parts 1 can be resolved int·o one simple stochastic system property. 

Incorporation into an existing psychophysical model leads to a simple and compre~ 
hensive formula for the spread in the SO% thresholds. 

The threshold course with flash trains and gated sinusoids can be forecast 
from the stochastic parameters of single flashes. An estimate of the effect on 

the ratio of flash to flicker sensitivity based on the actual data is in agree
ment with earlier experimental data. 
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The Crozier quotient can be obtained directly and quickly in practice from 
the s of the psychometric curve if the intensity is plotted 1 thmical-
ly or in dB. If the psychometric curve can be approximated by accumulativenorm
al distribution, such as for instance was suggested by Blackwell (1963), the 
chance density is: 

1 
d(P(s)) = 

0
;

2
rr exp{-

2 
} ds ( 31) 

in which p is the expected probability of detection, s1 is the standard deviat 
ion of the probability density function and s 1 the intensity increment at 
p = 0.5. 

Introduction of log 10 s as a variable gives the following as an expression for 
the Crozier quotient: 

1 = 
£1 1.09 (~I E)£ 

og10 1 

or, if the increments are expressed in the attenuation v in dB: 

= - 1 

21. 8 c-~.£) 
dv p=O.S 

with: 

v = 

( 3 2) 

( 3 3) 

( 34) 

in which sst is a reference intensity. 
The slope can easily be determined directly from the graph as the deviations 

from linearity are still slight. that is, between 25 en 75% for the actual plot
ted values given the actual Crozier quotient. 

Although the Crozier quotient is distribution free, yet in determining the 
Crozier quotient from the experimental data distribution is important. The nat
ure of the distribution is often difficult to state precisely in practice. For
tunate this method also gives satisfactory results for skew distributions. 
For instance,in the case of a log normal distribution, such as Crozier (1950) 
advocates the probability density is given by: 

1 
d(p(£)) = o el2n exp {-

L 
( 3 5) 

Here o and ~L respectively are the standard deviation and the average of the 
log trans~orm. 

The variance of E is found as: 

var(£) = exp{2~ 1 } exp{2o~}-exp{cr1 } 

As by definition, P(£~1 = Q,S, it follow• from (351 that &1= exp{~ 1 } 
After dividing (3u}_ h;t t.j and ·taking the square root it follows th.at: 

( 36) 

( 2 4 6 i 
81 

= o1 +3/2 o 1 +7/6 o1 ... ) c37 ) 

For sufficiently small 0' 1 only the first term ia of importance. If o
1 

is equal 
to 0.2, 0.3 and 0.4 the error is 3, 7,5 and 14% respectively. Thus within the 
limits of measuring accuracy the remaining terms can ne neglected for the actual 
conditions. 
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Thus 
( 3 8) 

This equation is identical with ~quation 32. More generally it applies that 
if equation 32. which is valid for the normal distribution, is applied to dis
tributions which are in fact skew, the error remains restricted provided the 
Crozier quotient is sufficiently small. 

Appendix B 

~~x~b~~~!~!~- !~~~~-g~~E~!~~!!x_ !~~!!x_E~~~~~~~~! 
In table 3 a 50% threshold El• the Crozier quotient O/E1 and the standard de
viation of the threshold are determined in various ways from the data of two 
randomly chosen psychometric functions. First these data were determined gra
phically and afterwards found with the aid of regression methods by three differ
ent models. The spread in the threshold in the graphic method is determined from 
the Crozier quotient in accordance with equation 69 derived in Appendix C. The 
regression analysis according to the model in the third row is the one we pre-
fer. It is based on one discrimination model whose effect is to that 
of Thurstone (see Appendix C). The linear representation in the decision space 
is obvious in view of the small signal in this case. 

The experimental fractions are first weighted for the variance concerned (Ur
ban factors). They are then weighted for the effect that random sample deviations 
in the observed fractions have on the theoretically relevant standard variable 
of the psychometric function (Muller factors). It is clear that a shift in 
the appertaining intensity caused by a sli change in the perceived fraction 
in the tails of the psychometric function, must weigh much less than a slight 
shift due to the same change in the steep part of that curve. The problems in
volved here have been clearly put by Bock and Jones (1968). 

The agreement between results obtained with the graphic method, which in fact 
contains strongly subjective elements, and that of the most probable theoretical 
model is obvious. Apparently it is possible to "weight" adequately by eye. This 
experience, moreover, has already been reported by various authors (for instance 
see Guilford, 1954) Bock and Jones, 1968. 

TABLE 3 

Method of calcul-, Assumed distribution Subject HJM ( L. E.) Subject JAJR ( L. E. ) 
at ion of the psychometric E = 456 td \}: 30 ms E = 1200 td \}:18 ms 

function r---::- O/E1 s( E1) E1 Cf/E1 E1 
(td) (td) (td) (td) (td) 

Threshold and slope cumulative normal 11.2 0.21 0.31 10 3. 0 0 .16 
from the visually ob-
tained psychometric 
function. Spread in 
the threshold accord-
ing to (69 Appendix C) 

Linear regression of cumulative normal 11.27 0. 21 0. 35 10 3. 8 0.20 
the perceived fract-
ions transformed to 
standard variable 

Regression analysis cumulative normal 11.18 0.20 0.29 102.3 0.19 
with Urban-Muller 
weighting factors and 
linear representation 
in the determination 
space (Appendix C) 

As before, but now cumulative 11.00 0.21 0.29 10 3. 3 0 .17 
with logarithmic re- log-normal 
presentation 

i 

TABLE 3. Here cr is the standard deviation of the probability density funct
ion estimated from random sample. s(e: 1 ) is the estimated deviation in the 
50% threshold E1 , E is the background intensity and ~ is the duration of 
the flash. 

s( e: 1 ) 
(td) 

2.2 

5,6 

2.6 

2. 6 
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Aprendix.c 

The parameters occurring in equations 11, 14 and 15 had to be estimated from 
random samples. If we assume that physical variability and false responses play 
no part under actual conditions then, with respect to the random samples the 
method of the weighted least squares can be used. For this we modified to some 
extent a derivation of Bock and Jones (1968) for difference thresholds and incor
porate our model for the detection of incremental or decremental stimuli. Of the 
parameter p(s) of equation 7 we only have random sample estimates. 

p.(e.) = 
J J j 

N. is the number of trials ~ppertaining to the intensity 
the numberJof times the stimulus has been detected. 

The estimated variance of the fraction p.is: 
J 

var{p.} = 
J 

p.(l-p.) 
J J 

N. 
J 

( 39 ) 

• Dj being 

(40) 

The standard variable approximates according to 1 De Moivre at 

\ (41) 

sufficient sample size (ca 10) a normal distribution with adequate precision. (P. 
is the expected value of p .) J 

In order to be able to ly linear regression the fractions must be translated 
into standard variables. At equation 9 we _introduce the variable Y • defined as 
follows : 

GAe.-d 
Y. = J 0 d§f 

be.-a ( 4 2) 
J crd J 

Y. 
] 2 

,;1T 1 -~X dx "' <!>( y. ) P. = e J J 

then we have 

( 4 3) 

d 
0 

and the inverse crd 

Y. = <P- 1 (P.) 
J J 

(44) 

Now p. 
J 

is an unbiased estimate of pj yet 

y. = <li-1(p.) 
J J 

( 4 5) 

yj is a biased estimate of Y. 
J 

so that the expected value can be written as 

& {y.} = Y.+o 
J J 

(46) 

Fortunately. when N is roughly equal to 10 and in the case of fractions be
tween 0.1 and 0.9, which are relevant in our case, this bias can be neglected 
(see Bock aud Jones, ibid). 

According to a statement by Rao the stochastic variable 

vJ. = IN . ( y . - Y • ) = IN ·l<li- 1 ( p ) - <P - 1 ( 
J J J J j 

is normally distributed in the limit with an average of zero and a variance 

-1 
var(v.) = P.(l-P.) (~: )

2 

J J J j 

(47) 

(48) 



From equation 43 it follows that 

hence 

1 -1Y 2 d!ilf dP = ?2i e 2 dY h(Y) dY 

dP. 
= ___..2 = 

dY 

substitution in equation 48 gives: 
P(Y.)(1-P(Y.)) 

vc;r( v.) = J d~f 
J h 2 (Y.) 

J 

( 49) 

(50) 

(51} 

Wj is tabulated (Bock and Jones, ibid, Table A6)and is estimated from Yj• 
From equation 47 it follows that variance of the standard variable is given from 
the sample by the relation 

so that 

The variable 

var(v.) 
J 

var(y.) 
J 

yj-Yj 

lvar(yj) 

= N. var(yj) 
J 

1 = N.W. 
J J 

= (y.-Y.)~ 
J J J J 

is standard normally distributed. 

(52) 

(53) 

(54) 

Experimentally we have a set Yj's from equation 45. 
We are looking for parameters a and b from equation 42 so that we get the 

best estimate of 

Y. = bE. -a 
J J 

(55) 

This can come about by minimalising 
2 

=L (yj-Yj) 
=LN.w.<y.-Y.>

2 =L 2 
Q N.W.(y.+a-be.) 

var(y.) J J J J J J J J 
j J j "j 

(56) 

to a and b. 
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By setting the partial derivatives to a and b at zero, we find as an instruct
ion for estimating b: 

l:N.W.e:.(y.-y) 
b=]]]J J 

i::N.W.e:.(E.-E) 
J J J J J 

with the weighted averages 

EN.W.y. 
y = ] ] J J 

E N.W. 
J J J 

For the estimate of a we find: 

a = 6e-y 

and 
!:N.W.e:. 

£ = J J J J 
I: N.W. 
J J J 

(57) 

(58) 

(59) 

Within the restrictions laid down to limit the bias negligibly small, the ex
pected value of i is equal to the desired a and that of 6 is equalto b. 

For the variance of S we obtain: 

var(6) = 1 
(60) 

IN.W.e:.(e:.-e) 
J J J J J 



1 so 

for that of a: 
-2 

___ 1__ + ~~~£~~--:T var(a) = - "" ( ) EN.W. ZN.W.E. E:.-t 
]]] JJJJ J 

The covariants of a and £ are 

EN.W.s.(e:.-€) 
J J J J J 

cov(a,b) = 

For e:
1 

we have by definition P=0.5 and thus Y~o so 

which has as a gcod estimate: a 
E:l = 

E 

From 

it follows for the variants of s 1 

( 61) 

( 6 2) 

( 6 3) 

(64) 

1 l 1 <£-£ >"' } var(€
1

) = ~ ----- + (65) 
E EN.W. EN.W.e:.(e:.-E) 

]]) JJJJ J 
In all the cases lnvestlgatea oy us the second term was negligible compared 

with the first. This can be realised to some extent as, in the case of complete 
symmetry of the gro ing of the measuring points around e 1 the second term be-
comes zero, since E:~ 

From 11 and 42 lt 

and from 15 and 66 

llows that 

~ GA 
,(,.... (£) "" b = = 

od 

b = = 1 
(j 

Thus the standard deviation s(E:
1

)in the threshold e 1 becomes: 

s( E ) = --0--
1 IEN.W. 

J J J 

( 6 6) 

( 6 7) 

( 58) 

In random samples of size N, the relationship with the Crozier quotient is 
given by:_ 

s ( e ) 
0 = 

e:l s
1 

/NEW. 
J J 

(59) 

in which Wj are thus we factors which can be found from the fractions 
which determine the psychometric function, from which e

1 
is obtained. 

This simple and ive formula increases In slgnificance if we bear 
the invariance of the Crozier quotient in mind. 

Various researchers have discovered how good the results of the curves drawn 
by visual inspection agree with the results obtained by regression methods (for 
instance, see Guilford, 1954; Bock and Jones, 1968). A specific disadvantage of 
the graphic method is then found to be the lack of an adequate formula with 
v1hich to estimate the threshold spread. ·rf the curves drawn by visual inspection 
were optimally fitted in the above-mentioned sense the equation 69 above would 
give the threshold spread. If, on the basis of experience, the rapid graphic 
method is accepted, then equation 69 can at least be used as a rough estimate of 
the coefficient of variation. 
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SYNOPSIS 

This thesis is concerned with dynamic properties of human vision. Relations 

hetween the results of different experiments, all performed hy a suhject under 

the same experimental conditions, are investigated. The background intensity 

was varied over 3-5 orders of magnitude for all subjects. 

An aspect common to all the experiments was that the relevant information 

to the subject in the stimulus presented was a pattern in time and intensity. 

All types of experiments hut one were at threshold level. 

The aim is to describe the relations between those results in terms of a 

general mathematical model. This would simplify the situation and insight 

would be gained into the processing of time-dependent signals hy the eye. 

The first series of experiments (Chapter I) shows that a close connection 

exists between flicker fusion thresholds as a function of the modu1ation 
i 

frequency of harmonically modula~ed light (De Lange characteristics) and 

detection thresholds for rectangular incremental flashes with varying flash 

duration. With respect to sensitivity and inertia these relations can he 
I 

expressed concisely in terms of characteristic quantities. 

These results lead to a model relating input and output by thr~e general 

deterministic properties and one stochastic property. This model makes it 

possible to forecast the flash threshold characteristic of a subject from his 

flicker fusion curve at the same background intensity and under the same 
! 

experimental conditions (Chapter II). 

Thresholds of pairs of short identical flashes (twin flashes) as a function 

of the interval between them are a useful means of studying temporal summation 
phenomena in the eye. Their relation with thresholds of single flashes with 

varying duration is shown. This neatly demonstrates the non-ideal nature of 

integration in the visual system. Plotted on a double logarithmic base the 

threshold curves at the various background levels appear to be isomorphous. 

Comparison of the experimental twin flash characteristics with the theoretical 

ones calculated from the flicker fusion curves as a test of the model shows 

agreement within the estimated error (Chapter III). 

In the case of short diminutions of the light level, henceforth called 

decremental flashes, depending on the duration, the decrement must also have 

a certain minimum intensity, depending on the duration, if it is to be detected. 

No difference was found between the detection thresholds of rectangular in

cremental and decremental flashes having the same duration when the background 

intensity and duration were varied over a large range (Chapter IV). 

The combination of an incremental and a decremental flash, whi~h are other

wise identical, constitutes what is here called a doublet. The behaviour of a 

doublet's threshold as a function of flash intensity is a more sensitive test 

for the later parts of the theoretical flash response of the model than twin 

flashes are. 

The results in combination with the equality of the incremental and decrement

a! thresholds lead to the conclusion that, at the threshold, posi~ive and 

negative deflections of the internal signal are detected in a symmetrical way 

(Chapter IV). 
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The doublet results, however, show relatively small hut significant 

departures from the calculated behaviour. This is also the case for supplementary 

measurements of the thresholds of rectangular incremental flashes, the duration 

of which was varied over a large range. In both cases the threshold character

istics on a double logarithmic basis are practically isomorphous at various 

background levels. This was not expected since the shape of the flicker fusion 
curves at the low frequencies differs markedly at low and high background levels. 

The nature of the deviations leads one to suspect that the flicker fusion 

curves do not reflect the transfer function properly at the low frequencies. The 

required transfer function must possess a more pronounced bandpass character. 

This is possibly connected with the differences in perceptual attributes at low 

and high frequencies. The brightness variations observed at the low frequencies 

are referred to here as "swell" and the typical phenomena at the high frequencies 

as "agitation". A refinement of the model is proposed, which is based on the 

notion that we are dealing with different output variables of the system (Chapter 

IV). 
In Chapter V the delay in perception of step-like intensity increments is 

studied. Three methods of determining the behaviour of the perceptive delay as 
a function of the intensity increment are compared experimentally. In the double 

flash method the moments of onset of two rectangular flashes with different 
intensities are adjusted until they are perceived to start simultaneously. The 

eye and ear method is based on the subjective simultaneous start of a rectangular 
flash and a tone burst. In the third method reaction times are measured. 

In the medium and high flash intensity ranges no difference could be proved 
between the three methods. At low intensities near threshold the eye and ear 
method turned out to be unsuitable. Results from the double flash measurements 

and the reaction times diverged in this range. 

Results from the double flash method, which is believed to be the most 

reliable, are in fair agreement with theoretical data calculated from the flicker 
fusion curvesusing the actual model. The relation between latency and the 

characteristic quantities for sensitivity and inertia obtained from the flicker 

and flash experiments are demonstrated. 
Finally, stochastic properties of the system are studied in Chapter VI by 

investigating the psychometric functions of single flashes, flash trains and 

gated sinusoids. 
The experiments show under the actual conditions an invariance of the ratio 

of the standard deviation appertaining to the distribution of the psychometric 

function and the 50% threshold itself. Within the actual theoretical framework 
this invariance can be derived from one simple system property. 

The effect of increase of detection probability resulting from the periodic 
repetition of the stimulus on the ratio of flash and flicker sensitivity is 
studied. Estimates of the magnitude of this effect obtained in different ways 

are consistent. 

In conclusion, the main results may be summarised as follows: 
Visual thresholds of the signals having either time or frequency as an 

independent variable demonstrate a close connection, which can in some 

cases be expressed in very simple relationships between characteristic 
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quantities. 

Threshold characteristics of time-variant stimuli show a great deal of 

isomorphy at widely discrete background levels; for the frequency

dependent thresholds, however, this applies only to the high-frequency 

side of the curves. 

The relation between the various threshold experiments is described hy 

a model consisting of some general system properties. 

Perception lag for intensity steps can also he forecast with this model. 

It seems desirable to investigate in greater detail the significance of the 

two perceptive attributes, "swell" and ''agitation". 

Supra-threshold vision is such an important matter that a link-up with non

linear models should be looked for. The influence of spatial constraint and 

the cooperation of retina elements in a dynamic sense is also left for further 
investigation. 



OVERZICHT 

Dit proefschrift heeft betrekking op dynamische eigenschappen van de mense~ 

lijke gezichtszin. 

Onderzocht zijn verbanden tussen resultaten van verschillende experimenten, 

die door een proefpersoon onder dezelfde experimentele condities zijn uitge

voerd. Bij alle proefpersonen werd het achtergrondsniveau over 3-5 ordes van 
grootte gevarieerd. 

Aile experimenten hebben gemeen dat het intensiteitspatroon in de tijd de 

relevante informatie aan de proefpersoon geeft. Aile experimenten uitgezonderd 
een zijn drempelmetingen. 

Het doel is de relaties tussen die resultaten te beschrijven in een alge
meen mathematisch model. Dit zou de situatie vereenvoudigen en meer inzicht 

geven in de verwerking van tijdsafhankelijke signalen door het oog. 
In de eerste serie experimenten (Hoofdstuk I) wordt aangetoond dat er tus

sen flikkerdrempels van harmonisch gemoduleerd licht met de frequentie als 

variabele (De Lange karakteristieken) en detectie drempels van rechthoekige 
incrementele flitsen, waarbij de duur is gevarieerd, duidelijke verbanden be
staan. Met betrekking tot gevoeligheids- en traagheidsaspecten kunnen deze 

verbanden compact in simpele relaties van karakteristieke grootheden worden 
uitgedrukt. 

Deze resultaten hebben geleid tot een model waarbij drie algemene determi

nistische eigenschappenen een stochastische eigenschap de relaties tussen in
en uitgang beschrijven. Dit model maakt het mogelijk de flitsdrempel-karak
teristieken van een proefpersoon te voorspellen uit zijn flikkerfusiekurven 
bij dezelfde achtergrondsintensiteit en onder dezelfde experimentele condi
ties (Hoofdstuk II). 

Drempels van paren korte indentieke flitsen (tweeling flitsen) als een 

functie van hun interval zijn een middel om temporele sommatie verschijnselen 
in het oog te bestuderen. Hun relatie met de drempels van enkelvoudige flit
sen met variabele duur wordt aangetoond. Het is een typische demonstratie van 
het niet ideale karakter van de integratie in het visuele systeem. Op een 
dubbellogarithmische basis blijken de drempelkurven voor de diverse achter
grondsniveaus isomorph te zijn. Vergelijking van de experimentele tweeling 
flitskarakteristieken met de theoretische als een test voor het model, toont 

overeenstemming binnen de geschatte fout (Hoofdstuk III). 
Kortdurende verminderingen van het lichtniveau, verder aangeduid met de

crementele flitsen, hebben ook een zeker minimaal van de duur afhankelijke in

tensiteitsverlaging nodig om te kunnen worden gedetecteerd. Tussen detectie 
drempels van rechthoekige incrementele~ en decrementele flitsen met dezelfde 
duur is geen verschil gevonden bij grote variaties in achtergrondsintensiteit 

en duur (Hoofdstuk IV). 
De doublet karakteristieken vertonen echter betrekkelijk kleine doch sig

nificante afwijkingen van het berekende gedrag. Dit is ook het geval voor 
aanvullende metingen met rechthoekige incrementele flitsen waarvan de duur 
over een groot gebied is gevarieerd. In beide gevallen zijn de dubbel loga
rithmisch uitgezette drempelkarakteristieken practisch isomorph voor de ver-
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schillende achtergrondsniveaus. Dit was niet verwacht daar de vorm van de flik

kerfusiekurven hij de lage frequenties duidelijk verschilt bij de lage en ho

ge achtergrondsintensiteiten. 
De aard van de afwijkingen 

den dat de flikkerfusiekurven 
van de theoretische verwachting geeft het vermoe

bij de lage frequenties de overdrachtsfunctie 

niet getrouw weerspiegelen. De benodigde overdrachtsfunctie moet meer een band
filter karakter hebben. Dit hangt vermoedelijk samen met de verschillen in per

ceptief attribuut bij de lage en hoge frequenties. De helderheidsvariaties die 

men bij de lage frequenties waarneemt hebben we met "deining" aangeduid en de 
typische verschijnselen bij de hoge frequenties met "onrust''. Er is een ver~ 

fijning van het middel voorgesteld die gebaseerd is op de idee dat men aan 

twee verschillende uitgangsvariabelen van het systeem meet (Hoofd~tuk IV). 
In Hoofdstuk Vis de perceptieve vertraging van stapachtige intensiteits

incrementen bestudeerd. Drie methodes om het verloop van de perceptieve ver

traging als functie van het intensiteits-increment te meten zijn ~xperimenteel 
vergeleken. Bij de dubbelflits methode worden de ontsteekmomenten van twee 

rechthoekige flitsen met verschillende intensiteiten zodanig ingesteld dat ze 
subjectief gelijk oplichten. De oog- en oormethode is gebaseerd op het gelijk
tijdige subjectieve begin van een rechthoekige flits en toonstoot. Bij de der

de methode werden reactietijden gemeten. 

In het gebied van de middelhoge en hoge flitsintensiteiten kon .er geen ver
schil tussen de methodes worden aangetoond. Bij de lage intensite~ten in de 
buurt van de drempel bleek de oog- en oormethode niet geschikt. De resultaten 
met dubbelflitsen en met reactietijden divergeren in dit gebied. 

De resultaten van de dubbelflitsmethode, die het meest betrouwoaar worden 

geachtzijn in een redelijk goede overeenstemming met theoretische waarden die 
uit de flikkerfusiekurven worden berekend op grand van het actuele model. De 
relatie tussen latentie en de karakteristieke grootheden voor gevoeligheid en 

traagheid uit de flikker- en flitsexperimenten wordt gedemonstreerd. 
Tot slot worden stochastische eigenschappen van het systeem bestudeerd in 

Hoofdstuk VI door de psychometrische functies van enkelvoudige flitsen, flits

treinen en gepoorte sinusoiden te onderzoeken. 
De experimenten tonen dat er een invariantie is van de verhouding van de 

standaard deviatie die hoort bij de verdeling van de psychometrische functie 

en van de SO% drempel zelf. Binnen het actuele theoretische raam kan deze in
variantie worden afgeleid uit een simpele systeem eigenschap. 

Het effect van de verhoging van de detectie-kans t.g.v. periodieke herha

ling van stimuli op de gevoeligheidsverhouding van flitsen en flikker is be
studeerd. Schattingen van de grootte van dit effect die op verschillende wij
ze zijn verkregen zijn consistent. 

Als conclusie vatten we samen: 
Visuele drempels van de signalen die tijd of frequentie als onafhanke
lijke variabele hebben vertonen een nauwe samenhang die zich in sommi
ge gevallen laat uitdrukken in een eenvoudige relatie tussen karak

teristieke grootheden. 
Drempelkarakteristieken van tijdsafhankelijke stimuli vertonen een gra

te mate van isomorphie, voor de frequentie afhankelijke karakteristie-



ken geldt dit echter alleen voor de hoogfrequente kant. 
De relaties tussen de verschillende drempelexperimenten worden beschre
ven door een model dat gebaseerd is op enige algemene systeemeigenschap
pen. 
Perceptieve vertraging bij intensiteitsstappen kan eveneens door dit 
model worden voorspeld. 

Het lijkt gewenst de betekenis van de beide perceptieve attributen "deining" 
en "onrust" nader te onderzoeken. 

Gezien het belang van bovendrempelig zien is het gewenst aansluiting bij 
niet lineaire modellen te zoeken. 

Hiernaast is de invloed van de ruimtelijke randvoorwaarden en de sarnenwer
king van netvlieselernenten in dynarnisch opzicht een probleern voor toekornstig 
onderzoek. 
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NAWOORD 

Velen hebben hun bereidwillige medewerking verleend bij het tot stand komen 
van dit proefschrift. 

Degenen die rechtstreeks bij het onderzoek betrokken waren mocht ik reeds 

in de afzonderlijke artikelen waaruit dit proefschrift bestaat mijn erkentelijk
heid betuigen, Op deze plaats wil ik gaarne alle overigen bedanken, zonder de 
hulp waarvan dit hoekje nooit tot stand was gekomen. 

In het bijzonder noem ik graag Mevr. L. Savenije die het leeuwedeel van het 
typewerk verrichtte, Mevr. A. Helle die een groot aandeel had in tot stand 
komen van de eerste drie artikelen en Mevr. W. Buijs die met groat geduld vele 
formules tikte en minutieus correctiewerk heeft uitgevoerd. 

De Heren D. Welsh en A. Smith-Hardy hadden een zwaar karwei aan het s, 
dat zij met veel gelijkmoedigheid verrichtten. 

De Heer J. Pellegrino van Stuyvenberg ben ik zeer verplicht voor het vele 
tekenwerk dat hij heeft verricht. Zowel hij a1s de Heer J. Andriessen hielpen 
mij bij het oplossen van plotselinge moeilijkheden in de eindfase. 

Op de Heren Ch. Lammers, G. Moonen, W. Noordermeer en speciaal de Heer M. 
Alewijnse mocht ik vaak een beroep doen voor het construeren van $peciale 
electronische apparatuur, terwijl de Heer H. Melotte veel van de mechanisch

optische problemen voor zijn rekening nam. 

CURRICULUM VITAE 

De schrijver van dit proefschrift werd op 27 juni 1929 geboren te 
Helmond. 

Van 1946 tot 1958 was hij als assistent werkzaam op het Physisch Labora
torium van de Hoofdindustriegroep Licht van de N.V. Philips Gloeilampenfa
brieken te Eindhoven, waar hij onderzoek deed aan gasontladingen. 

In 1958 kwam hij als technisch ambtenaar in dienst bij de Technische 
Hogeschool te Eindhoven in de toenmalige onderafdeling Natuurkunde, waar 
hij voor een gedeelte van de tijd was belast met geven van practicum in
structies en voor de overige tijd was gedetacheerd op het Instituut voor 
Perceptie Onderzoek waar hij zich ging bezighouden met de menselijke visu
ele perceptie. 

Zijn in 1959 aangevangen studie aan de T.H. Eindhoven werd in 1966 be
eindigd, toen hij het doctoraal examen in de afdeling Natuurkunde met lof· 
behaalde. 

De schrijver is als wetenschappelijk hoofdmedewerker verbonden aan de 
Afdeling Wijsbegeerte en Maatschappij Wetenschappen der T.H. Eindhoven en 
gedetacheerd op het Instituut voor Perceptie Onderzoek. 
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STELLINGEN 

Om wille van de verkeersveiligheid is het uit ergonomische overwegingen aan te 
bevelen bromfietsen te voorzien van richtingsindicatoren. 

2 

Het verdient aanbeveling om door middel van enquetetechnieken correlaties te 
onderzoeken tussen het menselijk welbevinden en de mate en aard van luchtver
ontreiniging, en wel speciaal in die woongebieden waar deze verontreiniging 
niet direkt als stank herkenbaar is. 

Kwartaalberichten Milieu Eindhoven, Dienst Bouw- en Woningtoezicht 
Man in 't Veld, A.J.;Zeedijk, H.;T. soc. Geneeskunde ~. 441-445 

3 

Ook bij huishoudelijke apparaten behoort een eenvoudig uitgevoerd aansluit- en 
werkingsschema te worden geleverd. 

4 

Het gebruik van een zonnebril bij het TV-kijken als middel om kijkklachten te 
verminderen is perceptief verklaarbaar. 

5 

Bij flikkerfusiemetingen als diagnostisch hulpmiddel is het op grond van effi
cientie-overwegingen aan te bevelen zich te beperken tot een tweetal meetgege

vens nl.: de maximale flikkergevoeligheid in de De Lange karakteristieken en de 
frequentie waarbij de gevoeligheid tot op de helft van het maximum is gedaald. 

Babel, J.; Rey, P.; Stangos, N.; Meyer, J.J.; Guggenheim, P. (1969), Doc. 
Ophthal. ~. 240-256 

6 

Latenties van gradueel verlopende potentialen van neurale elementen, voor zover 
gedefinieerd als de tijd tussen de aanvang van de stimulus en de eerst detecteer
bare responsie, leveren geen betrouwbare gegevens om de route van de informatie
stroom aan te ontlenen. 

Kaneko, A.; Hashimoto, H. (1969), Vision Res. '1_, 37-55 

7 

Metingen van flikkergevoeligheid als funktie van de stimulusexcentriciteit op 
het netvlies voeren tot een paradox indien testvelden met een constante diameter 
worden gebruikt. 

Alpern, M.; Spencer, R.W. (1953}, Arch. Opthal. ~. 50-63 

8 

Bij het onderzoek naar de fundamenten van de fotopische spectrale efficientie 
van het oog, v~, kunnen van het lichaam afgeleide elektrische signalen slechts 
een afgeleide betekenis hebben. 

Commission Internationale de 1 1 Eclairage, Revue des progres du comite 
E 1.4.1. Barcelone 1971 



9 

Bij gepopulariseerde verslaggeving over spectaculair wetenschappelijk onder~ 
zoek wordt ten onrechte weinig aandacht geschonken aan het vallen en opstaan 
onderweg. 

10 

Het verdient aanbeveling machineschrijven ondermeer in het programma van het 
V.W.O. op te nemen. 

11 

Het gevaar voor symboolgebondenheid bij een vergaande normalisatie van symbo
len in basisformules, zoals kan worden gerealiseerd binnen een onderwijsinstel
ling, is minder ernstig dan het gevaar voor een blijvende onzekerheid bij het 
reproduceren van deze formules als dit wordt nagelaten. 

Underwood, B.J. (1964), Scient. Am.~. 91•99 

12 

Het is aan te bevelen bij het hager onderwijs bij voorkeur collegedictaten te 
gebruiken die een kritisch uittreksel van een boek zijn. 

13 

Voor een vruchtbare interdisciplinaire samenwerking (zoals b.v. in werkgroepen 
volgens art. 18 van de W.U.B.) is gemeenschappelijke kennis van het vakgebied 
noodz akel ij k. 

14 

Referenties die niet zijn gebaseerd op rechtstreekse raadpleging van aangehaal
de publicaties vormen een bran van literatuurvervuiling. 

Nye, P.W.; Naka, Ken-Ichi (1971), Vision Res. !!• 377-392 
Schouten, J.F.; Ornstein, L.S. (1939), J. Opt. Soc. Am.~. 168-182 

Eindhoven, 27 november 1973 J .A.J. Rou:fs 




