Low Spatial Frequencies and Low Number of Cycles at Low Luminances

Robert L. Savoy

Reprinted from

PHOTOGRAPRIC SCIENCE AND ENGINEERING

Volume 22, Number 2, March/April 1978



PHOTOGRAPHIC SCIENCE AND ENGINEERING o Volume 22, Number 2, March/April 1978

Low Spatial Frequencies and Low Number of Cycles at Low Luminances

Robert L. Savoy

Vision Research Laboratory. Polarokd Corporation. Cambridge, Messachusetls 02139

Human contrast sensitivity for sinusoid gratings is examined over
mean luminances ranging from 100 to 0.001 ¢cd/m?, i.e., into the sco-
topic region. In order to study the influence of the number of cycles
of sinusoidal oscillation on contrast sensitivity of low-frequency
gratings, a display of fixed physical size is used—the viewing distance
and the number of cycles in the display are varied. At scotopic levels,
although high-frequency attenuation in sensitivity occurs at much
lower spatial {requencies than at photopic levels, there is a region over
which contrast sensitivity depends Jargely on the number of cycles
in the display.

Introduction

The present study examines the influence of display size
and/or number of cycles on threshold contrast for low-spa-
tial-frequency sine-wave gratings 8s the mean luminance s
decreased from photopic to scotopic levels. The primary
question is whether the marked influence of number of cycles
which those in our laboratory! and others2? have found at
various photopic luminances is also present at scotopic lu-
minances.

Methods

Figure 1 is a schematic illustration of the stimuli used. The
apparatus geoerated three “zones” as shown in the top portion
of the figure. Zones 1 and 2 were regions of uniform, inde-
pendently adjustable luminance. Zone 3 was a sine-wave
grating with vertically oriented bars. The boundaries of the
regions (indicated by the letters A-K) were adjustable. For all
expetiments, Zone 3 was an 11 cm square centered in Zone 2.
Zone 2 was a 17 ¢m square and had 2 uniform luminance equal
to the mean Juminance of the grating in Zone 3. The Juminance
of Zone 1 was zero and the rest of the room in which the subject
and equipment were situated was also dark. The bottom
portion of Fig. 1 1s a luminance profile taken honzontally
across the middle of the display when there was one cycle of
sinusotdal oscillation in the grating.

Contrast threshold was measured for sine-wave gratings
containing either 1, 2, 4, 8, or 16 cycles in sine phase with the
beginning of the grating. The gratings were bordered on all
sides by a region of uniform luminance equal to the mean lu-
minauce of the grating. The mean luminance of the grating
and surround was varied from 100 candles per square meter
{cd/m?) to 0.001 cd/m? by a factor of 10 at each step. By
varying the distance between the observer and the display
from 18 to 640 cm, the size of the sine-wave grating was varied
from a 32 by 32 degree square to a 1 by 1 degree square by a
factor of 2 at each step. For each target, the subject made at
least 10 contrast settings. For each setting, the contrast was
initially well below threshold and the subject turned a2 10-turn
potentiometer to increase contrast until the sine-wave stim-
ulus just appeared. Contrast is defined as (Lynax = Lmin)/(Lmax
+ L min), where Lyay and L i, are the maximum and minimum
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luminances in the grating, respectively. Contrast sensitivity
is defined as the reciprocal of threshold contrast.

The author, age 27, whose mild astigmatism was corrected
with glasses, served as the principal subject. (A second subject
was run at one of the high luminances and one of the low lu-
minances and similar data were obtained). His head was po-
sitioned on a chin-rest. A very small piece of black tap affixed
to the face of the display indicated the center of the grating.
The subject restricted his gaze to a small region around this
spot. At short distances, the black spot also served as a cue for
monocular accommodation. For larger distances, the outline
of the display device was a cue for accommodation. The
gratings were viewed monocularly through an artificial pupil
4 mm in diameter. Thus, the retinal iluminance varied from
~2 to +3 log photopic trolands. The 0.01 cd/m? gratings
should be well into the scotopic region. A scotopic matching
experiment using different spectral compositions was used
to confirm the point of transition from scotopic to photopic
regions. Two color compensating gelatin filters (CC40Y and
CC20B) were selected such that when they were placed side
by side over the display, they caused the same (very slight)
attenuation at scotopic luminances. As the luminance was
mcreased, the filters became distinguishable in both color and
amount of attenuation. This occurred at a screen luminance
of 0.014 ¢d/m?.

The stimuli were presented on a Hewlett-Packard 1317A
high-speed graphics display, which is essentially a large
cathode ray tube. Stimuli were calibrated photometrically
using a Gamma Scientific telephotometer. The screen Tumi-
nance was approximately 100 ¢cd/m?2. For the highest lumi-
nance condition, the screen was viewed directly. For all other
luminences, the screen was covered with large crossed polar-
izers adjusted to reduce the luminance to 10 cd/m?2. Wratten
neutral filters of optical density 1.0, 2.0, 3.0, and 4.0 were taped
over the artificial pupil to obtain the luminances of 1.0, 0.1,
0.01, and 0.001 ¢d/m?, respectively.

Results

The presentation of results will be divided into two parts.
In the first part (Figs. 2 and 3) the display size is held constant
and the luminance levels vary. This sort of data has been ob-
tained previously.5=2-* In the second part (Figs. 4-6) the lu-
minance 18 held constant and the display sizes vary. In al}
figures, error bars of plus-and-minus one standard deviation
in contrast sensitivity are very nearly equal to the size of the
symbols used to plot the data.

Figures 2 and 3 are graphs of contrast sensitivity versus
spatial frequency for two of the six display sizes used, as the
luminance is varied parametrically from 100 to 0.001 cd/m2.
The 1-degree display (Fig. 2) presents gratings with nominal
spatial frequencies between 1 and 16 cycles per degree (cpd).
The 8-degree display (Fig. 3) presents gratings with nominal
spatial frequencies between 0.125 and 2 c¢pd. For the three
highest luminances in Fig. 3, contrast sensitivity increases

“Daitch and Green |Vision Res. 9: 947 (1969)) found similar results with stimuli
presented 12 degrees perpheral to the foves, except that the frequency of peak
sensitivity increased to only 2 cpd at the maxiroumn luminance they used.
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Figure 1. A schematic illustration of the stimuli used. Zone 3 is 2
vertical sine-wave grating. Zone 2 is a perimeter of uniform luminance
equal to the mean luminance of the grating. The luminance of Zone
1 is zero for these experiments. The Jower part, of the figure is a ju-
wminance profile along the middle of the display for a 1-¢ycle grating.
See Methods for further details.

monotonically with apatial frequency.t There is no high-fre-
quency roll-off only because there are no data for the higher
frequencies. For the same high luminances in Fig. 2 (where the

highest frequencies are 8 and 16 cpd) there is a clear high-
frequency roll-off, and the peak sensitivity is at 4 cpd. What
about high-frequency attenuation at lower Juminances? In Fig.
3 (the 8-degree display) a high-frequency attenuation is evi-
dent for the three lower luminances. For the 0.1 c¢d/ra? data
(filled circles) the peak is at 1 cpd; for the 0.01 cd/m? data
(filled triangles) the peak is approximately 0.5 cpd. In Fig. 2,
there are few data at the lower luminances because most of the
1-degree gratings were not visible at the highest contrast ob-
tainable on our apparatus (0.33).

In summary, for a fized size of display, varying the mean
luminance yields results similar to previous reports. As lu-
minance is decreased, contrast sensitivity decreases at all
spatial frequencies and the nominal spatial frequency of
maximum sengitivity decreases from about 4 cpd to less than
1 cpd.

Let us start the discussion of results for fixed luminance
levels by examining the data of Figs. 4, 5e, and 5f, whose lu-
minance of 0.1 ¢d/m? is near the middle of the range of lumi-
nances investigated. Figure Se presents contrasat sensitivity
versus the nominal spatial frequency of gratings subtending
1, 2, 4, 8, 16, and 32 degrees. For gratings with nominal
frequencies of 1 cpd or less there is a considerable increase in
contrast sensitivity as display size increases, or, equivalently,
as the number of cycles in the grating increases. Consider the
five gratings with a nominal spatial frequency of 0.5 cpd, for
example. As display size increases from 2 to 32 degrees, the
number of cycles increases from 1 to 16 and the contrast sen-
sitivity increases by a factor of 10. Thus, there is not a unique
contrast sensitivity associated with each spatial frequency in
this low frequency region. As was suggested earlier (in Fig. 3)
the peak sensitivity for this luminance level occurs at about
1 cpd. Beyond the 1 ¢pd pesak, gratings at a fixed frequency
and with at least 4 cycles of oscillation have nearly equal
contrast sensitivities. That is, a particular contrast sensitivity
can be assoctated with each spatial frequency in the region of
high frequency attenuation.} The two arrows in Fig. 5e indi-
cate the data points to the right of the frequency of peak
senaitivity.

Figure 4 presents the data of Fig. 5¢ replotted with the
number of cycles of sinusoidal oscillation in the grating as the
abscissa. There is a considerable amount of overlap of the

1Since the display size is fixed, the number of cycles of sinuvsoidal oscillation
is linearly proportional to the spatial frequency. Hence, one could equally well
describe the ligh-luminance data of Fig. 3 by aaying that cantraat senasitivity
increases monotonically with increasing number of cycles.

YThis last point is more clearly seen in Figs. 6a, 6¢, and 6e which have higher
mwean Juminances and bigh-frequency regions further to the right on the ab-
scigsa,
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Figure 2. Contrast sensitivity vs. nominal spatial frequency for 1-
degree wide gratings of various mean luminances. As luminance de-
creases, the frequency of peak sensitivity decresses and contrast
sensjtivity decreases at all spatial frequencies.

1000 o
SIZE=18
>
c r
> - O 100 cdfm?
E 100 A 10 cd/m?
2 £ Q 1 edfm®
S E
7} r ® 0.1 ed/m?
b i A 001 cd/m?
< 0 = B 6.00) ca/m’
- =
=4 - = s
3] l—
o -
‘ll | ST W ERTIT I W WLV TR B TN 1Y
0.01 0.1 1 10 100

CYCLES PER DEGREE

Figure 3. Data from an experiment similar to Fig. 2, but with 8-degree
wide gratings. Because the physical size of the gratings on the cathode
ray digplay are fixed, the spatial frequencies are Jower than in Fig. 2.
Again, as luminance is decreased, the (requency of peak sensitivity
decreases and contrast sensitivity decreases at all spatial frequen-
cies.

curves of various display sizes, but there are also many points
with the same number of cycles but different contrast sensi-
tivities. For many of these data pointg, the sine-wave gratings
have nominal spatial frequencies beyond the peak sensitivity.
That is, the decrease in contrast sensitivity for gome points
is due to huigh-frequency attenuation. In order to consider the
influence of number of cycles, per se, see Fig. 5f. Figure 5f is
identical to Fig. 4 except that the data points indicated in Fig.
5e as being in the region of high-frequency attenuation have
been deleted. Now the influence of the number of cycles is
most clear. Consider the gratings with one cycle, for example:
As the display size increases from 1 degree to 32 degrees, the

CONTRAST SENSITIVITY

1 0 100
NUMBER OF CYCLES

Figure 4. Contrast sensitivity vs. number of cycles for gratings of 1,
2,4, 8,16, and 32 degrees in width and mean luminance of 0.1 ¢d/m2.
Much of the data falls on a single line of slope 1. The points that do
not fall on the line are in the region of high-frequency attenuation.
See Figs. 5¢ and 5f and Results for further discussion.
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Figure 5. Results for the three lowest luminances. Figures 5a, 5¢, and 5e plot contrast sensitivity vs. the nominal spatjal frequency for gratings
subtending 1, 2, 4, 8, 18, and 32 degrees. The two arrows indicate the data beyond the peak sensitivity at each luminance. Figures 5b, 5d, and
5f are replots of the data in Figs. 50, 5¢, and 5¢, respectively, but with the number of cycles as the abscissa and with data points between the
arrows deleted. It ig clear in the three figures on the right that contrast sensitivity depends very strongly on the number of cycles in the grating,
independent of display size (and hence independent of the nominal spatial frequency) for these low-frequency, low-number-of-cycle grat-

ings.

nominal spatial frequency decreases from 1.0 to 0.03 ¢pd, a
factor of 32. Yet the contrast sensitivity for these gratings
varies by less than a factor of 2. In fact, for all the data in Fig.
5f the range of contrast sensitivities at a fixed number of cycles
is less than a factor of 2.

The above discussion refers only to data of a single lumi-
nance level, 0.1 cd/m?2 These data are perhaps the most
striking, of all the data in Figs. 5 and 6, in demonstrating a
dependence of contrast sensitivity on number of cycles, in-
dependent of spatial frequency. However, the influence of
number of cycles is clearly evident at other luminances.

Data for the two lower luminances, 0.01 and 0.001 cd/m?,
are shown in Figs. 5a, 5b, 5¢,* and 5d. These graphs are similar
to Figs. 5¢ and 5f. They show that contrast sensitivity for these
low-frequency gratings depends on number of cycles inde-
pendent of nominal spatial frequency.

Data for mean luminances of 1, 10, and 100 cd/m?2 are shown
in Fig. 6. Here too, there 1s considerable overlap of much of the
data when plotted on the number of cyeles axis. In fact, for the
three smaller display sizes (filled symbols) the data in Figs.
6b, 6d, and 6f coincide as much as the data in Figs. 5b, 5d, and
5f. However, as is first suggested for the 32 degree display at

‘There is no obvious peak in sensitivity as a function of spatial frequency in

Fig. 5a. However, based on the clearer peaks in Figs. 5¢ and 5e, the data in Fig.
5u l‘or 1 cptgdp ere in the region of high-frequency attenuation and have
from ig. 54. If the 0.5 ¢pd data in Pig. 5a were also deleted, the

l'\g 5b data would be even closer to a single function.
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1.0 cd/m? (Fig. 6b) and as is very clear for the largest displays
at the highest Juminance of 100 cd/m? (Fig. 6f), there is no
longer a single contrast sensitivity for all the 1-cycle targets,
or all the 2-cycle targets, as was the case at lower luminances.
In Fig. 6f, the three smallest displays (filled symbols) all result
in higher gensitivities than the larger displays (open symbols).
That is, despite an equal number of cycles, there are sub-
stantial differences in contrast sensitivities and the larger
displays result in the lower sensitivities. Thus, for the large
displays at 100 cd/m? and for the 32 degree display at 1 and
10 cd/m?, there is an attenuation due to low spatial frequency
per se. However, the fact that there is still increasing sensi-
tivity with increasing display size at fixed low frequencies
indicates that number of cycles is still having some effect as
well.

Discussion

The importance of having enough cycles when measuring
contrast thresholds was pointed out some time ago.” However,
the marked dependence on the number of cycles, practically
independent of the spatial frequency for low-number-of-cycle,
low-frequency gratings, has recently led some people to
suggest that the low-frequency attenuation long associated
with contrast sensitivity functions might be due entirely to
the influence of the smaller number of cycles present in low-
frequency test gratinga.l2 That interpretation of the data led
to considerable discussion.19-13 However, the present work

indicates that for large displays, at luminances of 100 cd/m?,

Savoy
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Figure 6. Results for the three highest luminances. Figures 64, 6¢, angd 6e plot contrast sensitivity vs. the vominal spatial frequency for gratings
subtending 1, 2, 4, 8, 16, and 32 degrees. The two arrows indicate the data beyond the peak sensitivity at each luminance. Figures 6b, 6d, and
8f are replots of the data in Figs. 6¢, 6¢, and 6e, respectively, but with number of cycles as the abscissa and with the data points between the
arrows deleted. For the three smallest display sizes (filled symbals) there is a clear dependence on the number of cycles independent of the
nominal frequency. For the larger displays (especially the 32 degree display) there is an attenunation in sensitivity which is due to the low spatial

frequency as well as the low number of cycles.

there is a fall-off in sensitivity which is indeed due to low
frequency, and not due solely to a small number of cycles. This
last finding has been previously reported by Cohen, Carlson,
and Cody.3 Although their data are not precisely comparable
to ours because of methodological differences, they did mea-
sure contrast sensitivities for gratings subtending 0.5, 1.0, 2.3,
6.5, and 60 degrees at a mean luminance slightly greater than
100 cd/m2. The data for the four displays smaller than 60
degrees showed a clear dependence of contrast sensitivity on
the number of cycles, but the 60-degree display showed an
equally clear dependence on low spatial frequency per se.
Cohen et al., used sine-wave gratings with nominal spatial
frequencies as low as 0.25 cpd. The lowest frequencies is Figs.
5 and 6 are 0.03 cpd. The rate of decrease in sensitivity which
is shown in Fig. 6e for these very low frequencies is somewhat
slower than in the region investigated by Cohen et al.

In summary, experiments at scotopic luminances (0.001 and
0.01 cd/m?) show that scotopic vision exhibits a dependence
on number of cycles similar to that of photopic vision. For the
four display sizes less than about 16 degrees in width, and for
the five luminances less than 100 ¢cd/m?, contrast sensitivity
for low-frequency sine-wave gratings with a small number of
cycles depends upon the number of cycles, essentially inde-
pendent of the nominal spatial frequency. Furthermore, for
low luminances (0.1, 0.01, and 0.001 cd/m?) the dependence
on number of cycles also holds for gratings as large as 32 de-
grees wide (the largest used in this study). For the highest

Low Spatial Frequencies and Low Number of Cycles at Low Luminances

luminance used, 100 cd/m?, the dependence on number of
cycles is present for the smaller display sizes, but with the
larger displays (especially the largest) there is a decrease in
contrast sensitivity due to low spatial frequency itself, as well
a3 the low number of cycles.
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