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In the low-spatial-frequency region (below 2 ¢/deg) contrast sensitivity to sinusoids does not depend
on spatisl frequency, but does depend on the number of cycles of sinusofd. Contrast sensitivity to
sinusoids ean vary from 14 to 60 depending on the amount of svergge-luminance area or flank
adjacent to the sinusoid. The influence of average-luminance fianks dees not depend on the width of
the Bank. but does depend on the eguivalent number of cycles of flank.

This work began with the interesting experimental result
that two identical sine-wave targets had grestly different
contrast thresholds depending on the nonsinusoidal areas in
the field of view. This observation Jed Lo experiments which
showed that the width of an average-lumimance surround can
have considerable effect on the contrastl sensitivity of a si-
nusoidal grating of fixed dimensions.! Numerous experi-
ments, such as increment threshold, 23 have shown that a va-
riety of psychophysical tasks are influenced by the size of a

surround adjacent to the stimulus parameter under study. In’

the case of sinusoidal gratings, the size, shape, and proportions
of an average-lumingnce surround have had relatively little
study. This poper describes numerous experiments on the
influence of average-luminance areas on the visibility of si-
nusoidal gratings.

. METHODS

A video systemn consisting of an cscillographic (X-Y) display
and the electronics for its operation was designed and built

in our laboratory by Bill Wray and John Hall for-particular

use in these experiments. We used this display system to
generate luminance patterns for one sinusoidal portion and
two concentric surrounds. The luminance of each of the three
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areas was independently adjustable. The electronics package
uses an interlaced horizontal raster with any number of lines
up t01024. The raster has a line sweep period of about 33 us.
The top half of Fig. 1 is a diagram of the display and shows its
three concentric zones. The positions on the display desig-
nated by letters A through L are zone division limits. Their
posilions are all adjustable using TTL digital circuitry. Once
the number of lines that represent the total display is chosen,
then the vertical dimensions, namely, the positions of }Jimits .
A through F, are selected by assigning fractions of the total
number of horizontal lines to the distances AB, BC, CD, etc.
The zones of the display are further specified by limits G
through L. A voltage applied to the X(horizontal) or
Y(vertical) inputs moves the beam to a position defined by
that voltage in either the X or Y direction. A Z-input voltage
i5 used to contro) the intensity of the beam. The horizontal
limits are independently set with ¢continuously adjustable
timing circuits. Every time the scan reaches 2 boundary limil
(G through L), the automatic line-counting circuitry switches
the Z input (intensity) to its appropriate signal. Zones 1 and
2 are both areas of uniform luminance produced by two in-
dependent Z-axis voltages. The luminance of zone 3 is con-
trolled by a function generator; in these experiments we al-
ways used a sine-wave function. The frequency and phase
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FIG. 1. Diagram of e cethode-ray-lubs dispiay (top hall of figure). The
positions of limits A through £ are se by binary encoded line-counting
switches, while the limits G through L are set by adjustable timing controls.
The bottom half of the figure is a graph of a horlzontal luminancs trace
through the center of this display. The graph is for the case of a targstin
which the luminance of 2one 1ls 0, zone 2 Is set 1o the average luminance,
and zone 3 Is a one-cycle sinuscid wave.

of this sine wave were adjustable so that one could choose the
number of cycles to be displayed in zone 3. A synchronization
circuit caused the sine wave to be in phase for all lines. The
display system has a spatial-frequency range of 0.08 to 1.8
c/deg when the observer is seated 61 ¢cm from the display.

After the experimenter chose all of the limits (4 through
L), he set the luminances of the uniform areas. Using a spot
photometer, he set the average luminance of each target to 3
mL/cm? (9.4 ¢/m?). By reversing the Z- and Y-axis inputs to
the display tube he obtained a trace of the Z-axis voltage.
Calibration measurements with a spot photometer showed
that the luminoua amplitude of the sine wave was & linear
function of the voltage within the experimental range.
Therelore, this voltage trace was proportional to a luminance
trace of the targel. The bottom half of Fig. 1 shows a diagram
of the trace taken through the center of the target shown in
the top half of Fig. 1. Similar traces were used for the setting
of the phase and frequency of the sinusoid in zone 3.

The subject adjusted the amplitude of the sine wave in zone
3 with a ten-turn potentiometer. Each value of an experi-
mental setting was recorded as a voltage. Voltages were
transformed to contrast sensitivity using calibration curves
of voltage versus target contrast as measured by the spot
photometer.

We presented the targets in random order. When the ex-
perimenter set up a particular target, the observers made at
least 20 observations per target which were averaged to be the
result. Between each target a pause of 5 min was necessary
for target set-up and calibration. At the beginning of each
experiment, the observer sat in front of the display, which was
set Lo zero contrast. When he turned the knob of the poten-
tiometer, he increased the target’s contrast, until he could
detect the target. At this threshold, he set a switch and
pressed a button to enter the reading into data-taking
equipment; this operation took a few seconds. The observer
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was unaware of the value of the reading. Then the observer
reset the contrast to zero and made another reading. All of
the targets were static presentations; there was no time limit
for an observation.

In all of the experiments described in this paper the ob-
server was instructed to adjust the potentiometer to increase
the contrast of the sine wave from below threshold to
threshold. When the subject had completed a seiting, he
pressed a switch, and a voltage was measured across the po-
tentiometer. This voltage was transferred to an auto-ranging
digital voltroeter and then to paper tape. Each observer made
a minimum of 20 settings per target. Several of the targets
were common to more than one series of experiments. The
comparison of the results from the same target at different
times showed no significant variations.

All the observed dats are reported in terms of sensitivity,
that is, as the reciprocal of threshold contrast. Contrast
sensitivity is defined as (Lmax + Lmin)/(Lmax ~ Lmin)
where Lmax and Lmin are the maximum and minimum lu-
minances All measurements were monocular, unfixated
vision with natural pupil, unless otherwise specified in the
text. The result of each experiment is represented as the
mean plus or minus one standard deviation, along with a
two-dimensional diagram of the target.

The patterns generated by our electronics package were
displayed on a Hewlett-Packard 1317A high-speed graphic
display unit with a P4 phosphor. The entire display tube wag
43.2 em diagonally with a usable section of 34.3 by 26.0 ecm.
The resolution of the tube is 13,7 lines/cm with 2 0.51-ram spot
Si1z2e.

fl. INFLUENCE OF SINUSOID SIZE AND SHAPE
ON CONTRAST SENSITIVITY: NO AVERAGE-
LUMINANCE SURROUND

In the first experiment. all targets were 12 deg high and each
bad a different width (10, 5, 2.5, 1.25, and 0.63 deg). Alltar-
gets had only one cycle of sinusoid (in sine phase) along the
horizontal direction and appeared on a black background.
We define nominal spatial frequency as the number of cycles
per degree that characterizes the sinusoid, irrespective of its
width.3 Since the width of the targets varied, the nominal
spatial frequency of the sinusoid varied from 0.1 to 1.6 ¢/deg.
The results are shown in Fig. 2.

Although the targets vary in width and nominal spatial
frequency by a factor of 16, the observers report very little
change in threshold contrast sensitivity. One observer reports
contrast sensitivities of 14, 16, 15, 14, and 22; the second ob-
server reports sensitivities of 11, 13, 13, 13, and 16 for targets
that range from 12 X [0 to 12 X 0.63 deg.

In the second experiment the width of the sinusoid was
coostant (1.25 deg) and the height varied (12, 6.6, 3.9,2.6,1.8,
1.6,and 1.25 deg). The height was the direction perpendicular
to the sinusoid. The diggram and associated average contrast
sensitivities for these targets are shown in Fig. 3. Despite
changes of target height by a factor of 10, observers show very
little change in contrast sensitivity.

Previous exyeritents! s measured the effects on contrast
sensitivity of sis:ultaneous changes in both the height and
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VARY SINUSOID WIDTH
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FIG. 2. Vanalion of the width of one-cycle sinc-wave targels with a black
surround.  Excepl for a smell increass In contrast sansitivity with the nar-
rowest target, changing width and hence changing nominal spatial frequency
by 2 factor of 16 has little effect on conlrast sensilivity.

width of low-spatial-frequency sinusoids. These experiments
found that the number of cycles was the critical parameter
affecting observer contrast sensitivity, regardless of the size
of the target on the observer’s retina.  The third experiment
of this paper differed from previous ones because it was per-
formed both with and without an artificial pupil. The targets
varied from 24 X 24 deg to 1.5 X 1.5 deg, a factor of 16 in linear
dimension and a factor of 256 in area. With such large
changes 1n projected areas of the display on the retina, one
must test the influence of any change in size of the natural
pupil. The resulis are shown in Fig. 4. Since all the targets
had only one cycle of sinusoid, the nominal spatial frequency
varied from 0.04 L0 0.7 ¢/deg. The introduction of 2 2.5-mm
artificial pupil did not produce any significant change in
contrast sensitivity for any target lested. One observer re-
ported no change in contrast sensitivity with change in size,
while the other reported s change from 11 £ 2t0 18 £ 5, that
is, a change by a factor of 1.7.

We can conclude that, within the range of rstinal sizes
tested. the observer’s contrast sensitivity to onc-cycle sine-
wave Largets is essentially independent of the nonoinal spatial
frequency and independent of thé height, width, and area of
the display on the retina. This is quite an interesting property
because the stimulus on any local region of the retina is con-
siderably different when one cycle is spread across 24 deg of
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FIG. 3. Variation of the helghl of one-cycle sine-wave lergsts, Despite

VARY SINUSOID HEIGHT AND WIDTH
-BLACK SURROUND-
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FIG. 4. Variation of both the haight and width of one-cycle sine-wave
largets. Contrast sensiivity rermained essentiglly constant despite a 16
10 1 chaage in linear dimension and 8 266 10 1 change in area. Nearly
identical resulls were obtained both wih and withoul 8 2.5-mm anlficial
pupil.

the retina instead of across 1.5 deg. Jtisnot obvious how one
might design an electronic system {or which one cycle of sin-
usoid would have the same threshold independent of the width
of the display and independent, of the nominal spatial fre-
quency.

{ll. INFLUENCE OF AVERAGE-LUMINANCE
SURROUND ON CONTRAST SENSITIVITY

The first experiment in this section uses a series of targets
in which the sinusoids! portion is held constant in size and
shape while the width of one average-luminance flank ig var-
ied. The first target has no surround; it is {2 deg high and 1.25
deg wide. The observers report contrast sensitivities of 14 and
13. The subsequent Largets in this series have 12 by 0.6-, 2.4-,
and 9.4-deg average-luminance flanks to one side of the sin-
usoid. In general, observers report higher contrast sensitiv-
ities in the presence of the average-luminance flank (Fig. 5).
With the widest (9.4-deg) flank the contrast sensitivity is

VARY WIDTH OF ONE FLANK

| i
\ }
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FIG. 5. Vanation of lhe width of one average-luminanca flank adjiacent
10 2 12 X 1.25 deg ona-cycle sinusoxd, The prasence of a 8.4-deg aver-

age-luminance flank increases the observer's sensitivity to a one-cycle
sinusoid two-and-one-half times,

changes in heighl by a factor of 10, observerss show very little change in
oonlrast seasltivity.
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VARY WIDTH OF TWO FLANKS
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FIG. 6. Variation of the width of average-lumingnce flanks on both sides
of 8 12 X 1.26 deg ane-cycle sine-wave target. Two 3.4-deg averaga-
luminance flanks increase the observer's sensilivity to the sine wave by
4 timas. Nearly identical resulls were obtained with and without 3 2.5-mm
artificial pupil. .

two-and-one-half times greater than that of the Larget without
any average-luminance flank.

The next experiment uses two average-luminance flanks
which vary in width. The average-luminance flanks are on
each side of the sinusoid in the direction of the sinusoid The
results are shown in Fig. 6. The first target has no surround,
ang observers report contrast sensitivities of 14 and 13. The
addition of two 0.6-deg average-luminance flanks roughly
doubles the contrast sensitivity. Further increases in the
widths of both average-luminance flanks cause further in-
creases in contrast sensitivity. With the addition of two
9.4-deg flanks, the observers are four Limes more sensttive to
the 12 X 1.25 deg sinusoid than they are Lo the target without
any average-luminance flanks. Since the area of the display
changes from 12 X 1.25 deg to 12 X 20 deg, we again performed
a parsallel experiment with a 2.5-mm artificial pupil. By using
an artificial pupil we ensured that any fluctuations in the size
of the natural pupil with changes in projected display area on

VARY WIDTH OF FOUR SIDES .
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FIG. 7. Vartafion of the width of an average-fuminance suround on all four
sldes of a 1.25-0eg square sine-wave tacget. Hera again, Increasing the
amount of avergge-luminance surround incraased sensitivity 10 the sine-
wave ponion of Lhe target.
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agalnst the width of the average-luminance area. The X's are data from
experiments with one flank, O's for two flanks, and A's for all four
sides.

the retina did not aceount for our experbmental results. Ob-
servers' contrast sensitivities do not change significantly with
the use'of a 2.5-rom artificial pupil. To summarize the results
from Fig. 6, the sinusoid always subtended 12 X 1.25 deg; only
the width of the average-luminance flank varied. With these
changes in average-tuminance flank, contrast sensitivities
varied from 14 and 13 to 70 and 51.

In the next experiment we varied the size of an average-
luminance flank on all four sides. For this experiment we
used a 1.25 X 1.25 deg sinusoid. Here we again found a
marked change in contrast sensitivity as a function of the
width of the average-luminance surround (see Fig. 7). With
a black surround the contrast sensitivities were 11 and 16.
With a 4.7-deg average-luminance area on all four sides they
were 58 and 66.

Figure 8 replots the data from Figs. 5-7 for one ohserver
{JAH). This graph of contrast sensitivity as a function of the
width of the average-Juminance flank or surround provides
a comparison of the influence of one flank, two flanks, and an
average-lurainance surround. All three curves are similar,
but the results for targets with two and with four average-
laminance flanks overlap over much of the graph. One can
see from the displacement of the one-side data in Fig. 8 that
a particular width of flank on one side does not in¢rease con-
trast sensitivity as much as half that width on both sides of
the sinusoid,

The experiments in Sec. 1] showed that in the presence of
a black surround the height and width of the sivusoid do not
substantially affect the contrast sensitivity. We now see that
the width of the average-luminance flank slong the direction
of the sinusoid has a great effect. The next experiment tests
the influence of average-luminance areas above and below the
ginusoid, i.e., along the direction perpendicular to that of the
sinusoid. In this experiment, as in the previous one, the
sinusotd subtends 1.25 X 1.25 deg. The height of average-
Juminance areas at both the top and bottom of the sinusoid

- varied in four steps from 0 t0 5.4 deg. The results (in Fig. 9)
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FIG. 8. Varlation of the height of average-luminance areas sbove and *

below the sinusold. The resulls show no significanl change of contrast
sensltivity.

show no significant effects on contrast sensitivity.

The final experiment in this series was designed to deter-
mine the effect of changes in height of the entire display. The
sinusoid height was varied while the width was kept at 1.25
deg, with 0.35-deg average-luminance ftanks. The heights
were 12, 6, 3, and 1.5 deg. The contrast sensitivities for ob-
server JAH were 25 + 5,26 + 4, 26 + 3, and 25 £ 4. The
contrast sensitivities for observer CGE were 25 £ 3,28 . 4,19
+2,and 17 £ 3. Display height showed little or no effect on
contrast sensitivity.

In summary, we found that average-luminance flanks have
a strong influence on contrast sensitivity. Two 9.4-deg av-
erage-luminance flarks inctease an observer's contrast sen-
sitivity 1o a 1.25-deg sine wave by a {actor of 4 provided the
flanks are added along the direction of the sinusoid, The
elfect of the average-luminance surround is Limited to that of
the lefl end right flanks (along the direction of the sinusoid).
Changes in the size of average-luminance areas above and
below (perpendicular Lo the direction of the sinusoid) do not
produce substantial effects. Display height does not influence
contrast sensifivity as long as the components along the di-
rection of the sinusoid remain constant,

{V. INFLUENCE OF FLANK WIDTH VARIES WIiTH
SINE WIDTH '

McCann el al.! reported experiments in which the observer
viewed a single target al, different distances so that alt parts
of the display change size proportionally. They reported that
one-cycle sinusoids with an average-luminance surround had
contrast sensitivities of 21, 20, 19, 22, and 15 for 24-, 12-, 4-,
1.3-, and 0.4-degree target sizes. These results show contrast
sensitivities that are nearly constant despite dramatic changes
in size. The lack of dependence of contrast sensitivity on
surround width is apparently inconsistent with the experi-
ments just described. First, we have shown in Fig. 4 that
contrast sensitivity remains the same despite changes in the
size of sinugoids with 8 black surround. Second, we have
shown in Figs. 6 and 7 that increases in width of average-
tuminance flanks cavse a substantial change in contrast sen-
sitivity. In the McCann et ol.! experiments, the flank width
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varied from 0.7 ¢t0 4.2 deg with no significant increase in con-
trast sensitivity. Since changes of width of sinusoid do not
alter contrast sensitivity, but changes of flank width do, we
should expect a change in contrast sensitivity when the
viewing distance is changed. Nevertheless, the expetiments
in McCann et al.! show that this is not the case. This series
is of particular interest because both the width of the aver-
age-luminance surround and the width of the sine wave
change proportionally.

McCann? reviewed the data from many different kinds of
experiments and concluded that a great variety of perceptuat
responses Lo low-spatial-frequency targets was constant when
the digplays were held conatant and the viewing distances were
changed. The different experiments included contrast
threshold and contrast matching, for both luminance gradi-
ents and low-number-of-cycle sinusoids, as well gs lightness
matching experiments with simultaneous contrast displays.
Since these experiments show thal contrast sensitivity is in-
variant with changes in viewing distance and hence changes
in width of average-luminance flanks, we must hypothestze
that the influence of average-luminance flanks varies with the
size of the sinusoid.

The following experiment studies the changes in contrast,
sensitivity as a function of flank width using four different
widths of sinusoid. In this section, flank width refers to the
angle subtended by one of two equal flanks placed on either
side of the sinusoidal portion of the display. The sinusotds
were 12 X 5,12 X 2.5, 12 X 1.25, and 12 X 0.63 deg. The flanks
had widlhs of 6, 0.3, 0.6, 1.2, 2.4, 4.7, and 9.4 deg. Each data
point is the average of mean contrast sensitivities of two ob-
servers, JAH and JMC. The data for all four sizes of sinusoid
are plotted in Fig. 10 as contrast sensitivity versus flank width.
The data from the four sizes of sinusoid form four similar
curves that are displaced from each other, along the horizontal
axis, by a factor of 2. Figure 11 replots the contrast sensitivity
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FIG. 10. Variation ol both the sina gad.flank widihs. Symbols to identify
diterent sing-width data are X, O, 4. and O, which reprasent 0.63, 1.25,
2.5, ang 5.0-deg sine widths. The contrast sensitivity of four sals of sine
widths is plotted as a function of flank width. Tha four distinet curves, one
for each sine width, show that the sffoct of flank widih varies with sine width.
Each curve is displaced along the horizontal axis by roughly a factor of 2,
The observers are JMC and JAH.
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FIG. 11.  Replot of the contrast-sensiiivity data for observers JMC and JAH
presenied in Flg. 10 using flank width/sine width as the horizontal exis. This
expression, which changes by a factor of 2 when the sine width is doubled,
normalizes the variable effects of flank wisth on different sine-width targets.
Ditferent sine-width data are represented by the symbols X {(0.63 deg). O
{1.25 deg). A (2.5 deg). and O (5.0 deg). Since all the targets replotied
here have enly one cycle of slnusoid, the expression flank width/sine width
is equivalenl 10 expressing flank widih in tarms of the number of cycles.

values from Fig. 10 using flank width/sine width as the hori-
zontal axis. The coincidence of the four curves in the graph
shaows that this expression normalizes the variable effect of
flank wndth on different sizes of low-frequency sinusoidal
displays. .

For one-cycle sinusoids the expression flank width/sine
width may be thought of as the number of equivalent cycles
of average-luminance flank. The data in Fig. 11 show that
contrast sensitivity is influenced by the proportion of aver-
age-luminance flank rather than the absolute width of the
flank. Another way of expressing this proportional rela-
tionship is to say that contrast sensitivity depends on the
number of cycles of flank width.

In summary, in Sec. [Tl we found that contrast sensitivity
was greatly increased by the addition of average-luminance
flanks when the dimensions of the sinusoidal portion of the
display were constant. In earlier experiments in which ob-
server viewing distance is the only variable, we did not find
a significant dependence of contrast sensitivity on the ahsolute
width of the average-lominance area. However, in those ex-
periments the width of the sinusoid ¢hanges, and the extent
of the average-luminance area is not a constant proportion of
the whole target. The experiments in Sec. TV have shown that
for one-cycle displays, the effect of the average-luminance
flank is proportional to the width of the sinusoid. Diaplays
‘have a constant visibility at different viewing distances be-
cause the flank and sinusoid are changing proportionally.
This is equivalent to saying that contrast sensitivity is in-
fluenced by the number of cycles of average-luminance flank,
rather than the absolute width of the flank.

V. INFLUENCE OF THE NUMBER OF CYCLES

MecCann et al. 8 Hoekstra ef al.,* McCann et oL.6 Savoy and
MecCann, and Estevez and Cavoniusl® have all reported that
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increasing the nurober of cycles of sinusoid on a black sur-
round causes an (ncrease in the observer’s contrast sensitivity.
Thus far, we have reported results of experimentis on targets
containing only one cycle of sinusoid. In this section we de-
signed experiments to quantify the relative contributions to
vigibility of average-luminance surrounds and the number of
cycles of sinusoid. These experiments studied targets with
1, 2, 4, 8, and 16 cycles of sinusoid. Again, there were two
observers (JAH and RLS); however, they were a different pair
from those used in the data in Fig. 11. The targets were all
12 deg high by 20 deg wide. The sinusoids had widths of 0.63,
1.25,2.5,5, and 10 deg. All the sinusoids were centered on the
20-deg-wide target. With jucreasing nuraber of cycles, the
apatial freguency of the sinusoids eventually exceeded the
upper limit of the display-device electronics (1.8 ¢/deg). This
is the reason that there is only one 16-cycle target, two 8-cycle
targets, etc. Nevertheless, the data from the L5 targets in this
series allow us to study the contribution of the number of
cycles of sinusoid relative to the number of cyctes of aver-
age-luminance flank. The results of these experiments are
plotted in Fig. 12. The axes are Nr (number of cycles of
flank) versus conlrast sensitivity.

The experiments in Sec. IV showed that for one-cycle sin-
usoids a particular number of cycles of flank was associated
with.a particular increase ir. sensitivity. If the influence of
additional cycles of sinusoid was in some manner caused by
changes in the number of cycles of flank, then we would expect
a single curve for a plot of contrast sensitivity versus Np. The
data in Fig. 12 show that this is not the case. Despite the
normalizing influence of the number-of-cycles-of-flank pa-
rameter, the data form a series of distinct curves that are
displaced along the horizontal axis. This displacement shows
that bath Ng (number of ¢ycles of sinusoid) and Ng (number
of cycles of flank) independently affect contrast sensitivity.

1000
> ;
o .
2 L
t -
w ] -
< OOE _
Lt -
o
—_
W -
é 10k
=R
= C
le) L
(&) R
10 o Ll Lo bnil L v
0.1 1.0 10 100

N¢ (NUMBER OF CYCLES OF FLANK)

FIG. 12. Plot of the contrast sensitivity versus N (number of cycles of
fNank) lor 1argets that have one or more sinusold cycles, as well as variable
sine and flank widths. The symbols X, A, O, @, and O represent fargets
conlzalning Ns of 1, 2, 4, B, and 16 cycles. This figure allows us 10 study
the comribution of the number of cycles of sine relative to the number of
cycles of average-luminance flank. As we saw In Fig. 11, plotting these
resufts as & function of Ne normalizes the-effects of varlable width of flanks.
The tacl thal the contrast sensitivity is greater with higher number of cycles
of sinusoid shows that both Nis and Nr affect contrast sensitivity. The
cbservers were JAH and RLS.
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FIG. 13. Dala from 45 experiments with difierent flank widihs and sine
widths ang number of cycles of sinuscid.  The resuits of Fig. 12 have shown
that both Ng (number of cyclas of sinusoid) and Np (number of Cycles ot
flank) Independently atfect contrast sensitivity. This graph plols contrast
sensitivity versus the sum Ng + N, The Fig. 11 dala, which rapresent ell
tha axperiments wilh one-Cycle sinusoids, are ploited hera inside aopen
squares. Figure 12 dala, which represent alt ths higher numbers of cycles
of sinusoid experiments, are plotted here inside open circumscribing circles.
Sinusoids on a black background are plotted with the symbol @, The no-
flank data and data from average~luminance flank targets with an Ne fass
(han or equal to 1.0 coincida. For values of Ne greater than 1.0, the sum
of sinugoid end flank cycles no longer provides a unique description of the
contrast sensiivity,  The sofid fines {dentify data from targels with constant
numbers of slnusoid cycles.

In order to consolidate all the experimental results into a
single description of contrast sensitivity in the low-spatial-
frequency region, we must express the tesults as a function of
both N5 and Np. In Fig. 18, the horizontal axis is Ng + Np.
1F we take a display with 2 5.0-deg one-cycle sinusoid, and the
surround subtends 7.5 deg on each side or 15 deg of flank in
all, then there are 3.0 cycles of flank. The value along the
horizontal axis is 4.0.

The data (rom Fig. 11 show the results of one-cycle sinus-
oidal targets with various widths of average-luminance flanks
for observers JAH and JMC. The data from Fig. 12 describe
the results of many-cycle sinusoidal targets with vaxious av-
erage-lumninance flanks for observers JAH and RLS. Figure
18 replots the dats from Figs. 11 and 12 along with data for
various numbers of cycles of sinusoid on a black background.
The Fig. 11 data are replotted in Fig. 13 using the original
symbols inside open squares. The Fig. 12 data are replotted
in Fig. 13 using the original symbols inside an open circura-
scribing circle. One-cycle Fig. 12 data are averaged into the
Pig. 11 data for this preseniation. Date cireumscribed by a
square are 21l from one-cycle targets, while circled data are
from higher numnber of eycles targets. The data for sinusoids
with different numbers of cycles on a black background
without any average-luminance {lank are plotted as filled
circles.

In the black-surround experiments the one-cycle sinusoid
subtended 1.25 deg, while the displays with 2, 4, 6, and 8 cycles
were multiples of the one-cycle width. All displays were 12
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deg high. The contrast sensitivities are the average for ob-
servers JAH and RLS.

The data fall along a set of curves. The series of displays
that increases only the number of cycles on 2 black surround
shows the most rapid increase of contrast sensitivity as a
function of the total number of cycles. The other extreme is
the data for one cycle of sinusoid with increasing flank width.
The data for 2-, 4, 8-, and 16-¢cycle targets fall between the
one-cycle and the black-surround curves. When we compare
the various curves plotted in Fig. 13, we can see that between
one and two cycles the observers’ contrast sensitivity is in-
creased equally by adding either one cycle of average-lumi-
nance (lank or one cycle of sinusoid. With more cycles of
sinusoid, the additon of more average-luminance cycles pro-
duces smaller increases in sensitivity than those from extra
cycles of sinusoid. We conclude that the eflect of an aver-
age-luminance flank is Qualitatively the same as that caused
by the addition of more cyeles of sinusoid, but the magnitude
of the effect is less.

Using the data in Fig. 13 we can look for an empirical rela-
tionship that will describe all of the two-flank data. Re-
gardless of the size of sinuscidal display, the low-frequency
side of a contrast-sensifivity curve! (log contrast sensitivity
versus log spatial frequency) has a slope verv near 1.0, In Fig.
8 we saw that log contrast sensitivity versus log flank width
for two-flank targets has a much lower slope. The data from
that figure suggest that a graph of log contrast sensitivity
versus log number of cycles of flank hss a slope of about one-
third that of contrast sensitivity versus number of cycles of
sinusoid. Based on this and other data in Fig. 13, we used the
expression (number of cycles of flank Lo the 0.3 power) to
describe the effect of flank width. We incorporate all data
from Fig. 13 in Fig. 14 by plotting contrast sensitivity versus
[Ns (number of cycles of sine) + (N#£)? (number of eycles of
flank to the p power)]. If Np was less than 1.0, we set p = 1.0.
If Nr was greater than 1.0, we set the power p = 0.3. The data
show some spread but, in general, form a simple curve which
¢an be used to describe all 45 experiments. The significance
of this resuit, beyond the convenience of having a unifying
empirical relationship, is that increases in the number of
equivalent average-luminance flank cycles bave a similar but
weaker effect on contrast sensitivity to increases in the
number of ¢ycles of sinusoid.

Vi. DISCUSSION

By far the mosi important variable in the bigh-spatial-
frequency region of a contrast-sensitivity curve is the nominal
spatial frequency. Nevertheless, the influence of nominal
spattal frequency apparently disappears at low frequencies.
Many experiments use a fixed display size; thus the number
of cycles of sinusoid is proportional to the nominal spatial
frequency. When measurements of contrast sensitivity are
mede with a fixed size of display, the low-spatial-frequency
messurements exhibit a dependence on the number of cycles.
Earlier papers by McCann et al.,8 Hoekstra et al.,® and
McCann et al.® showed a marked dependence of contrast
sensitivity on the number of cycles of sinusoid. The early
experimental results have all been repeated and substan-
tiated.! Additional observations! resolved differences be-
tween early results and those of Estevez and Cavonius.'0 The
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FIG. 14. Data from Fig. 13 replofied with a diferent hoclzontal axis. Here
we replace N (number of cycles of flank) with (Nz)?. The data in Fig. 13
showed that when Nx is small, nemely. tess than 1.0, ncreases in Nx have
the same effect as increases in Ng (number of cyctes of sinusoid). Forthis
season, we set p = 1.0 whan Nr was less than or equal to 1.0.  For values
of Nr graater than 1.0, the etfect of increasing Mg is lass (han increasing
Ns by the same amaunt.  Nurmerous experimonts have shown that e slope
of the log-conirasi-sensilivily curva versus log Ns is always close 10 1.0
in the low-spatia--frequancy region.! The data in Fig. 8 show that the effect
of mcreasing Ne. which in this case is proportional to Hlank witith, Is much
tess Ihan a slope of 1.0, Injact, the slope is approximately 0.3. For this
reason, for values greater thaa 1.0, we set p = 0.3, The data from all 45
targels form a single curve which can be used as an empirical gescription
of any low-number-of-cycle targal with average-luminance flanks,

new result derived from the experiments in this paper is that
an average luminance flank mimics the effect of increasing the
number of cycles. The absolute amount, of flank is not as
“important as the proportion of ftank to sinusoid width. The
finding that tha proportion of flank width to sine width de-
termines the contrast sensitivity is consistent with results
describing the ability of the visual system to generate the same
lightness and threshold sensations regardless of very large
changes in spatial properties of the stirauli.?

As reported eatlier, we find no dependence of contrast
sensitivity on the nominal spatial frequency in the low-spa-
tial-frequency region. The region of this independence from
spatial frequency is considerable. On the high-frequency side
it is bounded by the peak of the contrast-sensitivity curve. On
the low-spatial-frequency side it ia bounded by the size of the
display. Cohen et al.'* found that the dependence on number
of cycles does not hold for a 60-deg target. McCann et al.!
showed that it does hold for a 20-deg display. Savoy!? mea-
sured the extent to which contrast sensitivity depends on the
number of cyeles for displays of different sizes and luminan-
ces. The extent varies somewhat because the pegk of the
contrast sensitivity versus frequency curve varies with lumi-
nance. Above the peak of this curve, nevertheless, the phe-
nomenon ig found at all levels of luminance ang all sizes of
displays up to a size limit of between 20 and 30 deg.. Koen-
derink et al.!3 also report a lack of dependence on number of
cycles at 50 deg eccentricity with 8 X 12 deg targets.
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Itisimportant Lo remember that contrast sensitivity mea-
sures the aggregate of all processes that analyze the display.

-Obviously, the individual processes that analyze the display

will be specific for certsin sizes in the space domain, or for
certain frequencies in the Fourier domain. Each of these
processes will be optimal for detecting a certain size of abject
or spatial frequency of object in the image. Each, individu-
ally, will bave a spectfic size or a low-spatial-frequency at-
tenuation that is spatial-frequency specific. What is {asei-
nating is that the eye has a pattern of image-processing ele-
ments such that 31l the individval reports, which must depend
on size or spatis} frequency, are in the aggregate essentiatly
independant of size or spatial frequency.
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