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Analysis of visual modulation sensitivity. IV. Validity of
the Ferry-Porter law
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The maximum flicker frequency was determined over a 5+6-log-unit range of retinal illuminance for a stimulus
configuration designed to isolate the linear response from long-wavelength (R) cones. For a particular retinal
location, the data conformed to the Ferry-Porter law and departed significantly from the predictions of the
diffusion equation. The slope of the function was an invariant characteristic and was unaffected by stimulus
intensity or area, modulation waveform, or modulation amplitude. However, the slope varied substantially with
retinal locus, increasing by more than a factor of 2 between the foveola and 350 eccentricity. This increase shows
that the time constant of the linear, unadapted visual response decreases with increasing eccentricity. The
difference between foveola and periphery remained at high spatial frequencies, implying that it was not attributable
to lateral inhibitory effects.

1. INTRODUCTION

The relationship between the maximum frequency of flicker
detection and stimulus intensity defines the limiting tempo-
ral response of the visual system. It is therefore of both
theoretical and practical interest to determine this relation-
ship as precisely as possible. One formulation is the Ferry-
Porter law, under which the maximum, or critical, flicker
frequency (CFF) increases as the logarithm of the luminous
intensity, L:

CFF = k(logL - log L0 ), (1)

where L > Lo and with k having a typical value of -12 Hz/
decade. Lo is the threshold intensity.

Even at its inception the Ferry-Porter law was measured
over a limited range, and it has since been regarded as only
an approximation to the variation of CFF over the full range
of intensities. Ferry,' following the observations of Pla-
teau,2 originally measured flicker frequency over a range of
1.4 log units of intensity (varied by setting a candle at differ-
ent distances from the viewed surface). Porter,3 while repli-
cating the high-intensity portion of the function, found a
slower rate of decrease below 0.6 log cd/M2 . Porter's result
was substantiated by Ives4 and subsequent investigators for
conditions involving some degree of peripheral stimula-
tion.57 It can be explained in terms of a high-intensity
portion mediated by cones and a low-intensity portion rep-
resenting the intrusion of rods with a greater sensitivity but
with limited flicker resolution. Figure 1A summarizes the
results of these early psychophysical studies.

The presence of rod intrusion in such results raises the
question of how far the Perry-Porter law would apply to
stimulation of a single isolated receptor system, without
interference from other receptor types. This question was
addressed to some extent in Ferry's original study, in that he
used monochromatic test lights with wavelengths from 430
to 690 nm. However, the 1.4-log-unit range of intensities
that he used apparently did not extend to the scotopic re-
gion. Hecht and Schlaer5 performed a similar study with

monochromatic lights in a centrally viewed, 190 test field,
from 450 to 660 nm. They found the rod and cone portions
of the curve to shift in accordance with the different spectral
sensitivities of the two systems, but even for long wave-
lengths (670 nm) the rod-mediated portion did not com-
pletely disappear. With a large test field at this wavelength,
rod sensitivity may still be slightly greater than cone sensi-
tivity at low frequencies, so the rods may have still influ-
enced the flicker results.

We therefore designed stimulus conditions that could
completely eliminate rod mediation of the response, to per-
mit determination of the validity of the Ferry-Porter law
over a wide range of intensities for a single receptor type.
Monochromatic light with a wavelength of 660 nm was used
to maximize stimulation of the long-wavelength-sensitive R
cones. Two conditions were chosen. The first was a 0.5°
field in the central fovea, which is anatomically the only
totally rod-free region in the retina.13"14 The second was a
5.7° field at 350 in the temporal field. To prevent rod
intrusion in this condition, and G-cone intrusion in the fove-
al condition, we used a hemispheric white surround that was
photopically equiluminant with the stimulus. This also had
the effect of minimizing detection by stray light spreading
from the stimulus to other retinal locations.

A. Theoretical Considerations
The theoretical interest of this determination lies in its rele-
vance to the receptor dynamics underlying the flicker re-
sults. Kelly15 followed Veringa'6 in suggesting that the
Ferry-Porter law is merely an approximation to the princi-
ple that

CFFP = k'(logL - logLO), (2)

where p = 0.5 and L > Lo.
This is the square-root law of CFF versus intensity, which

was originally proposed by Charpentier.1 7 Kelly15 showed
that this relation can be derived as a simple solution to the
diffusion equation for receptor dynamics,4"18 based on the
concept of spatiotemporal diffusion of a postulated photo-
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Fig. 1. A, CFF versus intensity data from previous psychophysical studies. Filled circles, Porter3; open circles, Ives4; filled triangles, Hecht
and Verrijp8; open triangles, Brooke9; filled squares, Kelly7. Data sets are placed arbitrarily on the relative luminance abscissa. Straight lines,
Ferry-Porter functions fitted by inspection. B, CFF versus intensity data from previous physiological studies. Filled circles, CFF measure-
ments from limulus ommatidia1"; open circles, CFF measurements from turtle horizontal cell responses"; open triangles, CFF estimates from
Fourier transforms of turtle cone responses'2 ; together with the best-fitting square-root function (dashed curve). Straight line, best-fitting
Ferry-Porter functions.

product within the outer segment of the receptor. It turns
out that it is surprisingly difficult to discriminate between
this prediction and that of Eq. (1) over a 3-log-unit intensity
range. The existing data from the cited studies can be fitted
with either function within close to the experimental error.
Only by extending the data for another decade or two of
intensity can a clear determination be made of the principle
underlying visual dynamics.

The lower part of this range is precisely that obscured by
rod-mediated response in previous studies, including those
of Kelly,7 who used white light and a very large (650) field to
test his theory, with no attempt to isolate responses for
individual cone types. Addition of the rod response has the
effect of increasing the absolute sensitivity at low intensities.
While there should not be a smooth transition between rod-
and cone-mediated response regions, a survey of CFF every
half-decade of intensity might well obscure the transition
cusp and give an adequate fit to the square-root prediction,
based on the contamination by rod responses. The present
studies provide a critical test of the Kelly-Veringa solution
to the diffusion equation (viz., the square-root law) as a
predictor of isolated cone responses.

B. Linearity and the Time Constant of the Linear
Response
It is now well established4'7 "5 19 that the performance of the
visual system is linear close to the CFF point (for modulation
depths near 100%). The concept of linearity is used here in
the sense of threshold at any intensity level being deter-
mined solely by the modulation amplitude of the stimulus
and is unaffected by changes in its mean intensity. In con-
trast to this behavior, adaptive variation in threshold obey-
ing Weber's law with variation in mean intensity would re-
quire a multiplicative nonlinearity.

If the visual system were truly linear near the CFF point,
then the linearity implies that light adaptation would have
no effect on the form of the response. The CFF/intensity
function would therefore represent the system response un-
der fully dark-adapted conditions. The present experi-
ments may therefore be regarded as providing a full-range
specification of the dark-adapted response of the cone sys-
tem under investigation

C. Animal Studies
The CFF/intensity function and the modulation envelope
have been measured in several animal studies of individual
receptor function. These data may therefore be used as a
direct test of the Ferry-Porter function as a description of
the photoreceptor response.

In limulus, which has only one receptor type, Pinter' 0

measured the modulation envelope over a 3-decade range of
intensities. The results are shown in Fig. 1B, on log intensi-
ty, linear frequency axes. On the assumption that the re-
sponse amplitude is linear with stimulus modulation ampli-
tude, the straight line shows the best fit of the Ferry-Porter
function [Eq. (1)]. The function provides a good description
of limulus photoreceptor dynamics.

Similar data from turtle retina are plotted in the same
fashion in Fig. 1B for intracellular cone recordings'2 and for
recordings from horizontal cells." In the former study the
frequency responses were obtained by Fourier transforma-
tion of impulse responses, rather than by direct measure-
ment. In both cases the results are well described by the
Ferry-Porter function over as much as a 5-decade range.

Based on a two-parameter fit of slope and intercept, the
best-fitting square-root function to the full range of intracel-
lular' 2 data is shown as the dashed curve in Fig. 1B. The
standard error of the fit is +0.268 log Td, versus +0.013 log
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Td for the Ferry-Porter function (a ratio of 20.3 in favor of
Ferry-Porter). Evidently Kelly's simplified solution to the
diffusion equation is a poor description of receptor photo-
transduction behavior in comparison with the fit of the Fer-
ry-Porter law. Since phototransduction is similar at all
phylogenetic levels, it would be surprising to find human
cones exhibiting fundamentally different behavior. If psy-
chophysical measurements of single receptor mechanisms
were to show the square-root behavior to hold for human
flicker responses, it would presumably be a postreceptoral
phenomenon.2 0 If, on the other hand, Kelly's data result
from the combination of responses from more than one re-
ceptor type, the psychophysical responses mediated by a
single receptor may conform more closely to the Ferry-Por-
ter behavior and hence reflect the underlying receptor dy-
namics. Our study is designed to clarify this link between
human psychophysics and individual receptor responses.

2. METHODS

A. Stimuli
The basic stimuli and procedures were the same as used in
the previous study in this series, with variations to be de-
scribed here. For the main experiments the test stimulus
consisted of a diffused array of 25 light-emitting diodes
(LED's) with a dominant wavelength of 660 nm. Control
experiments were conducted with a set of LED's filtered to
produce light with a dominant wavelength of 505 nm.
These were actually 555-nm LED's viewed through a Wrat-
ten 47 gelatin filter, which strongly attenuates above 500 nm.
Thus the luminance of the 555-nm LED's was attenuated by
-4 log units, but the residual transmitted light had a domi-
nant wavelength of 505 nm, as determined by a spectroscop-
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ic match, and was still sufficiently bright to span the scotop-
ic luminance range.

The stimulus event consisted of a burst of sinusoidal or
square-wave flicker modulation presented with a gradual
onset and offset in the form of a cosine envelope of 1-sec
duration (Fig. 2, inset), so that flicker could not be detected
by transients at the beginning or end of the presentation.
The degree to which such transients were reduced can be
expressed in terms of the bandwidth of the stimulus in the
Fourier-transform domain (Fig. 2). The frequency band-
width of this envelope is 1 Hz at half-height, with sensitivity
of the first sidelobe at -32 dB and -18-dB/octave attenua-
tion thereafter. Note that Fig. 2 has a highly compressed
vertical axis expressing a range of 8 log units from top to
bottom.

The solid straight line in Fig. 2 represents the fall in visual
sensitivity with frequency, corresponding to the Ferry-Por-
ter law data to be described in Section 3. This has a negligi-
ble slope in comparison with the steepness of the stimulus
bandwidth. Thus the visual effect of the stimulus at the test
frequency is approximately 30 times greater than at the first
sidelobe, and the test frequency and must therefore com-
pletely dominate the threshold determination.

This analysis of the stimulus characteristics therefore
demonstrates that the estimate of sensitivity to the test
frequency is not distorted by aliasing introduced from the
cosine modulation envelope. Moreover, when the envelope
is of a fixed duration, the effects of both linear integration
and probability summation are virtually independent for all
modulation frequencies. A mathematical derivation of this
independence is provided in Appendix C.

The other possible artifact in the use of a cosine window is
that any type of static nonlinearity in either the LED inten-
sity function or the phototransduction process could gener-

COSINE
WINDOW
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TEMPORAL FREQUENCY (Hz)
Fig. 2. Temporal characteristics of the stimulus used for this study. The inset depicts 100-Hz modulation around the mean intensity level
with a cosine temporal envelope (100% Tukey window). The attenuation plot shows a frequency bandwidth of this window of +1 Hz to first
zero with an attenuation of-18 dB/octave around the test frequency. The straight line indicates attenuation of 100 dB over 100 Hz in visual
sensitivity based on the Ferry-Porter function for periphery (see Section 3).
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ate a distortion product resulting in an intensity shift that
followed the slow time course of the cosine window itself.
Such artifacts were perceptually absent when the LED in-
tensity/current function was linearized by compensating the
digital-to-analog output on the basis of calibration of the
light output with a fast photodiode. The calibration curve
was unaffected by output speed, being the same for 2-/isec
pulses as for 1-sec steps. This linearity was checked regular-
ly during the experimentation period. In fact, the observers
could readily distinguish between the artifactual, 1-cycle
intensity shift and the rapid flicker near CFF under all the
present measurement conditions. The alternative tactic of
using a suprafusional frequency to introduce an equivalent
artifact into the blank stimulus in the two-alternative,
forced-choice task was not adopted, because we wanted to
keep the stimulus as pure as possible. If there had been an
artifact, it was preferable to eliminate it rather than to force
a discrimination with an artifactual intensity shift as a
masking condition in both levels.

The 1-sec stimulus duration was designed to be sufficient-
ly brief to minimize adaptation to flicker during the thresh-
old determination. The two-alternative forced-choice stair-
case2l presented stimulus or no stimulus of equal probability
on each trial. The asymptotic level of the staircase gave the
modulation frequency for which 75% correct performance
was obtained. Three threshold estimates (or more where
variability was larger) were averaged to estimate CFF under
each condition tested (see Appendix A for full evaluation of
the staircase procedure).

B. Procedure
The observers' pupils were dilated with 1% mydryacil to hold
the aperture constant at all intensity levels, which were
controlled by means of calibrated Wratten 96 neutral-densi-
ty filters mounted in a light-tight mask worn over the eyes.
One eye viewed the stimulus through the appropriate filter
density, while the other was occluded and in darkness.

The spatial configuration of the presentations was de-
signed to stimulate a retinal region that was as nearly uni-
form as possible. The foveolar region at the bottom of the
foveal pit has only cone receptors of constant inner- and
outer-segment diameters, outer-segment length, axon
length, cone pedicle size, and connectivity.14 The stimulus
for central viewing was therefore chosen to be 0.50 in diame-
ter to stimulate this homogeneous foveolar region. The
peripheral stimulus was placed at 350 eccentricity on the
horizontal temporal meridian, as this was the retinal region
of highest flicker sensitivity in preliminary experiments. At
this eccentricity the density of both cones and rods is ap-
proximately constant for a radius of at least 100 around any
point, and the receptor morphology is also homogeneous.13

For peripheral experiments an auxiliary LED was used to
provide a fixation point. Fading of the peripheral stimulus
was avoided by instructing the observers to shift fixation
over a range of -2° from the fixation point between trials.

C. Isolation of R Cones
The accepted technique to isolate the responses mediated by
each separate cone type is to take advantage of their wave:
length selectivity to stimulate the desired type in the test
field, together with an adapting field of a different wave-
length to desensitize the other receptor types.2 2 Even in the

form in which they are used, such methods face a number of
unresolved problems, as discussed in Appendix B. In appli-
cation to the present paradigm of the Ferry-Porter function,
an insurmountable deficiency is that sensitivity is indepen-
dent of mean intensity level in the region of CFF, as demon-
strated in Subsection 2.G. This behavior contrasts with the
nonlinear behavior of Weber's law, in which the incremental
response decreases as intensity increases. The indepen-
dence of sensitivity from background intensity near CFF
implies that the response of competing cone systems in the
CFF region cannot be suppressed by the use of a moderate
adapting background. Conversely, if the background is in-
creased sufficiently to produce adaptation, it will move the
response out of the linear range that is intended as the
subject of this investigation (see Appendix B).

Since the consequence of the linearity near CFF is that the
traditional chromatic adaptation technique cannot be used
for the present studies, a method with an entirely different
theoretical basis from the conventional approach is re-
quired. The approach used here relies instead on two prin-
ciples:

(i) CFF will be determined by the receptor type most
sensitive to the test wavelength (R cones in the case of a 600-
nm light). A preferential stimulation of -1 log unit for the
R versus the G cones is obtained simply by the use of the 660-
nm light.21,2 3

(ii) The use of an equiluminant white surround will tend
to suppress contamination from the responses of receptor
types less sensitive to the test light by lateral inhibition into
the test area. This principle is explained below and demon-
strated for the rod system.

While an equiluminant surround actually slightly en-
hances flicker detection,2 4 our surround was equiluminant
only for the R cones. In terms of scotopic retinal illumi-
nance, the surround was 3 log units more intense than was
the 660-nm light for the rod system. As will be described in
Section 3, we verified that this intensity difference made the
stimulus invisible to the rods at all intensities used, and
hence they could not contribute to the CFF/intensity func-
tion. The white surround was also -1 log unit more intense
for the G cones than was the 660-nm stimulus, based on the
convolution of each stimulus spectrum with the spectral
sensitivity of the two cone classes. For both the foveolar
and peripheral conditions, the G-cone responses in the stim-
ulus region should therefore also have been inactivated by
the effects of lateral inhibition from the response to the
white surround into the center, since the G cones are effec-
tively viewing the stimulus in a deep black hole.

Prevailing evidence25' 26 suggests that the predominant
component of lateral inhibition is cone specific. Thus R-
cone responses in a central field will be inhibited by R-cone
stimulation in a surround but not by G-cone stimulation in
the surround.

This result makes it clear that the conditions for lateral
induction are very different for the two cone systems.
There should be essentially no inhibition of the R-cone re-
sponse in the center, since it is at a higher intensity than the
R-cone surround response. Conversely, the G-cone stimula-
tion in the center is -1 log unit lower than in the surround, a
condition in which there is such strong lateral inhibition that
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flicker sensitivity is proportionately reduced by 1 log unit for
white-on-white stimuli in a central 0.5° fields.2 4 Since we
used foveal fields of this diameter, and proportionally scaled
peripheral fields, the same should have been true for the G-
cone response under our stimulus conditions. Thus the
surround conditions alone should have been sufficient to
ensure that the responses in the present study were mediat-
ed solely by R cones. We were thus able to isolate the R-
cone response psychophysically and determine the validity
of the Ferry-Porter law for the pathway mediated by a single
receptor system.

3. RESULTS

A. Elimination of Rod Component
To set the stage, we first replicate the results of previous
investigators under rod-favoring conditions. Pilot studies
showed that the retinal region with the highest temporal
sensitivity for the standard 5.7° field was at 350 eccentricity
in the upper temporal field. We therefore selected this
location for all peripheral experiments in the present study.
At this location there are, according to Oesterberg,13 approx-
imately 100,000 rods and 4000 cones per square millimeter of
retina. The relative receptor densities are therefore vastly
in favor of the rod system, and a substantial scotopic limb
would be expected in the CFF/intensity function.

To optimize the rod contribution, the test field was viewed
with a dark surround, and the function was measured for test
wavelengths of 660 and 505 nm. Both sets of data (Fig. 3A)
show the expected scotopic limb for CFF versus log photopic
luminance, leveling off at -20 Hz. The photopic limb was
beyond the range testable with the 505-nm source, since the
luminance available with LED's is low at this wavelength.
The scotopic limbs are separated by -3 log units, as expect-
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ed from the relative increase in rod sensitivity toward
shorter wavelengths (open arrow, Fig. 3A).

We next added the white surround at a photopic lumi-
nance equal to that of the 660-nm stimulus. This surround
luminance was 3.1 log units higher than the stimulus in
terms of scotopic luminance, which would be expected to
suppress rod function in the test field by lateral inhibitory
interactions. The results (filled circles, Fig. 3B) show that
the scotopic limb is now absent from the 660-nm data, which
fall on a straight line over the entire visible luminance range.

To ensure that rod function was abolished, and that a
remnant of the rod responses was not contaminating the
lower end of the function either by residual sensitivity or by
inhibition of the cone responses, we also tested the 505-nm
condition with the white surround 3.1 log units higher in
scotopic luminance. The stimulus was now always invisible
(open circles, Fig. 3B), up to at least 3 log units above its
previous threshold. Thus it is most unlikely that rod re-
sponses were affecting the photopic data at 660 nm. We
therefore consider that the 660-nm condition with a photop-
ically equiluminant surround is sufficient to isolate periph-
eral R-cone responses for the entire luminance range.

B. Validation of the Ferry-Porter Law for Isolated
R-Cone Stimulation
Having established the isolation of the R-cone response, we
may compare the Ferry-Porter description with that of the
diffusion hypothesis for the most homogeneous element of
the neural pathway available to psychophysical investiga-
tion. Square-wave temporal modulation was used, both to
provide a slight increase in the effective modulation ampli-
tude and to permit direct comparison with earlier studies.
The field conditions were the same as for Fig. 3, a 5.70 field
at 350 eccentricity. Data for two further observers are pre-
sented in Fig. 4, with CFF values being measurable over

B
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Fig. 3. A, Shift of the rod-mediated limb of the psychophysical CFF intensity function with test field wavelength. Data were measured by a
forced-choice technique for a 5.7° field at 350 eccentricity on the horizontal temporal meridian. The stimulus was 100% sinusoidal modulation
of a LED array. Circles, test field at 505-nm dominant wavelength with dark surround; triangles, test field at 660 nm with dark surround; hori-
zontal arrow, shift of scotopic threshold expected on the basis of the CIE scotopic luminosity function. Observer RDH. B, CFF/intensity
function with a white surround for the same observer. Filled circles, test field at 660 nm with photopically equiluminant hemispheric white
surround; open circles, absence of scotopic detection for a test field of 505 nm with a white surround at 3.0 log units higher scotopic luminance.
This combination matched the scotopic effect of a photopically equiluminant surround at 660 nm. Average standard errors of the means in this
and other figures are less than the size of the symbols.
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Fig. 4. Ferry-Porter law for two other observers at 660 nm under
same field conditions as for Fig. 3B but with 100% square-wave
modulation. Note the tight adherence to the best-fitting Ferry-
Porter functions (straight lines) and departure from the best-fitting
square-root functions (dashed curves).

approximately a 5-log-unit range. The solid curves show
the best-fitting Ferry-Porter functions, with slopes of 19.5
and 18 Hz/decade and correlations in the range of '0.999 for
both observers. The dashed curves show the best-fitting
square-root functions. Clearly the square-root functions do
not provide a good description of the psychophysical sensi-
tivity for isolated R-cone stimulation.

C. Statistical Analysis
A more quantitative evaluation of the fit to the two hypothe-
ses may be obtained by least-squares regression of each CFF
function onto the data. These amount to two-parameter
fits of Eq. (2) with exponents of P = 1.0 (Ferry-Porter) or P
= 0.5 (diffusion equation). Another possibility is a three-
parameter fit of Eq. (2) with a variable exponent to ensure
that the better fit of the two is close to the best possible fit
when P is completely free to vary.

The results of the regression analysis clearly favor the
Ferry-Porter solution. The residual error variance with a
fixed exponent of 1.0 was only 10.112 Hz. For the 0.5
exponent, the error variance increased by more than a factor
of 5 to the level of +0.58 Hz. This difference may be ana-
lyzed statistically by means of the x2 test. If Se2 is the
smaller error variance and S'e2 is the greater, then the F ratio
for a significant difference in the fits27 is given by

F = (S'e2 - se2)(n - 1). (3)

Application of the formula results in an F ratio of F = 182,
which represents a better fit for the Ferry-Porter function
far exceeding a significance level of p < 0.01.

Having answered the question of which fixed-exponent
model provides the better fit to the data, we turn to the

second question of how closely the models compare with a
three-parameter fit in which the exponent of Eq. (2) can
freely vary. The least-squares minimization resulted in an
exponent of 0.997 with an error variance of +0.111 Hz; both
of these values are close to those for the Ferry-Porter model.
In fact, application of the F test for error variance results in a
value of F = 0.35, which is well below significance for a
difference between the two- and three-parameter models.
Conversely, the F ratio for improvement of the three-param-
eter fit with the exponent of 0.997 over the diffusion model
with a fixed exponent of 0.5 is F = 180, which again far
exceeds the criterion level for p < 0.01. Thus the statistical
analysis falls heavily in favor of the Ferry-Porter function as
the best descriptor of the data, differing only at the third
decimal place from a function with a freely varying expo-
nent.

An alternative approach to the statistical analysis is to
regress the functions with intensity as the dependent vari-
able for the regression onto the frequency axis. Linear re-
gression may then be performed with the use of either a
linear or a square-root frequency axis. In both cases the
regression will have the same variance properties because
the residual error is calculated on the common luminance
axis. The residual error (in terms of its standard deviation)
for the Ferry-Porter function was +0.055 log Td for the data
from observer RDH in Fig. 3B and +0.045 and +0.133 log
Td, respectively, for observers JS and AMN in Fig. 4. The
residual errors for the square-root function fits were +0.214,
+0.178, and +0.249 log Td for the same three data sets. The
F ratios of the variances from Eq. (3), by which the Ferry-
Porter fit was an improvement over the square-root fit, were
254,88.2, and 15.3, respectively, which are all again strongly
statistically significant at p << 0.01.

D. Field Size
We next address the question of spatial summation. The
field size and eccentricity conditions for Fig. 2B were chosen
to provide stimulation of a retinal region homogeneous in
terms of receptor morphology and receptive-field dimen-
sions at all levels of the visual system. However, the result
was to choose a relatively small field compared with the 650
field for which Kelly7 obtained data conforming to a square-
root function. To rule out field size as a factor in the differ-
ence between the CFF/intensity functions, we repeated the
experiment, using 16°-, 20-, and 0.50 -diameter fields cen-
tered at the same 350 location.

The results of varying field size are shown with linear
CFF/log intensity axes in Fig. 5. All four data sets again fall
on straight lines of the same slope throughout the available
intensity range, suggesting that use of a large field per se is
not the factor that produced Kelly's7 results. The temporal
response characteristic can therefore be said to remain unaf-
fected by more than a 1000-fold variation in stimulus area.

A second consideration to which field size is relevant is
whether the occurrence of lateral inhibition or spatial sum-
mation within the field is in some way responsible for the
CFF/intensity characteristic. The 160 field covers 8 mm 2 on
the human retina and therefore stimulates -50,000 cones at
the 350 eccentricity used.'3 Restricting the stimulus to 0.50
diameter reduces the field area by a factor of 1000, which
should now stimulate only '-50 cones, and falls well within
the summation range of the psychophysical "perceptive
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fields" at this eccentricity.2 8 Use of the equiluminant white
surround should ensure that the small-field data are not
contaminated by detection of flicker from stray light in reti-
nal regions outside the test field. The response dynamics
with such a small field should therefore be dominated by the
excitatory response within the neurons representing that
field at each level of the visual pathway and should result in
minimization of the effects of areal summation.

The reduction in field size resulted in a substantial loss in
sensitivity, represented by the 2-log-unit rightward shift of
the data compared with the largest field size. Decreasing
the field diameter from 2.00 to 0.50 decreases the area by a
factor of 16 and the sensitivity by a factor of 10, which is
approaching linear areal summation (Ricco's law). By con-
trast, the areal decrease between the 160 and 20 field sizes is
a factor of 64 but produces approximately the same decrease
in sensitivity of a factor of 10, corresponding approximately
to Piper's law of square-root summation (exact correspon-
dence would predict a sensitivity reduction by a factor of 8,
compared with 64 for linear summation).

While reviewing the applicability of various laws, it is
worth noting that the data of Fig. 5 are broadly incompatible
with the Granit-Harper law [CFF = k X log area (Ref. 29)],
since the value of k is not constant for the present data but
varies between 1 and 0.5 (linear and square-root areal sum-
mation). The Granit-Harper law could be compatible with
either Ricco's law or Piper's law but not both, as determined
by the value of k.

E. Retinal Location
It has been suggested3 0 that the speed of the retinal response
increases with eccentricity. If such an increase occurs uni-
formly for all aspects of the response, then the CFF at each
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Fig. 5. Effect of field size on the photopic CFF/intensity function
for 660 nm at 35° eccentricity. Filled circles, 5.7° data replotted
from Fig. 3B; crosses, 16° field; open circles, 2° field; triangles, 0.5°
field. Note the adherence to the Ferry-Porter law at all four field
sizes, with a constant slope of 19 Hz/decade. Observer RDH.

intensity should be higher in the peripheral location than in
the fovea, and the slope of the CFF/intensity function
should be steeper. (For example, if the time constants of all
aspects of the retinal response were halved, then the CFF at
each intensity should be doubled, with a resultant doubling
of the slope.) This prediction is at variance with the classi-
cal data on the subject, 8' 31' 32 which tend to show a shallower
slope for the photopic function in the periphery. However,
these data are heavily contaminated by rod contributions,
and moreover were obtained by an adjustment method that
involved substantial adaptation to the flickering field before
the threshold setting.

The peripheral data presented in Figs. 3-5 have slopes of
-19 Hz/decade, far higher than the typical foveal values of
-12 in most previous studies. Since our data were obtained
under conditions of rod exclusion and minimal flicker adap-
tation, they represent the isolated and unadapted temporal
response mediated by the peripheral R-cone system. With
these data as a baseline, we may now ask whether the slope
difference is attributable to the difference in our psycho-
physical procedure or whether foveal responses tested under
the present conditions bear out the predicted increase in
time constant (reduction in slope) implied by the previous
data.3 0

For this experiment, a central field of 0.50 was selected to
stimulate only the foveola, in which the cones are of uniform
diameter and length and the rods are completely absent.'4

Approximately 3000 cones are present within this area,
which also represents a region of high uniformity with re-
spect to the magnification of ganglion cell receptive fields.9

The stimulus again had a hemispheric white surround of
equal luminance to the test field to eliminate contamination
from neighboring retinal regions and was in fact identical to
the 0.50 field used for the small-field study of Fig. 5. To
investigate the effect of field size in the foveola, the function
was also measured for a field 0.050 (3 min) in diameter by
viewing the same stimulus at a distance of 286.5 cm. This
condition was designed to stimulate the central bouquet of
-30 cones in the foveola, within the limitations of fixation
accuracy.

The CFF/intensity function for the foveola (Fig. 6, filled
circles) again adheres to the Ferry-Porter law over a 4-
decade range of intensity, with no evidence of rod contami-
nation at lower intensities. There is a slight tendency to-
ward a leveling of the function at the highest intensities.
Below this level, the data fall on a straight line with a slope of
10.5 Hz/decade, approximately half the value for the periph-
eral data from the same observer. The same function pro-
vides a good fit to the data for the central bouquet (points)
with a shift corresponding to a 1.2-log-unit decrease in sensi-
tivity, in approximate correspondence with Piper's law,
since the area has been decreased by 2 log units.

It is interesting to compare the sensitivity of the foveola
with that at 350 eccentricity, since the two sets of stimuli
should project to similar numbers of cones. The best-fitting
peripheral functions for 5.7° and 0.5° are plotted as the
dashed and dotted lines, respectively, in Fig. 6, showing that
the functions converge to very similar asymptotic values of
absolute threshold when similar numbers of receptors are
stimulated at the two eccentricities. This comparison also
emphasizes the radical increase in the slope of the Ferry-
Porter law from fovea to periphery.
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Fig. 6. Photopic CFF/intensity functions in the foveola. Test
field at 660 nm with an equiluminant white surround. Large filled
circles, 0.50 field; small filled circles, 0.050 field. Note the adher-
ence to the Ferry-Porter law for both field sizes with constant slope
of 10 Hz/decade. Dashed and dotted lines, best-fitting Ferry-Por-
ter functions for 5.7° and 0.50, respectively, at 350 eccentricity from
Fig. 5, showing that the absolute threshold is the same at both
eccentricities despite the change in slope of the functions. For
observer RDH.

In some respects, the foveolar results differ from those in a
recent report obtained with many of the same experimental
controls and a forced-choice procedure.33 In that study,
CFF for long-wavelength flicker tended to saturate beyond
-3 log Td, rather than continuing to increase up to -4 log
Td as we have found. There are several methodological
differences to account for the discrepancy. Their maximum
modulation amplitude was only 60%, and may not have been
so securely in the high-frequency linear response range.
Their modulation envelope was a fixed number of cycles,
which means that stimulus energy is reduced as frequency is
increased, while it remains constant in the present experi-
ments (Appendix C). (For example, their duration at 1/e
height was 250 msec at 24 Hz but only 125 msec at 48 Hz.)
Their equiluminant surround was also equichromatic, which
does not act as such an effective isolator of the R-cone
response because it has no basis for preferential inhibition of
the G-cone response to long-wavelength flickering field by
the white surround. Finally, their field size was 1.20 cen-
tered on the fovea, which we do not regard as stimulating a
homogeneous retinal region (see Section 2). In fact, pilot
data that are not otherwise relevant for the present study
show that use of larger fields results in CFF/intensity func-
tions that depart from straight lines, which may be attribut-
able to the interactions between mechanisms with different
temporal properties in different retinal regions. In conclu-
sion, these discrepancies underline the concept that only
when all factors are optimized for the isolation of separate
and homogeneous cone contributions will unitary functions
be obtained.

F. Spatial Frequency
Kelly34 has made the suggestion that the changes in tempo-
ral response with eccentricity, such as those depicted in Fig.
6, might be specific to uniform field stimuli and be absent for
grating stimuli of high spatial frequency. This suggestion is
called into question by the small-field data of Fig. 6, which
emphasize the higher-spatial-frequency components by vir-
tue of the small fields but show the same change of slope with
eccentricity as the large fields. A more direct test is to
repeat the experiment with grating stimuli instead of uni-
form test fields.

The stimuli were constructed by modulating alternate
rows of the LED arrays in counterphase (see inset, Fig. 7),
using the same diffusing aperture as for the previous experi-
ments. As a result of the projection geometry of the LED
lenses, this arrangement gave almost uniform diffusion of
the light from one LED to the next along the rows but almost
no diffusion between rows (as determined photometrically
with a Pritchard spectra-spot photometer). Viewed at the
standard distance of 28.5 cm, these stimuli constrained the
fundamental spatial frequency of modulation to 0.5 c/deg for
the 5.7° field, which was presented at 350 eccentricity. For
a 0.30 foveolar stimulus the same LED array was fixated
from a distance of 573 cm by means of a front-surface mirror,
resulting in a fundamental spatial frequency of 10 c/deg.
The spatial frequencies of 0.5 and 10 cycles/deg are at equiv-
alent points on the spatial frequency tunings for the two
eccentricities.35'3 6 They are also sufficiently high that they
show no evidence of lateral inhibition in controlling the
spatiotemporal sensitivity.37

Figure 7 shows that the grating modulation experiment
gives a very similar picture to those for uniform fields. The
data fall on the straight lines predicted by the Ferry-Porter
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Fig. 7. CFF/intensity functions for counterphase spatial modula-
tion at high spatial frequencies. Filled circles, 10-c/deg stimulus of
0.50 diameter in the foveola; open circles, 0.5-c/deg stimulus of 5.7°
diameter at 350 eccentricity. Note the overall similarity to corre-
sponding uniform field data of Figs. 5 and 6. Observer RDH.
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law except for a slight decline at the highest intensities and
meet at approximately the same threshold values at the two
eccentricities. The slope for the 350 eccentricity function is
substantially steeper than for the foveolar data. These data
therefore confirm that the characteristics observed for uni-
form field responses apply equally to stimuli of high spatial
frequency (relative to the visible range at each retinal loca-
tion). Since high spatial frequencies are mediated by the
receptive-field centers, this observation eliminates any in-
volvement of lateral inhibition in the variations of response
behavior with retinal locus.

G. Linearity
The final question that we address is the linearity of the
temporal response in the high-frequency region close to
CFF. Both Ives4 and de Lange3 8 obtained data supporting
the hypothesis that the CFF is mediated by the fundamental
Fourier component of the stimulus waveform, since higher
harmonics are necessarily above the CFF and are therefore
sufficiently attenuated that they do not contribute to its
determination. Moreover, Kelly16 has suggested that the
response behavior in the CFF region is linear, in the sense
that it is independent of mean adaptation level, and is deter-
mined solely by the modulated portion of the stimulus.
Thus a 20% modulation at a mean luminance of 100 cd/M2

should produce the same CFF value as 100% modulation at
20 cd/M2 , since the modulated component varies by 20 cd/M2

in each case (see Fig. 8B). This question has not been
addressed for isolated cone system responses. We therefore
measured CFF/intensity functions for the 5.7° field at 350
eccentricity with the equiluminant white surround under a
range of modulation conditions. These were 20%, 50%, and
100% sinusoidal modulation and 100% square-wave modula-
tion (with a Fourier fundamental of 127%), as shown in Fig.
8. The data are presented in terms of CFF as a function of
mean intensity of the stimulus in Fig. 9A (corresponding to
the equivalence conditions shown in Fig. 8A). There is a
progressive increase in the position of the CFF/intensity
function as modulation of the Fourier fundamental is in-
creased from 20% to 127%. Note that for the upper two
curves the stimulus has the same peak-to-peak amplitude of

100%.
To show whether this increase is proportional to modula-

tion amplitude, the data are replotted in Fig. 9B as a func-
tion of the absolute amplitude of modulation, as depicted in
Fig. 8B. They now all coincide on a single straight line,
indicating that modulation amplitude is the factor that gov-
erns the CFF behavior, regardless of the mean intensity of
the stimulus. As Kelly'6 has shown, this is contrary to the
behavior at low temporal frequencies, where the threshold
modulation varies directly with mean intensity, in a manner
consistent with Weber's law.

The solid line in Fig. 9B shows the exponential function of
the Ferry-Porter law [Eq. (1)], which provides a close fit to
the data at all modulation amplitudes. The fact that the
data coincide when plotted in terms of the Fourier funda-
mental confirms and extends over a 5-decade range the re-
sults of Ives4 and de Lange,3 8 who showed that the funda-
mental Fourier component of the stimulus governs the high-
frequency behavior of the visual response. These data fur-
ther confirm Kelly's1 8 suggestion that the high-frequency
response is controlled solely by modulation amplitude and is
independent of mean intensity level.

4. DISCUSSION

A. Wide Jurisdiction of the Ferry-Porter Law
The experimental conditions were designed to isolate the
responses of a single cone class at homogeneous retinal loci.
The results are uniform in validating the Ferry-Porter for-
mulation of the CFF/intensity relation [Eq. (1)] over more
than a 5-decade intensity range and a wide variety of stimu-
lus conditions. Although both the time constant and the
threshold constant may vary, the logarithmic relation be-
tween CFF and intensity holds for fovea and periphery, for
uniform fields projecting to between 30 and 100,000 cones,
for high-spatial-frequency gratings, and for modulation am-
plitudes from 20% to 127%. The Ferry-Porter law may
therefore be regarded as the operating principle that sets the
frequency limits on temporal dynamics throughout the use-
ful range of photopic vision. Modulation sensitivity (below
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Fig. 9. Linearity of the peripheral CFF/intensity functions with waveform and modulation depth with same field conditions as Fig. 3B. Filled
circles, 20% sinusoid; half-filled circles, 50% sinusoid; open circles, 100% sinusoid (omitted in A for clarity but represented by a dashed line);
open squares, 127% square wave. A, Data plotted with respect to mean stimulus intensity. B, Data plotted with intensity scaled in terms of ab-
solute amplitude of the fundamental Fourier component (see Fig. 8). For observer RDH.

-20% modulation) is governed by other principles and is not
included in this generalization.

B. Implications of Linear High-Frequency Behavior
Figure 9 demonstrates that the response behavior in the
CFF region is linear, in the sense that it is independent of
mean adaptation level, and is determined solely by the mod-
ulated portion of the stimulus. Since these data involve
measurement of sensitivity in relation to both modulation
and frequency, the same data may be regarded as defining
the temporal characteristics of the linear mechanism in-
volved in the detection of high-frequency flicker. This lin-
ear mechanism must precede the nonlinear process corre-
sponding to Weber's law, since the information lost by re-
sponse compression at lower frequencies could not be later
extracted from below the noise level by a compensatory gain
increase at a later stage. Since Weber's law behavior has
been demonstrated to occur in the receptors themselves,3 9

the linear-response characteristic must be also determined
in the receptors if it is to precede the nonlinear behavior.

Given its importance in setting the limits on all further
visual processing, the linear temporal response should be
characterized in greater detail. (Although in principle the
measurements of this response may be distorted by postre-
ceptoral filtering, we shall make the assumption, on the basis
of the similarity to receptor responses discussed in Section 1,
that the psychophysical response measured under linear
conditions is solely determined by the receptors.) Kelly7.'5

has argued that the linear, or unadapted, frequency response
cannot be close to the Ferry-Porter law because it would
violate the Paley-Wiener criterion for the existence of a
physical (i.e., causal) impulse response corresponding to the
frequency response. As is shown in Appendix D, we consid-
er that the Paley-Wiener criterion is a mathematical formal-
ism not applicable to physical systems and is therefore irrel-
evant to the question.

The classical approach to performing the inverse Fourier
transform of a frequency response function in the absence of
phase information is to fit the candidate function with a set
of functions whose responses are known for both the time
and the frequency domains, viz., single-pole filters. Al-
though the solution is multiply determined, it does permit
the demonstration that a solution exists for a particular
frequency function within the experimental error.

In Fig. 10A the axes of Fig. 9B are rotated to express the
data in the form of a frequency response characteristic by
plotting log absolute modulation sensitivity as a function of
log frequency, which again illustrates that the thresholds are
independent of mean intensity of the stimulus over this
range. The figure emphasizes the steep frequency attenua-
tion obtained by the visual response at high frequencies,
reaching a slope of at least -8 (160 dB per decade). As a
simple possibility, the best-fitting 8-pole filter function with
equal time constants for each pole is shown as the solid curve
running through the data. It provides an adequate fit to the
data, although there is still room for improvement, corre-
sponding to the minor discrepancies between this function
and the Ferry-Porter function (which fit the same data
almost perfectly in Fig. 9B). This fit serves as a demonstra-
tion that the Ferry-Porter function corresponds closely with
a physically realizable description of the linear response of
the retina (vide Figs. 1-7) over the full measurable range of
intensities.

The best-fitting square-root function is also shown (as the
dashed curve), but it does not give a good account of the
frequency response mediated by a single receptor type, with
deviations of as much as 1 log unit at low frequencies and 0.5
log unit in the other direction in the mid frequencies. We
conclude that the linear, excitatory response of the visual
system for isolated R-cone stimulation has a monotonically
decreasing frequency response approximating an 8-pole dis-
crete filter characteristic.
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The impulse response of the same 8-pole filter, shown in
Fig. 10B, corresponds to the predicted form of the linear,
dark-adapted receptor response to a brief flash. It has all
the typical features of the receptor responses from which
Fig. 1B was derived. These include an apparent delay be-
fore any measurable response is obtained, an accelerating
ascent toward the peak at 50 msec for this peripheral site,
and approximate symmetry around this peak, except for the
trailing edge, which declines more gradually. This equiva-
lence is hardly surprising, since Baylor et al.

3 9 chose a similar
multipole filter model to fit their recorded receptor respons-
es.

C. Incommensurability of Foveal and Peripheral Results
The data of Figs. 5 and 6 showed the substantial difference
in slope of the CFF/intensity function as eccentricity is var-
ied. This implies that no fixed compensation of the intensi-
ty can bring the foveolar data into line with the peripheral
data at all intensity levels, as has recently been claimed by
Raninen and Rovamo.4 0 In fact, the absolute intensity
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thresholds (x intercepts) are themselves equated by the field
sizes selected for the experiment. Thus at absolute thresh-
old no further intensity compensation would be desirable,
while an intensity reduction of more than 2 log units is
required at 350 to obtain a match with the foveolar CFF of 50
Hz at the highest intensity tested. This suggests that the
difference in CFF from foveola to periphery at high intensity
cannot be due to a difference in absolute sensitivity. Only a
resealing of the frequency axes could bring the foveolar and
peripheral data into alignment. The absence of differences
in absolute sensitivity appears to invalidate the utility of the
compensation for total luminous flux (F scaling) proposed
by Raninen and Rovamo. Instead, the difference is entirely
attributable to a difference in temporal processing between
the two retinal regions.

A further point to be made from these data is the compari-
son with previous research that used different psychophysi-
cal techniques. For a fixed field size of 0.50 in both foveola
and periphery, the CFF values in Fig. 6 are equal (33 Hz)
only at 500 Td. For lower intensities the data conform to
previous results8'9 ,

32'41 in showing a lower CFF in peripheral
observation, but for higher intensities the effect is in the
reverse direction. By 50,000 Td the peripheral CFF for this
tiny field reaches 65 Hz, while the foveal value is only 49 Hz.
Thus the variation of CFF with eccentricity depends heavily
on the intensity level at which the experiment is conducted.
We consider that the variations are best characterized in
terms of the log slope and the intercept of the CFF/intensity
function, which are related to the time constant and the
absolute threshold, respectively, of the linear mechanisms at
each retinal location.

D. High-Spatial-Frequency Responses
Figure 7 shows that the grating modulation experiment gives
a very similar picture to those for uniform fields. The data
fall on the straight lines predicted by the Ferry-Porter law,
except for a slight decline at the highest intensities, and
meet at nearly the same threshold values at the two eccen-
tricities. The slope for the 350 eccentricity function is sub-
stantially steeper than for the foveolar data. These data
therefore confirm that the general characteristics observed
for uniform field responses apply equally to stimuli of high
spatial frequency (relative to the visible range at each retinal
location). Since high spatial frequencies are mediated by
the receptive-field centers, this observation minimizes the
possibility of involvement of lateral inhibition in the varia-
tions of response behavior with retinal locus.

On the other hand, these high-spatial-frequency condi-
tions did not result in identical responses to the uniform
field data of Figs.5 and 6. The peripheral slope has dropped
by -25% to 15 Hz/decade, and the foveolar slope is reduced
by -10%. This may be regarded as preliminary evidence
that the speed of the linear visual response is slightly slower
at high than at low spatial frequencies, particularly in pe-
ripheral vision. Such differences would be counter to the
conclusion of a previous study of temporal integration for
gratings,27 but the differences are too small to be discrimi-
nated by the temporal integration method. Since the same
cone population mediates all spatial frequencies, the tempo-
ral differences must be attributed to postreceptoral process-
ing, possibly by a difference in conduction velocity between
the magnocellular and parvocellular systems.4 2
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E. Conclusion
The original inspiration for these studies was to narrow the
gap between retinal physiology and psychophysics by de-
signing experiments feasible for both modes of investigation.
From the psychophysical perspective, this involved testing
between hypotheses developed for overall visual function in
a psychophysical paradigm optimized for stimulating an iso-
lated receptor pathway. Instead of providing a purely de-
scriptive formulation of visual behavior, the most adequate
hypothesis may then be said to characterize the function of
an elemental unit of the visual system. To the extent that
this unit corresponds to one whose function is measurable
physiologically, the functional properties may then be com-
pared directly between the two levels of study.

While only psychophysical experiments were conducted
in the present study, progress was made toward the goal of
connecting the two modes. Receptor responses from previ-
ous research were found to conform more closely to the
Ferry-Porter law than to a square-root function, in an ap-
parent discrepancy from the claim7 that human psychophys-
ics conform better to the square-root function. The present
results resolve this discrepancy by showing that, for psycho-
physical conditions more closely approximating those of the
physiological studies, the results now comply with the same
Ferry-Porter law. This resolution provides a firm basis for
continuation of the conjunction between the two fields of
study. It is to be hoped that retinal physiologists will also
attempt to use conditions conducive to comparison between
the two fields, bearing in mind the inherent limitations of
psychophysics.

APPENDIX A: PSYCHOPHYSICAL STAIRCASE
PROCEDURE

Staircase Algorithm
A pragmatic adaptive staircase procedure was developed to
obtain rapid convergence of the staircase to the asymptotic
threshold level. It holds the observer criterion and response
bias within predefined limits. The principle of the prag-
matic adaptive staircase is to use the average percentage of
correct responses over all preceding trials at the current
stimulus level to determine whether to change the stimulus
on the next trial. In this application the stimuli were varied
in 2.5-Hz steps of frequency or 0.1-log-unit steps of modula-
tion amplitude. The percent correct at the current stimulus
level (frequency or modulation) is summed with those of the
two adjacent levels for the determination of the current
percent correct to provide extra stability in the estimation in
the region of the maximum likelihood for threshold determi-
nation. This percent correct is then compared with the
desired 75% correct level of performance, and the stimulus is
either increased or decreased by one step with a probability
of 50% in the direction appropriate to reach the 75% level.

The slope of the psychometric function is not determined
in this algorithm, and no slope value is assumed. The only
assumption is that the psychometric function is sufficiently
linear around the 80% range that the mean for the adjacent
steps is close to that of the current level, so that averaging
does not cause significant distortion.

The decision that threshold has been reached is made not
on the basis of reversals in the staircase but on meeting three
separate performance criteria. For the latest 15 trials in the

sequence, the staircase is terminated if the following condi-
tions are met:

(1) The slope of the staircase values over time is zero ( 1
step per 15 trials),

(2) The percent correct is 75% + 10%,
(3) The YES/NO bias equals the ratio of stimulus occur-

rences h10%.

Five trials at the beginning of the sequence are included in
the cumulative probabilities to improve stability but are not
used in the testing sequence of 15 trials. Thus the minimum
possible run length is 5 + 15 = 20 trials. The run continues
until the latest sequence in the staircase passes all three
tests, when it is assumed that threshold has been attained,
and the run is terminated.

Operation of the Staircase
The most important feature of the procedure was that the
performance reached a stable level, forming a flat function at
the end of the staircase sequence. Any tendency of the
sequence to slope up or down was regarded as an indication
that the stimulus values were not at a stable threshold level,
and thus the staircase continued.

The percent-correct criterion was included to control
against differences in the detection criterion employed by
different subjects. Although the two-alternative, forced-
choice procedure controls the guessing rate at 50%, it is still
possible for subjects to differ in the range over which the
criterion varies during the threshold estimation procedure.
If the variation is large, it has the effect of decreasing the
criterion percent correct being used by that subject.

The runs thus had lengths that varied between 20 and 60
or more trials (with an average of -30), according to when
the criteria were met. The optimal values for termination
criteria were ascertained by computer simulation of hun-
dreds of runs and were also found to give psychophysical
thresholds with close to the simulated variability even in
untrained observers.

Evaluation of Staircase Performance
The performance of this pragmatic adaptive staircase was
determined by both computer simulation studies and re-
peated runs by human observers. For the computer simula-
tions, a Weibull slope of 3 was assumed for the psychometric
function. A series of 250 runs was simulated with varying
start points and the mean and the standard deviation of the
final threshold estimates over all runs determined. The
estimates for each run had a standard deviation of t11% for
run lengths averaging 30 trials, and the grand mean of the
estimates was accurate within 2% of the assumed threshold
(unbiased). In further simulations for starts as much as 1
log unit away from threshold, the average final thresholds
were independent of the start point to within 0.02 log unit.
The performance of human observers on 7 series of 10 runs
at each temporal frequency showed similar standard devi-
ations averaging 12%. These values may be compared with
simulations of Watson and Pelli's43 maximum-likelihood
QUEST algorithm in a YES/NO format, which produced
standard deviations of +10% in runs averaging 30 trials,44

under the assumption of the same psychometric function.
For a two-alternative, forced-choice (2AFC) task, QUEST
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had standard deviations approximately twice as high and
required approximately twice as many trials to reduce the
standard deviation to the YES/NO level.

The pragmatic adaptive staircase procedure was therefore
approximately as efficient as the maximum likelihood ap-
proach but with much less computation. It was also robust
against start points a considerable distance (as much as
factor of 10) away from the threshold value. Compared with
the maximum-likelihood 2AFC procedure, the pragmatic
adaptive staircase is approximately twice as efficient, and
the controlled-criterion features ensure that the observers
operated at similar points on the receiver operating charac-
teristic curve without the penalty of the inefficiency of the
2AFC procedure.

APPENDIX B: ISOLATION OF THE R-CONE
RESPONSE

Eisner and MacLeod50 performed heterochromatic flicker
photometry (HCFP) with 15-Hz flicker of a 1.5 0-diameter
test spot set somewhere from 8% to 17% of the 2400-Td
intensity of 7 0-diameter background to which it was added.
When an intense long-wavelength adapting background was
used, the spectral sensitivity of the HCFP determination
matched that of the G cones because their stimulus condi-
tions were designed to desensitize the R-cone responses se-
lectively as much as possible. The logic of their experiment
was that the use of a moderate modulation amplitude and a
low flicker frequency ensures that the dynamic retinal re-
sponses are in a range strongly affected by Weber-region
adaptive behavior and that each receptor mechanism can be
separately desensitized under appropriate adaptation con-
ditions.

Ironically, however, this cone-isolation HCFP procedure
has an inherent requirement that Weber's law adaptation
should not be obeyed by the unadapted (or less adapted)
cone mechanism being measured. If it were obeyed, then
sensitivity to the flicker increment would be independent of
the base intensity level, since the two remain in a constant
proportion. Adjusting the relative intensities of the two
lights of different wavelengths would have no effect on the
perceived flicker, since the adaptation process would fully
compensate for any change in intensity, resulting in a con-
stant output as long as the modulation amplitude remained
constant.

In summary, the Eisner-MacLeod cone isolation proce-
dure makes the following assumptions:

(1) Each cone response is sufficiently adaptable that it
can be made less sensitive than the other types over the full
range of measurement.

(2) The unadapted (or less adapted) cone mechanism
being measured is responding in a range where it is not
affected by adaptation, since any degree of adaptation in
proportion to its change in intensity would distort the esti-
mate of its spectral sensitivity.

(3) The suprathreshold perception of flicker is directly
proportional to the amplitude above threshold with the
same slope for each cone mechanism throughout the mea-
sured spectrum.

(4) The spectral sensitivity is independent of temporal
frequency of stimulation:

To provide some indication of the problems faced by this
method, consider their claim that a long-wavelength adapta-
tion light has the effect that the HCFP spectral sensitivity is
determined by the G cones at all wavelengths. This might
be interpreted to mean that under the conditions used in our
study, a 660-nm modulation on a 660-nm steady back-
ground, threshold is determined by the G cones rather than
the R cones. However, as long as Weber's law is obeyed
(with equal Weber fractions for the two cone systems), it is
impossible to desensitize the response of one cone system
below that of another by adaptation with a background field
of the same wavelength composition as the test field.

On the assumption of a constant threshold at low back-
ground levels, if the R-cone system is 2 log units more sensi-
tive than the G-cone system, then increasing background
adaptation will narrow the gap for the first 2 log units above
threshold, when the two systems will become equally sensi-
tive as long as Weber's law holds. We have established that
Weber's law holds up to the highest intensities currently
available, at least for the 660-nm light. It is only when one
can induce supra-Weber saturation behavior that the re-
sponse of the nonsaturated system can be isolated from that
of the saturated one. Thus the relevance of the Eisner-
MacLeod results to our study is only to show that, if high-
frequency flicker responses were subject to adaptation, and
if we had used no other isolation conditions, then the sensi-
tivities might have been equally determined by the R and G
cones.

However, previous experiments and those reported in the
present study indicate that when the flicker rate is increased
to rates close to CFF (e.g., 50 Hz under their conditions),
flicker responses become linear and are not subject to adap-
tive desensitization. Thresholds would then be determined
by the mechanism with the greatest absolute sensitivity at
the test wavelength (if all mechanisms had the same tempo-
ral properties). In addition, our design involves the use of
100% modulation, so that the entire stimulus is the test
stimulus, and there is no separate adapting stimulus. Un-
der such nonadaptation conditions, it would be hard to dis-
pute that spectral sensitivity in the long-wavelength region
is determined by the R cones. Moreover, we used equilu-
minant surround conditions that should have profoundly
depressed any residual G-cone responses (see Section 2).
Finally, even in the Eisner-MacLeod study45 the results
suggested that sensitivity with the longest-wavelength adap-
tation field was determined by the R cones rather than the G
cones. For all these reasons, the 660-nm CFF functions are
considered to be mediated solely by the R-cone pathway.

APPENDIX C: INFLUENCE OF PROBABILITY
SUMMATION IN FLICKER DETECTION

Use of an envelope of fixed duration introduces more cycles
as frequency increases. One question this raises is whether
thresholds improve at higher frequencies as a result of the
increased opportunity for probability summation with in-
creasing numbers of modulation cycles within the envelope.
This in turn raises the question of the unit over which proba-
bility summation occurs. Although the number of cycles
increases with increasing frequency, the energy within each
cycle is proportionately reduced. Thus, if the probability
summation occurs over units of stimulus energy, the best
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way to hold it constant is to retain the same envelope dura-
tion at all frequencies.

To illustrate the logistical difficulty of holding the number
of cycles constant, suppose that we wish to have 10 cycles
within the high-amplitude (>50%) portion of the envelope.
At 100 Hz, this would imply that the duration of the enve-
lope at half-height should be 100 msec, for a total duration of
200 msec. To present a 1-Hz stimulus with the identical
wave shape, an envelope duration of 10 sec would be re-
quired.

More formally, it can be shown that the effect of probabili-
ty summation is equated for envelopes of fixed duration as
frequency varies (just as is the Fourier energy). Probability
summation in detection probability over n equal mecha-
nisms of sensitivity si may be represented4 6 by the Weibull
function

P(c) = 1-y exp[-n(sic)O], (C1)

where c is contrast, y is the guessing level, and fl is a parame-
ter that determines the steepness of the psychometric func-
tion P(c). For the integration of detection probability over
time for a continuous stimulus waveform, the expression
within the exponential brackets may be replaced by the
integral

R = J ISf(t) * h(t)1ldt, (C2)

where S is the average sensitivity (assumed constant over
time) and f(t) * h(t) is the convolution of the stimulus wave-
form with the impulse response of the visual system up to
the site of detection.27'4 7 To the extent that f(t) is a sine
wave varying slowly with respect to the duration of the visual
impulse response, the convolution term C(t) will amount to a
simple rescaling of the stimulus amplitude in proportion to
the visual response sensitivity Sw at the temporal frequency
of the stimulus:

0(t) = f(t) * h(t) = S. sin(wt). (C3)

Thus, if the stimulus consists of many cycles of a sine wave
within a raised-cosine envelope, the response will be of the
same form:

C(t) = Sw[1 + cos(t)]sin(wt). (C4)

The power integral [Eq. (C2)] of the response to the co-
sine-modulated sine wave of Eq. (C4) is intractable in the
general case, but the problem may be solved by substitution
of a Gaussian envelope for the raised cosine. This substitu-
tion has three advantages: an analytic solution is possible,
it permits a sufficiently close approximation that the effects
of probabilitysummation should be similar for the two cases,
and the solution is valuable for other applications in which
the envelope was in fact a Gaussian (as is common for spa-
tially modulated stimuli). The analysis will be further lim-
ited to an integral number of cycles, n, within the envelope.

Thus we assume that Gaussian modulation gives rise to an
internal response at the site of detection of the form

{27

R = J lexp(-t2 /r)S. sin(nt)Ildt, (C5)

where n is the number of cycles within the envelope. Substi-

tuting an even integer for 13 and adjusting the integration
limit to match tabulated solutions produces

R 2SwJ exp(-2mt 2/7r)sin2m ntdt. (06)

Expanding the power sine expression by the multiangle for-
mula gives

sin m nt = Am.1 + a, cos(2nt) + a2 cos(4nt) ... + am cos(2mnt)J,

(C7)

from which it can be shown that

R = Sw AI{ + 1 ak exp[-7r(2kn)2/8m]}. (C8)

This expression consists of a constant followed by a finite
series of exponentials controlled by the power of the integra-
tion (i) and the number of cycles under the envelope (n).
Even for the lowest value of k = 1, these exponentials tend to
0 when the power is greater than 1 and the number of cycles
exceeds the power, when

R-Sw-Am
R'' m- n> m> 1. (09)

For example, under typical experimental conditions B = 4,
m = 2, and the constants take the values Am = 3/8, a1 = 4/3,
and a2 = 1/3. For n = 2 the first term of the Gaussian
expansion then takes the value 0.06, which is just greater
than 5% of the constant term. Thus the Gaussian terms
may be neglected for any number of cycles greater than 2 in
this case, implying that the stimulus detectability is inde-
pendent of the number of cycles under the assumptions of
this analysis. This derivation therefore indicates that the
effects of probability summation are proportionate to the
duration of the envelope rather than to the number of cycles
within it (above a small minimum value). The generality of
the derivation suggests that this conclusion would apply
equally to a nonlinear threshold detector (3 >> 0) as to a
linear energy summator (13 = 1).

A consequence of this conclusion is that holding the num-
ber of cycles constant, as did Stromeyer et al., 3

1 decreases
the stimulus energy in proportion to frequency. They used
stimuli with a half-bandwidth of 6 cycles, which therefore
corresponded to 600 msec at 10 Hz but only to 120 msec at
their highest frequency of 50 Hz. It is therefore hardly
surprising that they found saturation at higher frequencies
earlier than the present data.

APPENDIX D: ON PHYSICAL REALIZABILITY:
IRRELEVANCE OF THE PALEY-WIENER
CRITERION

Kelly'5 has raised the question of the physical realizability of
an equation describing visual response behavior, such as the
Ferry-Porter law. The question arises in the interpretation
of the equation as a frequency response amplitude function.
To be physically realizable, the system that gave rise to the
amplitude function must exhibit causal behavior; there must
be no response preceding the time of the stimulus. This
requirement sets a constraint on the range of allowable am-
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plitude response functions. Mathematically, the constraint
can be defined by the Paley-Wiener criterion that, for the
frequency response amplitude function to derive from a
causal system, the integral

Ilog[A(s)]I (D1)

|E. 1 + S 2 (

where s is the complex frequency, must converge to a finite
quantity. For this to occur, the log of the amplitude func-
tion must decline faster than frequency s in both positive
and negative directions. This criterion implies the require-
ment that, when expressed in terms of negative exponen-
tials, exp(-sP), the power (p) of the complex frequency (s) is
less than 1.

If a frequency response amplitude function does not meet
this criterion of the convergence of the Paley-Wiener inte-
gral at infinity, then mathematically it can be shown that the
corresponding impulse response will have some energy be-
fore to, i.e., a failure of causality. No set of phase relations
between the frequency components will produce causal be-
havior. The Ferry-Porter law corresponds to an amplitude
function with an exponential power of exactly 1 and must
therefore be regarded as having no causal impulse response
as an explicit mathematical solution, on the basis of its
failure to meet the Paley-Wiener criterion.'5

However, the Paley-Wiener criterion may be rejected as
invalid for application to physical systems on three levels:
theoretical, practical, and empirical. Theoretically, to be
physically realizable the mathematical criterion must be
applicable to a finite physical system. All physical systems
have limits beyond which the integral expression becomes
meaningless because it reaches the quantum limit of the
atoms of which the system is constructed. In the case of
light stimulation, it makes little sense to extend the integra-
tion limits beyond the frequency of the light waves with
which the eye is stimulated (i.e., the gigahertz range). Thus
an integral criterion that relies on infinite integration cannot
in principle be applied to an inherently finite physical sys-
tem. Conversely, if the integral is limited to a finite range,
then the question of its convergence at infinity is indetermi-
nate, and the Paley-Wiener criterion is inapplicable.

Second, even if the theoretical objection could be over-
come by finding a physical system that permitted integra-
tion over an infinite range of frequencies, the Paley-Wiener
criterion may be rejected on practical grounds for any func-
tion fitted to data over a specified frequency range. Regard-
less of the form of the function within this specified range, it
will always be possible to find an extension of the function
outside the specified range that would permit convergence of
the integral.4 8 Thus any theoretical function for the ampli-
tude response over a finite frequency range is physically
realizable, as long as an appropriate adjustment is permitted
outside the specified range. One way to specify the range is
to take it to the limit permitted by the noise inherent in any
physical system. Beyond this limit the response is indeter-
minate because it is buried in noise, so that it may be said
that any noise-limited frequency response could be physical-
ly realizable, since an appropriate adjustment could always
be made in the range where the response is indeterminate.

Finally, any measured amplitude response function (or
well-behaved theoretical function) may be fitted to any de-

sired degree of accuracy over a specified range by a physical-
ly realizable approximation. This empirical approach is
usually achieved by means of Bode analysis, in which the
approximation is constructed from complex poles in the
Fourier domain, each having a causal impulse response be-
havior. With a sufficient number of poles, any amplitude
function may be approximated and therefore shown to be
physically realizable within the degree of approximation. If
the amplitude response function is measured over the full
operational range of the system (e.g., up to the noise limit),
then any expression completely describing the amplitude
function within the accuracy of the noise may be said to be
physically realizable.

Thus we conclude that the Paley-Wiener criterion is a
mathematical abstraction that is not applicable to physical
systems. The approximation of the Ferry-Porter law by an
8-pole filter model over a 5-log-unit operating range in Fig.
10 shows that the law is physically realizable in practice to a
high degree of accuracy. Moreover, the use of a similar, 6-
pole filter model for individual cone responses 3 9 shows that
the Ferry-Porter law is compatible with an impulse response
form that is close to that recorded physiologically from reti-
nal receptors.
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