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ABSTRACT 

Reaction times were taken at luminances varying 

from near threshold to very bright values for a paired 

flash condition presented to the fovea. Three luminances 

and six interstimulus intervals were presented to three 

subjects. The luminances were produced by inserting 

Wratten Neutral density filters in front of a 3.140 milli-

lambert source. Luminances of 0.009, 0.03 and 31.4 milli-

lamberts were presented with each of the interstimulus 

interval durations which were 10, 20, 10, 80, 120 and 160 

milliseconds. Stimulus area was held constant at a visual 

angle of 2 0 minutes of arc at the eye. 

Median reaction times were plotted as a function 

of stimulus luminance and interstimulus interval for each 

subject as well as for all subjects pooled. These curves 

show for the low luminance value that as interstimulus 

interval is increased, reaction time also gradually in

creases. Using the method of least squares, a parabolic 

function was found which best described the low luminance 

data. 

Reciprocity of intensity and t;ime was roughly ap

proximated at the shorter flash separation but broke down 

as the duration of interstimulus interval increased. The 

vii 
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break from approximate reciprocity to a luminance depend

ency function was not abrupt. However, an upper limit of 

flash integration was estimated to lie between 120 and 160 

milliseconds since the median reaction time for the 160 

millisecond duration was essentially the same as the median 

reaction time to a single flaoh alone. 

An analysis of variance indicated that the main 

effects of luminance and duration of interstimulus interval 

were significant at the P<0.001 level. A trend analysis 

produced a significant linear trend (P<0.01) for the ef

fects of interstimulus interval. Since the stimuli were 

arranged in a geometric series and were therefore a log

arithmic progression, the significant linear trend is seen 

as supporting the parabolic function which was fitted to 

the data. 

The higher luminance curves showed little, if any, 

effect of interstimulus duration. These findings were also 

supported by cumulative percentage curves which were 

plotted with reaction time on the abscissa. Luminance 

alone determined the response in the case of the high 

luminance Vcilues, 



THE INTENSITY TIME RELATION IN VISION 

One might think that during all of the years that 

have passed since Bloch applied the Bunsen-Roscoe law to 

human behavior (1885) that this seemingly simple law would 

have been fully explored and the matter settled. But this 

is not the case; Bloch's law continues to present thorny 

problems with each experimental attempt. This dissertation 

will certainly not resolve the problem of the validity of 

Bloch1s law, but instead will try to organize some of the 

various data concerning the law and will further question 

its validity with respect to the human visual response. 

Bloch, in his article "Experiences sur la Vision", 

carefully calibrated both the luminosity and duration of 

the visual stimulus and set about his study. The subject 

(S) viewed the stimulus display through a 2.5 mm. opening 

in a meter long brass tube with a half millimeter needle 

hole through which the light entered. The light source 

itself was a candle which illuminated a white piece of 

paper. The durations of the stimulus were determined by 

changing the openings of the box which held the candle. 

The slits of the box were successively .5, 1, 1.5, 2.5, 7 

cind 10 mm. Hence, as the blades of a Foucault regulator 

passed by the various sized openings, the durations of the 

1 
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visual stimulus varied from 1.73 msec, to 51.8 msec. 

Brightness was regulated by sliding a piece of paper closer 

or farther away from the candle. A duration was selected 

and the paper moved until the flash could no longer be 

seen. It is well known that Bloch found that brightness 

was inversely proportional to the duration of the passage 

of the light. To quote Bloch, "C1 est-£l~dire que, pour une 

lumiere double, il faut une duree moitie moindre, si on 

veut arriver a la cessation de la sensation visuelle (1885, 

p. 495)." Thus we arrive at the empirical formulation of 

It = C, where I_ represents an intensity near threshold, 

t a duration below a critical limiting duration and C a 

constant behavioral effect. Of course, it was Charpentier 

(1887) who later stated the law in those terms. Bloch, on 

the other hand, far from seeing this discovery as a law, 

went on in his paper to say, "Je donne ces resultats sous 

reserve. lis ne sont pas encore assez nombreux pour que 

je puisse les affirmer (1885, p. 495)." 

Soon after the publication of Bloch's paper, other 

investigators set out to test the empirical intensity-time 

relation that Bloch and Charpentier asserted describes the 

psychophysical relationship existing between stimulus in

tensity and duration. 

One of the first serious discussions was that of 

Blondel and Rey in their 1912 paper, "The Perception of 
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Lights of Short Duration at Their Range Limits". They 

criticized Bloch and Charpentier for using lights that 

were extremely feeble and too close to the limit of sensa

tion to allow the discovery of accurate stimulus parameters 

involved in the functional relationship between luminance 

and duration. Blondel and Rey concluded that Bloch's law 

can be applied only to intense and very brief lights (1912, 

p. 623) . They therefore recommended that the "discontinu

ous law of Bloch and Charpentier" must be displaced by a 

continuous law in which the time of perception of light 

just capable of producing the threshold of sensation should 

be infinite. It is clear that Blondel and Rey's criticisms 

are intimately associated with the problems of the absolute 

level of sensation since Bloch did not use the absolute 

threshold as a dependent variable, i.e., the amount of 

energy required to detect a flash 50 percent of the time. 

In their study, the observer compared two flashes by coming 

close enough to the apparatus to see both flashes clearly. 

The S would then move away until he saw only one flash. 

The experimenter (E) would then modify the intensity of 

this one remaining flash over successive trials until the 

S ceased to perceive the two flashes at this distance. 

The two 'flashes were then considered to be of equal visibil

ity and the length of 'the filament of an incandescent lamp 

exposed in matching the flashes was measured and recorded. 
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Much to the Es surprise, a near perfect linear plot of 

total energy (It) against time was obtained. 

It is most remarkable to notice that the mean 
values of the observations for each of the eight 
durations of flash considered fall almost exactly 
on a straight line. This result, as will be seen, 
does not imply exceptional precision, but it is 
rather the result of a happy chance. It is, how
ever, interesting to have obtained such a good 
alignment for observations carried out between 
such great limits of duration; the result obtained 
for three seconds, is not, we think, of great 
value but the linear law seems to be seriously 
verified between 0 and 1 seconds, that is to say 
within the practical limits of use (Blondel and 
Rey, 1912, p. 632). 

In place of Bloch's law, Blondel and Rey suggest the follow

ing numerical expression of their law, 

Et = A + Bt 

where Et is energy, E the intensity of illumination re

ceived on the pupil and supposed to be constant during the 

whole period of the flash, t the duration of the flash, and 

A and B are two constants. 

Pieron, in his book, The Sensations, (1952, p. 249) 

presents a diagram showing the various types of relation

ships between the amount of energy, the product of intensity 

and time (Ijt) and the duration (t) of luminous excitation. 

It is immediately apparent from this figure that Pidron has 

the same function describing the relationship between It: 

falling below the limit of summation. He states that the 

break from the It: to the constant part of the curve is not 
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abrupt when utilization time is exceeded, and in addition 

stated that there is a loss of energy when a decrease in 

intensity (1^) is compensated for by an increase in the 

duration of stimulation. Pieron (1952) also suggests that 

the fixed amount of T which must be added to compensate 

for the loss of energy is not linear. 

The linear law put forward by Blondel and Rey 
is It = a + bt, where A and B represent constants. 
When t is so small that bt becomes negligible, the 
product of the intensity I by the time t comes 
near enough to be an unchanging value a, for it to 
be considered as constant. The parabolic law also 
implies a linear relationship, but of a logarithmic 
nature only: log It = log a + b log t (b being 
smaller than unity, that is I/n) and we have It = 
at I/N (Pieron, 1952, p. 18). 

In theory, then, there are three possible rt rela

tionships regarding the amount of energy required for 

threshold: (1) intensity and time are completely inter

changeable (Bloch's law, 1885); (2) the quantity of It re

quired to reach threshold includes a certain fixed amount 

which must be added and increases proportionately to time 

(Blondel and Rey, 1912); (3) the relationship described by 

Blondel and Rey is not linear but parabolic and becomes 

linear only when stated in logarithmic terms (Pieron, 1952). 

The task now is to examine the data of experiments which 

have investigated the intensity time relationship and at

tempt to determine which of the three alternative hypotheses 

is most accurate. 
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Although this paper is primarily concerned with the 

application of Bloch's law to the paired flash case using 

RT as a dependent variable, studies employing other de

pendent variables such as threshold and the perception of 

twoness will be reported. These data have an important 

bearing upon the extent to which Bloch's law may be gen

eralized. The studies which v/ill follow will be organized 

under the headings of threshold and suprathreshold data 

with the intent of determining v/hich of the three empirical 

relationships given above, most accurately describes the 

data. 

Threshold Data 

Hartline (1934) studied various electrical effects 

in the single fiber in the eye of Limulus polyphemus• His 

data demonstrated that there is a fairly sharp break from 

the It = C relationship to the I. = C relationship. A 

critical duration value after which intensity alone de

termined the response was clearly demonstrated for short 

durations. Hartline interpreted these data as reflecting 

the integration of the physiological antecedents of an 

event up to the instant at which the process triggers the 

behavioral event. Once this event has occurred, it is no 

longer affected by further application of the stimulus. 

The It = C relationship is destroyed and the response is 
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totally dependent upon luminance alone. The Bunsen-Roscoe 

law, then, describes the response of a single optical fiber. 

However, to assume that the response of the single fiber to 

manipulations of intensity and time is identical to the 

perceptual response derived from the activity of a large 

number of fibers involved even with the smallest of areas 

in the human eye would be an unwarranted generalization. 

Similarly, to assume that Bloch's law describes 

photochemical changes which occur early in the eye's re

sponse to energy would be an oversimplification. Boynton 

(1961) states that the largest part of the density changes 

in rhodopsin which occur within the integration time in 

response to a brief flash are of such a speed that two com

plete photochemical reactions could occur, sending a double 

message to the brain. In addition, at threshold, the 

probability of a double absorption of two or more quanta 

in one receptor is very low. Boynton (1961) provides us 

with convincing evidence for a neural summation mechanism 

underlying the It relationship. The critical duration, 

then, becomes the limit of temporal neural summation. 

The older point of view, attributable to I-Iecht 

(1934), that the events underlying the reciprocity of in

tensity and time are simple photochemical processes or 

are identical for simple and complex eyes is no longer 

tenable. As will be apparent from the description of 
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studies to follow, the intensity time relationship is com

plex and dependent upon many stimulus and organismic 

variables. 

One of the first studies to relate human foveal 

threshold data to Iiartline's findings was by Karn (1936). 

This study is particularly relevant since the locus of 

stimulation was the fovea, the area stimulated in the ex

periment reported in this paper. In Karn's study, stimuli 

with visual angles of 1, 3, 10 and 20 minutes were pre

sented at durations varying from 1 to 500 msec. Luminance 

was varied by means of an optical wedge and thresholds 

were determined by the method of limits. The threshold 

data for the smallest stimulus area (one minute) very 

closely approximated the type of relation that Hartline 

(1934) discovered in the single receptor of Limulus. 

Karn's graphs show that there does seem to be complete 

reciprocity of intensity and time for threshold levels up 

to a critical duration beyond which luminance is more 

effective in producing the response and thereafter approach

es a constant value. However, the sharpness of the break 

from the It = C to the I_ = C relation is not as apparent 

as in the case of Limulus. Indeed in the case of the 

larger areas, 3, 10, and 20 minutes, the increase in slope 

from zero to unity which indicates a diminished influence 

of exposure time is not abrupt but transitional. Only in 



the one minute curve is the hiatus clearly identifiable. 

Karn accounts for the absence of the sharp break from one 

relation to the other as being due to "statistical and 

interactional effects" (1936, p. 368)« The point he is 

making is that the single human receptor basically func

tions according to Bloch's law as does the single Limulus 

receptor. He also suggests that Bloch's law applies to 

the function of large numbers of receptors in the human 

eye and that the law would be more closely approximated 

if it were not for receptor interaction. 

In 1951, Long published two experiments which sup

port the complete interchangeability of intensity and time 

below a critical duration for the peripheral retina. Al

though Long's study involves the periphery rather than 

the fovea which is the concern of this paper, his data are 

relevant to the application of Bloch's law to the fovea. 

The reciprocity found in peripheral data should be more 

closely approximated by foveal data because of the fovea's 

more direct neural connections to the occipital cortex. 

Therefore, whatever formulations describe the It relation

ship in the periphery should more accurately hold for the 

fovea if indeed neural interconnections tend to obscure 

the relationship. 

In his first experiment, Long presented flashes 

of light, 20, 30, 45, 70, 100 and 2.40 msec, in duration. 
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These durations were produced by changing the size of a 

slit in a disc which rotated in front of the light source. 

Using the method of limits, the light was diminished or 

increased by adjusting an optical wedge until the light 

either was seen or not seen. The threshold values that 

were obtained were plotted in the traditional intensity 

time curve, i.e., log It required for threshold as a func

tion of the light flash increased up to a certain critical 

duration, the intensity required to produce a threshold 

response decreased proportionally. The change from the 

It = C to I = C relationship was abrupt with no transi

tional zone. These data were interpreted as supporting 

the work of Hartline (1934), Graham and Margaria (1935), 

and Karn (1936). Graham and Margaria1s paper will not be 

discussed in detail in this paper. Their peripheral data 

are interpreted as supporting Bloch's law. 

In a second experiment reported in the same paper 

(Long, 1951), the wave form of the light flash was varied. 

The same apparatus was employed as in the first experiment 

with the exception that the open slit which rotated in 

front of the light source was set at different angular 

openings so that the light flash would reach its maximum 

intensity value at different times. The total amount of 

energy in each flash' was held constant. All duration 

values were below the critical duration value established 
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in the first experiment (100 msec,)- Changes in wave

form did not effect the total amount of energy x-equired 

for threshold below the limit of the critical duration. 

A plot of log energy over time to maximum intensity pro

duced a curve with a slope of zero. The data of both 

experiments indicated that Bloch's law adequately describes 

threshold data for small areas and brief flashes. 

Another study which lends support to Bloch's law 

and which is most pertinent to the experiment of this 

dissertation is the intensity-time relation for multiple 

flashes of light in the peripheral retina by Davy (1952). 

This study, as was Long's, was divided into two separate 

experiments, one involving the presentation of trains of 

light flashes all falling within durations less than the 

critical duration, and one involving the determination of 

the intensity threshold for two flashes of light of equal 

energy content separated by temporal intervals ranging from 

10 to 600 msec. 

In series X, each pulse had a duration of .01 

seconds, and a train of 1 to 5 such pulses were presented 

at .01 second intervals. The maximum duration of such a 

train was .09 seconds for each five pulse train. The 

product of the number of flashes and intensity required 

for threshold plotted as a function of the number of 

flashes in the train was constant. The break up of a 
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light stimulus into separate flashes, then, has no effect 

upon threshold below the critical duration. 

In series II, Davy varied the time interval between 

two flashes. The durations of flash separation were 10, 

30, 50, 70, 100, 200, 300, 400, 500, and 600 msec. Thresh

old determinations were made for each interval. The light 

energy for those intervals which fell below the critical 

duration value (7 0 msec.) was constant. Above the 7 0 msec, 

critical duration value, the requirement for threshold 

energy nearly doubled at the 500 msec, flash separation 

value. Davy had his Ss report whether they saw one or 

two flashes. All S_s reported "twoness" 100 percent of 

the time when the duration of flash separation exceeded 

the critical duration. The data of this experiment were 

considered to support Bloch's law. A point of interest 

is that the break from the It = C relation to I = C re

lation is not abrupt but transitional. From 60 to ap

proximately 200 msec., the second of the paired flashes 

contributed less and less to the energy requirement for 

threshold. This feature of the data is not discussed 

in Davy's paper. 

The studies of Karn (1936), Graham and Margaria 

(1935), Long (1951), and Davy (1952) all support Bloch's 

law. The data from these studies indicate that there is 

complete reciprocity of intensity and time below a duration 
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which is the limit of integrative activity of the visual 

system. All of these authors have written that the break 

from the It = C to the I_ = C relation is abrupt. However, 

if the data plots are examined, an abrupt transition is 

not, found in the actual data but rather in the theoretical 

curves drawn by the authors. Rather than an abrupt inter

ruption in the IT = C relation as demonstrated in the 

single fiber of the eye of Limulus (Hartline, 1934), a 

transition curve is found suggesting that the integrating 

activity of the human retina as a general rule decreases 

gradually. The critical point here is that in the attempt 

to relate the data mentioned abova to the Bunsen-Roscoe 

law as reported by Hartline, these authors (Karn, 1936; 

Graham and Margaria, 1935; Long, 1951; and Davy, 1952) have 

oversimplified the interpretation of their data. The sig

nificance of the transitional change from approximate 

reciprocity to a luminance function is that Bloch's law 

probably reflects the nature of temporal neural summation 

and in most cases not the receptor photochemical reaction. 

Only when the stimulus areas employed are small enough, do 

the receptor populations or receptor fields approximate 

the functioning of the single receptor. There is good 

evidence from Karn's study (1936) that the area must be 

smaller than one minute. Even at this small area the 

change from It = C to I = C, is not perfectly abrupt. 
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Thus, from the evidence, one would conclude that Bloch's 

law is only a rough approximation of the integrative ac

tivity of the eye for a very small area, short duration, 

threshold flash delivered to the human retina. 

The last paper in this section is one by Sperling 

and Jolliffee (1965) which is an extensive investigation 

of the reciprocity relation for different wavelengths of 

spectral light as well as for the quantitative nature of 

the product of intensity and time relation, particularly 

examining the break from the Ij; = C relation to I = C. 

This study is treated separately because the data are not 

in accord with the threshold data mentioned previously. 

The stimulus durations for this study were determined by 

a sectioned disk rotating in front of a tungsten filament 

projection bulb. The stimulus durations were 2.8, 6.8, 

30, 60, 100, 200, 500 and 2,000 msec. Thresholds were 

determined by the method of constant stimuli at wave

lengths of 650 and 450 mu. Two stimulus areas, 4.5 min. 

and 45 min., were investigated for the fovea. Data were 

taken for three Ss. The traditional slope of zero below 

a critical duration and a slope of unity above that value 

was found to be only roughly approximated by the data. A 

most interesting feature of these data is the transitional 

break from approximate reciprocity to strictly a luminance 

function. A greater departure from complete summation was 
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found as stimulus area was increased which is congruent 

with the data of Graham and Margaria (1935) and I<arn (1936) 

Of the greatest significance, however, was the finding that 

summation at absolute threshold continued for durations 

longer than the critical duration which, in this study, was 

taken to be that point at which integration began to diminr 

ish. Limited summation for these data continued through 

200 msec, which is considerably longer than critical 

durations reported by other researchers. 

Summarizing the findings of the studies in this 

section, we find that Graham and Margaria (1935), Karn 

(1936)f Long (1951) and Davy (1952) all interpret their 

data as supporting Bloch's law with complete interchange-

ability of luminance and duration below a critical dura

tion after which luminance alone determines the response. 

These authors relate their data to Hartline's (1934) data 

taken from the single receptor of Limulus. Boynton (1961) 

warns that a simple photochemical explanation of Bloch's 

law would be an error and suggests that the critical dura

tion is the temporal limit of neural summation. As this 

author has suggested (this paper, p.12), if one reviews 

the actual data of the above studies rather than the theo

retical curves, complete neural summation is not indicated 

to be the case. For' threshold data there is evidence that 

although reciprocity is approximated for very small areas, 
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it does not cease abruptly but diminishes gradually up to 

the durations longer than 200 msec. (Sperling and Jolliffee, 

1965). Bloch's law, then, might well be restated in 

these terms: there is a higher degree of temporal summa

tion for very small areas and threshold luminances which 

decreases gradually to a duration beyond which luminance 

alone determines the response. 

In addition to the evidence presented up to this 

point, which has suggested that Bloch's law is a severely 

limited description of the intensity time relation for 

threshold data, there are some studies which have examined 

the application of the law to the suprathreshold case. 

These studies will be presented in the following section. 

Suprathreshold Studies 

Evidence has been presented that places serious 

limitations on the generalization of Bloch's law beyond 

certain stimulus conditions in the threshold case. Since 

the absolute threshold is an arbitrary statistical value 

set at the 50 percent level of detection, the question of 

the applicability of Bloch's law to other response levels 

which lie above the 50 percent level arises, 

A single flash experiment by Pease (1964) ex

amined the intensity.time relation for suprathreshold 

values with RT as a dependent variable, A flash which 
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subtended an arc of 20 minutes was delivered to the per

ipheral retina at three luminances ranging from very high 
* 

to very low values. The response level to the low energy 

flash was 60 percent. There were seven flash durations 

ranging from 3 to 500 msec. An interesting characteristic 

of these data was that RTs were not the same for stimuli 

which were identical with respect to total energy but 

differed in the distribution of flash intensity over time 

below a critical duration. RTs to a flash of 6 msec, and 

.42 ml. theoretically should have been the same as RTs to 

a flash of 3 msec, at .84 ml. Instead the 3 msec, at .84 

ml. flash produced a faster RT which was interpreted as 

demonstrating a greater effect of luminance than duration 

in determining the speed of a response. Even though the 

luminance was not very high, and small areas and short 

durations were employed, Bloch's law does not seem to 

adequately describe the data for an RT criterion. 

A most interesting experiment by Bartlett and White 

(1965) examined the relationship between evoked potentials 

and correlated judgment of brightness as a function of the 

duration of flash separation. Pairs of flashes equal in 

energy but different in the duration of inter flash inter

vals were projected onto a Ganzfeld which was illuminated 

with a constant background. The flash luminance, therefore 



was approximately one tenth of a log unit above that for 

threshold. Flash separation intervals were 9, 16, and 25 

msec. A forced choice psychophysical method was employed 

in which the £ was instructed to indicate which of a train 

of three pairs of flashes was brightest. The 9 msec, 

inter flash intervals were judged to be brighter more often 

than the 25 msec, intervals. In a second phase of the 

experiment, evoked potentials were recorded for the 9 and 

16 msec, flash interval durations. The evoked potential 

data indicated that the amplitude and the wave form of 

the evoked potentials changed with inter flash intervals. 

It is clear that apparent brightness and evoked potentials 

change as a function of inter flash intervals; a constant 

product of intensity and time does not produce a constant 

sensory effect for these criteria either. 

Another suprathreshold study which indicates a 

more intricate intensity-time relation than offered by 

Bloch's law is one by Katz (1967). The S in this study 

was presented with a haploscopic view of two semicircular 

fields which appeared juxtaposed at the Ss^ eye. A com

parison field was presented to the left eye and the test 

field to the right eye. The comparison field was set at 

a standard value of 2.84 log ml. and its duration at 200 

msec. The S was required to match a test flash of an 

equal or shorter duration to the comparison flash. 
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Reciprocity between luminance and duration was found to 

fail between durations of 8 and 25 msec. Greater increases 

in duration caused a given test flash to grow dimmer, as 

revealed by Ss. tendency to increase the luminance of the 

test flash to maintain equal brightness. This indicates 

an even greater departure from complete reciprocity. The 

eye functioned most efficiently to light flashes of very 

short durations. 

. Keitzman (1969) extensively studied Bloch's law in 

regards to the suprathreshold condition. Keitzman used 

RT as a dependent variable in this series of experiments, 

but, unfortunately did „iOt use well-practiced Sj3. There

fore, the data are contaminated by practice effects, and 

unfortunately these effects may have canceled out slight 

RT differences which may have occurred to any one of the 

stimulus conditions. He employed three specific stimulus 

conditions, First, he presented a two pulse flash sep

arated by an inter-flash interval ranging from 11.7 to 

126 msec.; secondly, a 4 msec, single pulse with the same 

energy as the double pulse; and finally, a 2 msec, pulse 

of the same luminance at the double pulse which was one 

half of the energy of the other two stimulus units. 

In the first experiment of a series of three, two 

pulse flashes were presented at a luminance of 37 ml. 



The area of the stimulus was always 42 minutes, RTs to 

this luminance yalue were fast and show little if any 

reciprocity effects. The 4 msec, equal energy pulse, 

equivalent to an inter flash interval of 0, and the two 

pulse flash separated by durations up to approximately 

63 msec, produced RTs which were essentially the same. 

In other words, the energy of the double pulse stimulus 

was completely integrated. Reciprocity was not apparent 

at this luminance level which is expected, based upon 

previous RT studies (Raab and Fehrer, 1962; Pease, 1964), 

In a second experiment Keitzman (1969), decreased 

the luminance value of the first experiment by one half 

(.18 ml.). As would be expected, RTs were longer than 

those obtained in the first experiment. More important, 

however, was a 31 msec, difference between the single 

flash separated by a duration of 11.7 msec. The second 

pulse clearly reduced the RT to the first flash some 8 

msec, later. The RT to the double flash with an inter-

stimulus interval of 60 msec., was equal to that of a 

2 msec, single flash. The identical RTs to these two 

stimulus conditions indicates that the energy of the 

second flash of the paired flash condition was not being 

integrated. 
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In the third experiment, Keitzman presented longer 

durations of flash separations with a lower luminance value 

(15 ml.). The duration of flash separation was extended 

to 124 msec. In this case there was some contribution 

of the second flash to the first to approximately 63.6 

msec. 

In general the suprathreshold studies described in 

this paper do not lend support to the application of Bloch's 

law to the suprathreshold case. The integration of in

tensity and time at suprathreshold energy levels precludes 

a complete interchangeability of luminance and duration 

below a critical duration. Furthermore, the threshold 

studies mentioned earlier in this paper cast doubt upon the 

accuracy of Bloch's law in describing the intensity time 

relation for lower energy levels'. In the threshold case, 

Bloch's law seems to be only an approximation of the in

tegrative function of the eye. 

Before stating the hypothesis of this dissertation, 

a short discussion of the use of RT as a sensitive measure 

of sensory processes will be presented. 

Reaction Time as a Dependent Variable 

RT, as far as this paper is concerned, is defined 

as the length of time from onset of a stimulus to the 

beginning of a response. This unit of time has traditionally 
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been divided into two components, the irreducible minimum 

and the reducible margin. The irreducible minimum consists 

of the temporal delays accounted for by the receptor pro

cesses and neural connections such as the afferent and ef

ferent transmission delays. The reducible margin may be 

approximated by subtracting the maximum reaction for 

threshold from the minimum RT to maximum stimulus inten

sities. Any one of the functional relationships described 

earlier in this paper, such as Pieron's or Blondel and 

Rey's formulae, may be used to systematically relate the 

reducible margin to stimulus variables. 

RT has been shown to be an excellent sensitive 

measure of retinal functioning by several researchers 

(Bartlett and MacLeod, 1954; Hufford, 1964; Pease, 1964; . 

Versteeg, 1970). Certain precautions, however, must be 

taken to insure reliable data. First, Ss should be well 

practiced. This eliminates practice effects from the data, 

and also reduces the within S variability, thereby increas

ing the power of many statistical tests. With practice a 

S's RTs will reach an assymptotic level of performance and 

will remain stable at that level for some time. Secondly, 

in vision experiments, there is the necessity of establish

ing an explicit criterion for the S to use in data rejection 

before the experiment begins. For example, the rejection 

of RT data in the experiment of this dissertation is based 
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on mechanical failures such as improper fixation or blink

ing az. the time of the stimulus presentation. In this 

experiment only three such disqualifications for over 2,300 

RTs were made. 

The problem of the present experiment is to in

vestigate the intensity-time relationship by recording RTs 

to a vide range of luminances and duration of interstimulus 

intervals in the fovea, Interstimulus interval in this 

experiment is defined as that time interval which begins 

at the termination of the first flash and ends with the 

initiation of the second flash. In other words, the dura

tion of the two paired flashas is not included in the 

duration of the interstimulus interval. Emphasis will be 

placed upon determining which of the three functional rela

tionships described earlier in this paper will most ade

quately fit the data. 

The hypothesis, based upon the threshold and supra-

threshold data reported in this paper, is that Bloch's law 

does not precisely describe the intensity-time relation 

using RT as a dependent variable. More specifically there 

is incomplete integration of the energy of a second flash 

below the critical duration and that the second flash con

tributes less and less energy to RT as interstimulus inter

val increases. The break from the It = C relation to the 

I = C relation will be gradual, rather than abrupt. 



METHOD 

Apparatus 

The Visual Discriminator consisted of a covered 

tunnel 2h x 3h x 2h inches which provided the stimulus and 

fixation sources. The light source was a Sylvania Glow 

Modulator (type R1131C) tube which had a small argon lamp 

(General Electric H7) attached just above the tube base 

for priming purposes. Under these conditions, the Glow 

Modulator had a rise and decay time less than 0.0001 sec

onds. The light from this source passed through a collimat • 

ing lens 22 nun, in diameter with a focal length of 162 mm. 

Slots in the tunnel walls held Wratten neutral density 

filters which could be inserted to obtain appropriate 

luminances. A field stop holder enabled the selection of 

the stimulus area by the insertion of an aluminum area 

slide. After passing through the area slide, the light 

traversed a beam splitter, a converging lens 35 mm. in 

diameter with a foval length of 90 mm., and then converged 

at an artificial pupil 3 mm. in diameter. The fixation 

point was reflected off a 45° inclined thin layer of slide 

cover glass inserted between the converging lens and the 

artificial pupil. Ah opening above the glass received the 

light from a neon bulb (type NE 51) mounted in a closed 

24 
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metal cylinder. The cylinder was covered with aluminum 

foil through which three pin-size holes were drilled 3.5 

ram. apart, thus allowing a triangular fixation display 

which subtended a visual angle of one degree of arc at the 

eye to be projected upon the inclined glass and thence to 

the eye. The fixation display was located so that the 

stimulus appeared in the center of the three fixation dots. 

The dots when viewed directly by S, stimulated the center 

of the fovea. The S maintained a steady position by firmly 

biting a dental plate made from "Fastray," a self-curing 

dental plastic. The bite plate was clamped between two 

pieces of plywood mounted on adjustable aluminum brackets 

which were attached to the booth wall. A bite plate was 

fitted for each S, thus insuring for each that his eye was 

in the proper viewing position. 

The S sat in a light-secure, ventilated booth with 

a floor dimension of 65 x 36 inches. The end of the visual 

discriminator containing the fixation cover glass and the 

artificial pupil extended three inches into the booth 

through the back panel. As S sat in the fixation position, 

he rested his right arm on a six inch shelf attached to the 

side of the booth, A level was attached to a micro-switch 

(BZ-2RW80) and was bent so that the lever was parallel with 

the base of the switch and was stopped by a metal plate 

which limited the distance to which it would be depressed 
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to 2 mm. The switch and metal plate were mounted in the 

shelf attached to the side of the booth. A weight of h g. 

would depress the micro-switch sufficiently to close the 

contacts. To execute a reaction, S_ held the lever against 

the metal stop until he detected the onset of the stimulus, 

whereupon he removed his forefinger as rapidly as possible. 

A Hewlett Packard Electronic Counter (Model 522B) 

recorded RTs in milliseconds. A Grass S4 Stimulator con

trolled the single flash duration of 5 msec, as well as the 

duration of interstimulus interval. The flash intervals 

used were 10, 20, 40, 80, 120 and 160 msec. All durations 

were calibrated on a Tektronix Ocilliscope (Model 512) 

before and after each data gathering session. The S4 

Stimulator also provided a 18 0 v. DC power supply which 

activated the Sylvania Glow Modulator tube as the stimulus 

source. A Heath (Model W-PS-4) regulated DC power supply 

was the power source for the glow-modulator primer light. 

A Hunter Decade Interval Timer (Model 100C) con

trolled a variable foreperiod which was initiated by £ de

pressing a foot switch which closed the timer circuit. At 

the end of the foreperiod, the Hunter Timer triggered the 

counter and S4 stimulator simultaneously, and the counter 

was stopped when S released the reaction lever, opening 

the counter circuit. 
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Three luminances ranging from near threshold to 

very bright were determined by inserting Wratten neutral 

density filters in front of a 314 ml. source. The source 

luminance was calibrated with a MacBeth Illuminometer. The 

luminances were 41.4 ml. (density value 1.0), and 0.03 ml. 

(density value 2.0) and 0.009 ml. (density value 2.5). 

Stimulus area was held constant by the use of a 

.033 inch field stop which subtended a visual angle of 20 

min. of arc at the eye. The field stop was constructed 

from opaque film sprayed with flat black paint. The film 

was then drilled, mounted in an aluminum frame and inserted 

into the visual discriminator. 

Subjects 

Ss were three male graduate students in the Depart

ment of Psychology. All subjects had emmetropic vision 

and practiced this RT task 15 hours prior to the test 

trials. 

Procedure 

Prior to each session, each S dark adapted 30 

minutes in the reaction booth. After this period of time, 

S was ready to react to the stimuli, each of which was pre

ceded by a variable foreperiod. The length of the fore-

period ranged in steps of tenths of a second from 2 to 4 

seconds. The foreperiod length was predetermined by use 
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of a table of random numbers. Pairs of numbers were 

selected from this table, the first digit corresponding 

to seconds and the second digit to tenths of seconds. The 

E set the foreperiod on the Hunter Timer, and then said, 

"Ready. " This was the signal for S_ to depress the response 

key and foot switch to signal readiness to react. The foot 

switch initiated the foreperiod and was held down until 

the reaction had been executed. By lifting his forefinger 

from the lever, the stopped the counter. The E would 

then read the RT and record them on the data sheet. This 

process was repeated until all the data were recorded for 

each luminance block. A rest period of 10 minutes separated 

one luminance block from another. There was at least 20 

seconds delay between successive stimulus presentations, 

but since S controlled the pace of stimulus presentation, 

often the successive presentation time was longer than 20 

seconds. Each data gathering session lasted from 1 to 2 

hours. 

Prior to each session, all £s were instructed to 

signal E if an RT was to be disqualified on the basis of 

some malfunction of the apparatus or some problem in fixa

tion such as blinking during the stimulus presentation, the 

finger slipping off the reaction key, etc. There were only 

three such disqualifications during the data gathering 

sessions. 



Trials were administered in blocks of 30 presenta

tions. Each block was identified by one of the three 

luminance values which was paired with each of the six 

interstimulus interval durations giving a total of six 

conditions for each one of the three blocks. The order 

of each duration as it was paired with each intensity is 

given in Table 1. 

Six RTs were collected for each duration in any 

one block every session. Thirty RTs were collected for 

each interstimulus-interval duration luminance condition 

over five sessions. A total of 78 0 RTs were executed by 

each S during the several conditions of the experiment. 
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Table 1- Experimental Design 

Luminances are represented by capital letters, and 
durations are represented by their value in milli
seconds. Each duration luminance condition was 
repeated five times, as explained in the text. 

Day Conditions 

1  A 20 ,  160 ,  

o
 

I
—
I
 

40 ,  C
O
 

o
 

1 2  0 ;  B  40 ,  120 ,  

o
 

00 

1 60 ,  10 ,  20  

C 10 ,  160 ,  120  ,  40  ,  20 ,  80  

2  B  120  ,  80 ,  160  ,  10  

o
 

C
M
 

40;  C  120 ,  80 ,  40 ,  160 ,  10 ,  20  

A  10 ,  40 ,  20 ,  120 ,  80 ,  160  

3  C  10 ,  40 ,  160 ,  80 ,  20 ,  120 ;  A  10 ,  40 ,  160 ,  120 ,  C
O
 

o
 

2 0  

B  120  ,  20 ,  40 ,  10 ,  C
O
 

o
 

1 60  
• 

4  A  40 ,  120 ,  20 ,  80 ,  10 ,  160 ;  C  10 ,  20 ,  120 ,  160 ,  40 ,  80  

B  C
O
 

o
 

1 0 ,  120 ,  40 ,  20 ,  160  

5  B  80 ,  40 ,  10 ,  20 ,  160 ,  120 ;  A ! 0 ,  120 ,  160  ,  40 ,  80 ,  20  

C  (—
1 o
 

4 0 ,  t
o
 

o
 

8 0 ,  120 ,  160  



RESULTS 

This experiment was designed so that a treatment-

by-treatment-by-subjects analysis of variance (ANOVA) coulcl 

be performed on the data. Median RT data were used in the 

analysis of variance because some stimulus presentations 

were not observed by Sy namely the long interstimulus in

terval duration at the low luminance value. When S did 

not react to a stimulus presentation, this was counted as 

an infinite RT, hence the median is the only meaningful 

measure of central tendency in this case. Table 2 shows that 

there is little difference between the means and medians for 

conditions where all flashes were seen which suggests that 

the distributions were approximately normal in character 

and the median a meaningful measure of central tendency. 

The F ratio for the analysis of variance was tested 

at both the P<0.05 and P<0.01 percent levels of confidence. 

The effects of luminance, interstimulus interval duration, 

and the luminance interstimulus interval duration inter

action were tested. Table 3 presents the critical values 

of the analysis of variance. 

The main effects of luminance and interstimulus 

interval duration were significant at the P<0.001 percent 
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Table 2. Medians, Means, and Standard Deviations for all Three Subjects 

Stimulus Stimulus Durations in Milliseconds 
Luminance 
(ml.) Subject G Subject H Subject R 

M E D I  A N S  
10  20  40  80  120  160  10  20  40  80  120  160  10  20  40  80  120  160  

009  320  332  340  373  363  511  367  361  358  382  401  470  331  339  368  370  362  523  
03  292  297  306  310  304  306  327  324  328  326  339  332  312  317  328  323  318  326  

31 .  4  204  201  207  210  208  206  244  236  225  238  241  235  222  223  222  221  221  226  

M E  A N S  
009  325  337  347  372  398  336  358  379  395  417  334  346  377  381  382  
03  298  300  311  317  306  310  328  334  335  333  354  331  315  322  326  338  331  335  

31 .  4  211  203  205  212  209  210  244  236  225  238  241  235  227  227  223  231  223  229  

S  T  A N D A  R D D E  v : I  A '  r I  0 N S  
009  19  22  27  72  78  33  27  48  48  68  35  42  49  21  55  

m 03  24  15  23  34  25  31  26  28  24  27  39  23  31  28  34  38  45  24  

•
 

i—1 ro 

4  21  23  19  6  14  17  20  30  31  67  44  14  22  17  21  14  17  19  

to 
ro 
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Table 3. Analysis of Variance for Reaction Time Data 

Source df MS F 

Luminance (A) 2 102,289.055 3,869.455 

Duration (B) 5 1,096.712 6.881 

Subjects (S) 2 4,105.055 

AXB 10 415.662 2.401 

AXS 4 26.435 

BXS 10 159.362 

AXBXS 20 173.214 

level while the interaction effect was significant at the 

P<0.05 percent level. 

In addition to the analysis of variance, a trend 

analysis was performed on the data. Table 4 presents the 

critical values for their analysis. As is indicated, the 

Table 4. Trend Analysis for Median Reaction Time Data 

Source df MS F 

Linear 1 8,025. .94 0.29* 
Quadratic 1 48. .29 .278 

*P <.001 
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linear trend was significant at the P<0.001 level. This 

significant linear trend supports the parabolic function 

which is fitted to the data later on in this result sec

tion. A logarithmic transformation of a parabolic expres

sion when plotted on a graph yields a linear curve. Since 

the duration of interstimulus intervals were selected so 

they formed a geometric progression, they also, form a log

arithmic series, hence the significant linear trend sxapports 

the parabolic function. 

Figures 1, 2 and 3 present median RTs plotted as a 

function of luminance and interstimulus interval duration 

for all three Ss. 

Inspection of these curves reveals, in general, 

that for the lowest luminance value (.009 ml.) as inter

stimulus interval duration increases from 10 to 160 msec, 

that RT increases gradually for the shorter flash separa

tions, and increases with greater magnitude as flash 

separation increases. The middle and high luminance curves 

for all Sj3 show little, if any, change in the RT to the 

interstimulus interval duration. Figure 4 presents curves 

based on pooled median data for all Ss. 

All curves for individual as well as pooled data 

indicate that there is an absence of the hiatus which 

might indicate a critical duration value. Rather, RT 
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Subject G. 
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H. 
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values increase smoothly as interstimulus interval duration 

increases. 

The smooth function mentioned above was found to be 

best described by a parabolic function of the form, 

(1) Rt = aDb + c 

where "D" is the duration of interflash interval, "a" and 

"c" constants and "b" is a slope constant. By taking log

arithms of both sides of the equation, an equation of the 

following form is obtained: 

(2) Log v = log a + blog D. 

Stated in terms of RT, this formula becomes 

(3) j/og (Rt-340) = log a + b log D, 

where 340 is the irreducible limit or minimum, "a" equals 

a constant obtained from the RT data and dependent upon 
* 

intensity, "b" is the slope constant, and "D" is equal to 

the interstimulus interval duration in milliseconds. It 

is understood that in equation (3), RT is a function of 

flash intensity and interstimulus interval duration. With 

flash intensity increases the irreducible limit decreases 

and the other constants change. The RT approaches the new 

irreducible limit, and "b" and-"a" approach zero. 

Table 5 presents the RT values predicted by equation 

(1) along with the observed values for subject H as calcu

lated by the method of least squares as described by Lev/is 

(1960, p. 55). 
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Table 5, The Predicted and Observed Reaction Time Values 
for the Lowest Luminance (.009 ml.) and Six Flash 
Separations in Milliseconds 

Duration of 
Flash Separation Predicted Observed 

10 350 367 

20 366 361 

40 377 358 

80 398 382 

120 422 401 

160 485 470 

Figure 5 shows observed and predicted median RT 

values plotted as a function of log interstimulus interval 

duration for the lowest luminance value of subject H. It 

may be seen there is a close fit between observed and pre

dicted RT data. This fit may be obtained for the other Ss 

by simply changing the irreducible limit or minimum in each 

case. The basic function, therefore adequately describes 

the relationship between the independent and dependent 

variables for all Ss. 

Figure 6 presents cumulative percentage frequency 

curves for flashes seen for six interstimulus interval 

durations at the lowest (.009 ml.) luminance value for 
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Figure 5. The observed and predicted median reaction time values 
plotted as a function of the interstimulus-interval dura
tion for the lowest luminance for Subject H. 
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subject R. It is evident from these curves that the base

line position as well as variability (slope of each curve) 

changes as a function of increased interstimulus interval 

duration. The 160 msec, curve, of course, is more variable 

than the others. Furthermore, since the analysis of vari

ance shows that the effects of interstimulus interval dura

tion are significant at the .001 percent level, it is 

suggested that different baseline position of interstimulus 

interval duration curves represent different populations 

of responses being sampled. It is with this line of 

reasoning that the distributions as well as the measures 

of central tendencies for these curven are considered to 

be different. Figure 7 shows the curmilative percent fre

quency curves for the lowest energy (interstimulus interval 

duration) value based on all flashes whether seen or not. 

This curve is included as a reminder that the low 

energy value was near threshold and all of the flashes were 

not seen. 

The cumulative percentage curves presented in Figure 

8 are for the high luminance value (31.4 ml.). These curves 

are tightly clustered with little baseline variance. This 

indicates that the interstimulus interval duration has 

little effect, if any, and the luminance alone is the most 

important variable affecting RT. 
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Table 6 presents median RT values for all S_s for a 

single 5 msec, flash delivered at the low luminance value 

(.009 ml.). Although these data were taken during the 

latter part of the training period, it is clear that they 

are similar to the 160 msec, interstimulus interval duration-

low luminance test data in the paired flash condition. 

These data provide strong support for the contention that in 

the low luminance, long interstimulus interval, paired flash 

condition there is no contribution of one flash to the ef

fects of the other in determining the response and that 

luminance alone is responsible for the magnitude of the RT. 

Table 6. Pretest Medians for a Single S Millisecond Flash 
Condition Compared with the Paired-flash Test 
Data for the 160 Millisecond Flash Separation 
Value of the Lowest Luminance Value. 

Subject Rt 
Percentage of 
Flashes Seen 

Pretest . G 526 60 

H 501 51 

R 517 61 

Test G 571 53 

H 470 51 

R 523 63 



DISCUSSION 

The data of this experiment sharply conflict with 

the.traditional threshold studies of the intensity-time 

relationship. Long's (1951) study, for example, shows 

complete reciprocity of intensity and time below a critical 

duration for the periphery. Davy (1952) concludes that his 

data support Bloch's law. How do we account for the data 

which deviate from a strict reciprocity function, such as 

found in the studies of Sperling and Jolliffee (1965), 

Keitzman (1969) or this study? 

The answer to the question is complex as is the It 

relation itself. It is well known that many stimulus vari

ables affect the It. relation, for example; area, luminance, 

duration and task complexity to name a few. Graham and 

Margaria (1935) have investigated the effects of area and 

intensity for the periphery and Karn (1936) studied these 

variables in the fovea. These researchers have interpreted 

their data with the photochemical model and in particular, 

with Hartline's (1934) Limulus studies in mind. With a 

single optic fiber of a relatively simple developed eye of 

Limulus, one would expect that the photochemical events 

which occur in the receptor which precedes neural discharge 

would best be described by the photochemical Bunsen-Roscoe 
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law. However, when the human eye with all of its func

tional and anatomical neurological characteristics is con

sidered, it does not seem logical that the same photo

chemical interpretation would be feasible. As has been 

mentioned earlier in this paper, a strict photochemical 

application of the rt relation is at most an oversimplifica

tion even for the threshold case. Boynton (1961) has 

pointed out that two complete photochemical responses would 

be made by the eye within the critical time interval re

quired for an organism to make a response to the first 

photostimulation. The concept of the critical duration 

which is generally assumed to define the limitation of 

reciprocity is a fickle value, difficult to calibrate. The 

critical duration fluctuates in value with many variables. 

For example, Kahneman and Norman (1964) found that the 

limit of reciprocity varied depending upon which of two 

tasks was performed, a task of identifying trends of binary 

symbols or a task involving brightness matching. 

A general criticism of intensity-time studies is 

that many studies have employed high luminance levels which 

are above the levels where reciprocity effects occur (Keitz-

man, 1969). This is not altogether accurate since the study 

by Pease (1964) described earlier in this paper employed 

luminance levels which were near threshold. In this dis

sertation study, near threshold luminances have again been 



employed. The low luminance curves for each of the Ss 

(see Figures 1, 2 and 3) lucidly indicate thcit as the dura

tion increases, less and less energy of the second flash is 

integrated up to 160 msec. The median RTs for the 160 

msec, separation value are essentially the same as the RT 

to a single flash at this luminance value. This would 

indicate that the temporal limit of integration lies be

tween 120 and 160 msec. Complete reciprocity is approxi

mated at the lower flash separation values but gradually 

yields to a luminance function at higher separation values 

as suggested by the threshold studies of Sperling and 

Jolliffee (1965) and the RT studies of Keitzman (1969). 

Indeed, the gradual change from the It. = C to I = C re

lation found in this study is similar to Karn's (1936) 

curves although Karn has chosen not to feature this char

acteristic of his data. The gradually increasing RTs to 

increases in interstimulus interval are statistically 

significant. Hence, the percentage frequency curves (see 

Figure 6) show different distributions with different base

line positions. At the low luminance value, there is a 

critical limiting value of flash integration, but the real 

function is not a curve with a slope of zero which approach

es unity, but a parabolic function such as the function 

proposed by Pi6ron (1952) and mentioned earlier in this 
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paper. In a discussion of the application of the photo

chemical law of Bunsen-Roscoe, Pidron (1952, p. 82) has 

stated: 

Actually this law—which is not strictly 
exact for photography itself--does not apply 
to the excitation by light of living organisms, 
notwithstanding a great number of statements 
to the contrary, which are based upon insuf
ficiently accurate quantitative determinations. 
There is always a certain loss of efficiency 
when the same amount of light, instead of being 
concentrated within a brief exposure, is spread, 
roughly in direct ratio with the duration ac
cording to the approximate linear law of Blondel 
and Rey, proportionately to a fractional power 
of the duration according to the more exact 
parabolic law which has been determined for 
human vision as well as for the light excita
tion of Mya. 

The intensity-time relation, then, is not a photochemical 

function, but probably reflects the ability of a popula

tion of receptors to utilize a distribution of quanta within 

a critical space of time. When Karn described the gradual 

change from the It = C to I = C function,, which was probably 

for him an annoying deviation from Bloch's law, as due to 

"statistical and interactive effects" (Karn, 1936), he was 

probably accurate. 

With higher luminances there is refreshingly little 

problem. The RTs reflect the well established findings that 

RT decreases as luminance increases (Raab and Fehrer, 1962; 

Pease, 1964) . 



A final point concerning the effects of luminance 

and duration of flash separation on RT is that as the 

detectability of the stimulus presentation decreases, 

variability increases. But the variability within Ss is 

of such a minor magnitude that the sampling distribution 

for each interstimulus interval represents different popu

lations. This was also a finding in the single flash study 

of Pease (1964) . RT, then, seems to be an extremely 

sensitive psychophysical method. 



SUMMARY 

Visual RT data were recorded to paired flashes 

varying in luminance and duration of interstimulus interval 

for three well trained Ss. The data indicated that there 

is a rough approximation of Bloch's law at short flash 

separations but a greater departure from this relationship 

as flash separation increases. There is a gradual decrease 

over time in the amount of flash energy from the second 

flash integrated to effect the behavioral response. The 

upper limit of integration for the low luminance value was 

estimated to lie between 120 and 160 msec. The intensity-

time relation found within the limits of this study was 

best described by a parabolic function of the form: 

Rt = ax*3 + c 

where "a" and "c" are constants and "b" is a slope con

stant, 

RT becomes longer as the duration of interstimulus 

interval increases. The well established luminance func

tion was found where RT becomes faster to increases in 

luminance. 
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