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Abstract—A plateau of iffumination was modulated with various patterns of gradual change: linear slopes
and small numbers of fow spatial frequency sinusoidal oscillations. Over the range of parameters tested.
the threshold contrast necessary for the detection of these modulations was found to be largely indepen-
dent of the steepness of the gradient, the frequency of the sinusoids, and the size of the 1arget on the retina.
Visibility was found to be a function of the fractional change in luminance across the tasget (contrast)
and the pattern of the modulation (characterized by the number of cycles of ginusoid).

INTRODUCTION

We begin by asking the reader to look around the
room and find places of uniform reflectance and non-
uniform illumination. In particular.look for a situation
where the illumination must be changing gradually
with respect to distance. For example, if your room is
iJluminated by lamps, look at the wall near a lamp and
follow the wall to a greater and greater distance from
the lamp. You will immediately find situations in
which objects cast shadows, and changes in iumina-
tion are clear)y visible. However, we are jnterested in
the gradual changes in illumination that you do not
see. If you calculate the change in the flux at various
distances from the lamp, or if you measute the flux
coming to your eyes, you discover that substantial
changes in flux go unnoticed by the visual systern pro-
vided that the changes are gradual (O’Brien, 1958,
Cornsweet, 1970; Land and McCann, 1971; Ratifi
1972). The experiments in this paper attempt to describe
quantitatively the physical parameters of luminance
gradients at the threshold of visibility.

There is considerable literature concerning the
threshold for visual detection of an edge. Blackwell
(1946) measured the smallest increment in energy that
could be detected against a background. His measure-
roents included various stimulus luminances B,
various surround luminances B, and various sizes of
stimuli. Blackwell found that above 10 ft-L the smallest
detectable contrast ((B; — B,)/B,] was equal to 0-003
for various size spots. His study included experiments
with 6°, 2°, 0-3° and 0-01° spots. Taylor (1964) extended
Blackwell’'s data to include edges larger than 6” and
Guth and McNelis (1969) extended the results to in-
clude targets with complex shapes such as parallel
bars, Landolt rings, printed letters, and dot patterns.
All of the above experiments found the limit for the
contrast threshold above 10 (t-L to be approximately
the same value.

Along another Jine, numerous investigators (Schade,
1956; Westheimer, 1960; DePalma and Lowry, 1962:

Campbell and Green, 1965; Campbell and Robson,
1968; Davidson, 1968; and Kelly, {960, 1970) have
studied the visibility of sinusoidal changes in
luminance. Although these targets change gradually
from their maximum to their minimum value, they
contain many repetitions of a particular gradient. The
studies showed that the minimurm contrast necessary
{or seeing a sinusoidal target depends on its spanal fre-
quency. DePalma and Lowry (1962) showed that for
the most visible spatial frequencies, the contrast thres-
hold is approximately the same as the threshold de-
scribed above for edges.

Despite these experiments on abrupt changes and
gradual repetitious changes in luminance, the kinds Qf
Wumination gradients found in ordinary viewing con-
ditions are relatively unexplored. We are interested in
the detectability of a small luminance increment when
a single transition oceurs gradually instead of abruptly.
This paper describes experiments designed to study the
interplay of the magnitude of the luminance change
with the rate of luminance change on the retina. The
results of these experiments led us to perform addi-
tional experiments with sinusoida) targets containing
from 05 to 3 cycles.

METHODS AND MATERIALS

The gradient experiments

Targets. The stimuli for these experiments were square
targets whose refiectance changed along one axi3 but main-
tained a constant reflectance along the perpendicular axis.
We characterized the different tfargets by luminance
measurements along the axis of refleclance change. L, is
the highest luminance and L, 1s the lowest Juminance in
the 1arget. We used two termis to specily a particular stimuo-
Jus, contrast and retinal gradient. Within the study of visual
thresholds there are two generally used definitions of con-
trast. Blackwell defined contrast as (B, — B,)/B, for circular
spots on a background. while Kelly (1960) and Campbell and
Green (1965) defined it as (L L (L + L) for

max nui mas LU

sinusoid targets. We began by comparing our results with
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those concerning discontinuous edges, SO CONITast was
defined analogous to Blackwell's definition, and is given by
Lss = Lo L )

We chose the quantity retinal gradient to describe the rate
of change of flux on the retina. 1t is dependent on both con-
irast and spatial frequency on the retina. Therefore sefinal
gradient is proportional lo cycles per degree only lor argets
of the same contrast. Retinal gradient refers to the image of
the target on the retina and is given by (contrast) (retinal
angle between L, and L)

The (argets were prepuared by placing photographic print
paper on an easel near a fluorescent tube thal was very long.
relative to the widih of the paper. Thus when (wo coroers
of the paper were Lhe same perpendicular distance from the
tube. all points along the edge between those two points
received the same illumination. This insured that one direc-
tion of the target maintained a constant seflectance value.
Different contrasts were made by rotating the plane of the
photographic paper and by adjusting the distance from the
tamp to the paper. Furiher control of the contrast was
achieved by proper choice of the print papers and devel-
opers. The torgets were mounted on a 30-4 ¢m squarce black
cacd that had a 7 per cent reflectance. All 1argets had a re-
flectance of 30 per cent at the center of the gradient.

Ilumination procedures. Each target was viewed in an illu-
mination box (Fig. 2). This box was 90 x 60 x 60 em with
a white interior and a black exterior. The target was placed
in a square hole in the back of the Jlumination box and was
held in place by a hinged door. Four 20 W fluorescent Jamps
Uluminated the interior of the box. In addition, two strobe
Jamps were mounted near the fluorescent lampg for a con-
trol experiment in which a 015 msec flash of ilumination
was brief enough 10 eliminate effects due to eye movements.
For these flash experimenis, a hight projected through a pin-
hole in the center of the targets was used as 2 Gxation point.
All lamps were mounted on the same wall as the target but
separated by a bafile so that no light from the lamps fell 4i-
recily on the target. All of the light falling on the target was
reflected rom 1he walls of the box making the eflective light
source large and the Ulumination uniform. A uniform reflec-
tance paper was placed in the jlluminaijon box and mea-
sured with a telephotometer. The maximum vaciation found
duve to illumination was 0-007 (computed as contrast).
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Fig. . In all tbe 1argets used in this paper. the luminance
was consiaol ip oae direction. The above graphs show how
lurminance varied with posstion in the perpendicular diree-
tion for two representative targets. In (a), a wedge target is
represented. In (b), 1'2 eycles of sinusoid in cosine pbase
with respect to the beginning (left side) of the target is repre-
senied. The conrrast of these 1argets is defined as follows:
contrast = (Lna— LoV Lin- Retinal yradivw is defined as
conirast divided by the visual angle subtended by the smal-
lest distance between an L, ¥nd an L. point. For the
above targets, this leads to: (a) retinal gradient = contrasi/
(angle subtended by (0-2¢m (in degrees)]: (b) retinal gra-
dient = contrasy [angle sobtended by 4-2 cm (in degrees)).
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Fig. 2 This diagram shows the arrangement of Lhe
observer. the illumination box with its rask and the target.
Four flucrescent lamps and (wo strobe lamps are mounted
on the same wall as the target but separated by a bafiie. The
light from these lamps reflects off the walls of the box and
fHumioates the 1acget. The rpask restricts the observer's view
10 the 1arget and prevents him rom seeing the lamps or the
white walls of the box.

The observer looked through a square hole in the face of
the wall opposite 1he target. A mask fitted over this hole
allowed the observer 10 view only the target and none of the
inner white walls. During experimentation the room was
darkened and the target was the brightest object in the field
of view. Lo all experiments excepl one, the observers viewed
the target binocularly at eye level using their natural pupils.
The ‘exception was a control experimeat using a 2-3 mm arti-
ficial pupil and monocular vision.

The targets were measured in the illumination box with
a scanning telephotometer. The luminance of the center of
each target was 154 i-L. Conirasts for all gradient 1argets
are listed in Table 1.

Experimental procedure and subjects. In the gradient ex-
periment contrast and cetinal gradient were varied with five
different 1argets a3l 10-2¢cm? To 1es1 whether retinal gra-
dient was the controlling factor, we computed five distances
such thai the rerinal gradient was the same for the first tar-
get at the first distance, the second target at tbe second dis-
tance, and so forth. The retinal gradient for Target E at
122 cm is 0-07 and it was this value that was used to calcu-
Jate the other four distances. For completeness we then
tested alf targets at all distances.

In all experimental conditions 1he targets were placed in
all four possible orientations and the observers were asked
(o idennify the lightest edge of 1the square. Since the observer
was forced to choose either up, down, lefy, or right he had
only a 25 per cent chaace of guessing the correct orientation,
Twelve observers viewed each target 16 1imes from each dis-
tance.

T he sinusoidal target experiment

Targets. experiments and subjects. For this experiment we
prepared seven octagonal (argets, 4 cm oo a side. We chose
\he oclagonal shape so that we could continue to use a four-
alternative forced-choice procedure; the subjects were asked
to identify the orientation of the gratings from four possible
orientations. Again, reflectance was constant ip one direc-
non. but in the perpendicvlar direction the refleclance
varied sinusoidally [sce Fig. I(b)].
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Table .

Linear targeis Sinusoid argets No. of

Targets Contrast Target Conlrast cycles
A 0-08 F 010 Q-5
B a2 G o1t 07
C 017 H 010 1-0
D 0-23 I 0! (-2
E 0-33 J 010 (-7
K 00 20
L 010 28

This is a listing of the photographic targets used for the various experiments described
in this paper. The second and fourth columns list the contrast (Ly,, = L)/ Lnae Viria-
tion in the direction perpendicular to the gradient was measured using a photometer
which averaged over the width of the target. In all cases the contrast of this variation
was less than 0-025. Targets A~E were square targets while F through L were octagonal.
All rargets measured (0-2 ¢m between opposite sides. Targets A through E were mounted
on pieces of black matt board 30-4 ¢m square. Targets F-L were mounted on octagonal

pieces of the same material.

The targets were made by photographing a display on an
oscilloscope. The oscilloscope display was produced by a
technique similar to that used by Campbell and Green
(1965). The horizontal sweep of the oscilloscope was set at
| msec/cm. A high [requency signal (rom an external oscil-
lator was the vertical input. This signal was given sufficient
amplitude and frequency to produce a uniformly bright tube
face. A second oscillator, set at a low [requency, was vsed
10 modulate the uniform wbe face sinusoidally by varying
the control grid voltage (Z-axis) of the cathode-ray tube. A
section of the tube face was chosen for uniformity, then pho-
tographed.

Unlike the gradient experiments, contrast was constant
for each (arget. Each stimulus in this experiment is charac-
terized by two terms: the absolute number of cycles present
in the target and the retinal gradient. Retinal gradient is
proportional fo cycles/deg in this experiment because con-
trast 1s fixed. Table | [ists the contrast (or cargets F-L in this
experiment. As in the initial gradient experiment we first
measured the visibility of the seven targets at a single dis-
tance (122 cm). Then we calculated the cetinal gradient for
a half~cycle of the 2:8 cvele target at 122 cm. We then calcu-

lated six distances, one for each of the other six targets, so
that they had the same retinal gradient. Eight observers
made 16 observations of cach of five targets at five distances.
Two additional targets were run at seven distances. In the
sinusoid experiments all targets were displayed in the illu-
mination box under steady fluorescent lighting and 1he mea-
sured median luminance was 152 ft-L.

RESULTS

The gradient experiments. We studied the visibility
of luminance gradients as a function of twa variables,
contrast (the fractional change in the luminance of a
target) and retinal gradient (the rate of that change on
the retina). See Fig. {(a). Our measure of visibility was
the per cent correct in a four-alternative forced choice
procedure where the subject was asked to identify the
direction of the gradient. The stimuli used were targets
A, B, C, D and E of Table 1. Their contrasts increase
from 0-08 for target A to 0-33 for target E. When

Table 2. Visibility of linear gradients

% Correct

Viewing distance such that

R }
% Correct viewed

viewed at retinal gradient = 0-07 when retinal
Target 122cm (cm) gradient = 0-07
A 41 489 48
B 47 222 55
C 68 234 58
D 80 180 77
E 93 122 93

This table lists the results of the five linear gradient largets used for the first expes-
siments. Targews A through E increase in contrast and increase in visibility when viewead
at a single distance (122 cm). The third column lists the distances calculated for each 1as-
get that will generate on the retina a single retinal gradient equal to 0-07. The last column
lists the per cent correct when each target is viewed at the distance for the 0-07 retinal
gradient. The correspondence of the second column and the fourth column demon-
strates that visibility is not determined by retinal gradient.
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viewed rom a distance of 122 cm these targets have
retinal gradients which increase from 0-0f8 for A (o
007 for E. As shown in column 2 of Table 2, there was
a marked increase in visibility as we progressed from
targel A 1o E. at that viewing distance. Since retinal
gradient is proportional to contrast for these 1argets at
a fixed distance. this experiment alone does not allow
us 10 distinguish between the effect of changing con-
trast as opposed to changing retinal gradient. We
tested whether retinal gradient was the determining
factor by viewing targets with different contrasts but
with the same retinal gradient. This was accornplished
by viewing cach target at a different distance. Since
retinal gradient is contrast divided by the angle
between L, and L, we can calculate a distance for
each target so that the retinal gradient equals a con-
stant. This is equivalent to saying that at these specific
distances there is a consiant rate of change of flux with
respect to distance on the retina for each target.

If visibility depended only on retinal gradient, then
al) the targets should have been equally visible. This
was not the case: each targer had a different visibility.
What was more interesting each target had approxi-
mately the same visibility as it did when it was viewed
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Fig. 3. This graph sumrparizes the results of the exper-
iments with the gradient targets. Retinal gradient is plotted
against the per ¢cent of correct identification of the direction
of the gradient. Each target, A—E, was viewed at five dis-
tances and hence had five different retinal gradients. For any
one target the smallest retinal gradient is associated with the
smallest distance between observer and targel, and the lar-
gest subtended visual angle. The distances were calculated
so that each target had the same retinal gradient (0-07, see
arrow) at some distance. When the retinal gradients were
identical. visibility was a monotonically increasing function
of target magnitude. The graph shows the mean per cent
correct + | S.E. for each larget 21 each distance. The hori-
zontal dashed lines are the average of the § means for a
single target. These averages are a fair 61 10 the data in the
sense that each 1arger has approximately the same visibility
independent of viewing distance.
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at 122 ¢m (compare column 2 with column 4 of Table
2). This resull suggested that contrast and not retinal
gradient correlated with visibility.

We then asked the observers 10 view ail five 1argets
at all five distances. If visibility of a gradient depends
only on the contrasi, then we would expect any par-
ticular 1arget to be equally visible at all viewing dis-
tances. For a given target increasing distance corres-
ponds to increasing retnal gradient. Figure 3 is a
graph of the per cent correct vs the retinal gradient for
this experiment. The mean + 1 S.E. of all 25 distinct
target—distance presentations are shown. For ¢ach tar-
get—distance measurement each of 12 observers made
16 observations. For each distance the visibility of the
1argets increased with contrast. Furthermore, each tar-
get had approximately the same visibiity at all dis-
tances. The horizontal dotted- lines through Fig. 3
show 1he averages for all results for 2ach target. We
used the standard error of estimalte to delermine how
well the horizontal line fits the observers’ results. On
the average, observers identified the direction of target
A 71 tiroes in 16 attempts and the standard error of
estimate was 2-2. The other results were: target B,
82 + 2:6; target C, 11-5 + 2:4; target D, 12:6 + 2:4;
target E, 153 + 1-3.

Within the limits of this experiment, it was not poss-
ible 1o make a continuous wedge more visible by
changing the distance between the target and the
observer. Despite variation in slope on the retina by a
factor of 4, the visiblity of these targets rematned
essenually unchaoged. This idea would have interested
the Gestalt psychologists as another example of visual
constancy. These results are a little disturbing when
one recalls the data showing that the threshold con-
rast for the visibility of sine waves depends upon spa-
tial frequency. (For a fixed contrast, retinal gradient is
proportional to spatial frequency.)

The first explanation might be that we have over-
looked some subtle variable effect and need additional
cootrol experiments. We tested whether threshold visi-
bility was deterroined by time dependent comparisons.
One explanation of our results might be that the eye
moved quickly from one side of the target to the other,
so that receptors could read luminances separated by
time instead of gistance. In thjs manper the total
change actoss the target could be detected independent
of the retinal gradient. We used a brief strobe illumina-
tion (0-15 msec) to prevent motion of the stimulus on
the retina. 1t was much harder to make a judgment
with such a brief flash, but target D. which was less
than 100 per cent visible in the original experiment
remained well above the chance level of visibility with
strobe illumination. Table 3 shows the results of view-
ing this target at three distances. The target was less
visible than in the original experiment (45 per cent cor-
rect nstead of 76 per cent), but the visibility was unaf-
fected by changing the distance, and hence was inde-
pendent of retinal gradient.

The other control experiment tested whether vari-
ations in size of the natural pupil affected our results.
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Table 3. Visibility in flash illumination

Distance observer

%, Correct

% Correct

and target in Aash in the
(cm) experiment first experiment
122 44 77
134 44 74
489 46 76

This table describes the results of the Aash experiment. Only Target D.
described in Table { was used in this expertment. The right band column
is a measure of the visibility of this target by the same observers under
the continuous 1Jlumination of the first experiment. Although there is a
marked decrease in the visibility of the target, there is po change as the

angle subtended is changed.

Since the targets subtended marked)y different angles
at different distances, the total amount of ight energy
entering the eye changed with the distance. Such
changes would affect the size of the pupil. In this con-
trol experiment we had a single observer view each of
three fargets 96 times at each of three distances. He
viewed the targets monocularly, using a 2-3 mm artifi-
cial pupil. His results are listed in Table 4 and show
that the addition of the artificia) pupi! has no effect on
the resnlts found jp the first experiment. The visibiity
of a given target is still independent of distance with
the exception that target D at the closest distance is
unexpectedly less visible than at the other distances.

Table 4. Artificial pupil experiment

Per cent carrect at

122cm 234cm 485 cm
Target (%) (%) (%)
B 45 54 52
C 58 67 69
D 57 84 79

The above table lists the results of one observer who
viewed three targets at three distances through a 2:3mm
artificial pupil in continuous illumination. Each percentage
1s based upon 96 observations.

Sinusoid experiment. For the Jinear gradients, con-
trast was found to be the principal determinant of visi-
bility. This was surprising because work with sinusoi-
dal gratings has demonstrated that visibility is depen-
dent upon a variable analogous 10 rennal gradient,
namely spatial frequency. Later in the paper we will
examine in detail the implications of the differences
between our targets and conventional sinusoid grat-
ings as used by DePalma and Lowry (1962) and others.
But first, let us experimentally explore the relationship
between our linear gradient targets and analogous
sinusoidal targets.

A half cycle of cosine is simitar to our wedges in that

its luminance changes monotonically from side 1o side,
and it can be given an amplitude such that its retinal
gradient and contrast are the same as those of a rarget
with a linear slope. We would expect that the visibility
of a half cycle cosine target will not depend on the fre-
quency of the cosine, since that frequency corresponds
to retinal gradient which was [ound to be unimportant
i the first set of experiments.

Starting from our monotonic gradients we moved
toward sinusoidal targets by using targets which con-
tained only a smal) pumber of cycles (ranging from 0-5
to 2:8 cycles). All seven of these targets had the same
contrast and were viewed at [22cm. Table S shows
that the half cycle target was correctly identified 22 per
cent of the time while the 2-8 cycle target with the same
contrast (0-10) was identified 100 per cent of the time.
As the number ol ¢ycles increased from 0O-5. the visibi-
lity increased monotonically from 23 per cent correct
until at 2:8 cycles the target was 100 per cent visible.
Since each target was the same size, a half cycle of the
2-8 cycle target subtended a much smaller angle thap
the 0'5 cycle target and hence had a larger retinal gra-
dient. We repeated the procedure used in the first part
of the paper to determine whether the visibility of sine
waves was also independent of retinal gradient, Target
L, viewed at 122 cm, gave a retinal gradient of 0-12. A
viewing distance was calculated for each target F-K,
so that at that distance that target had a retinal gra-
dient equal 10 0-12. These distances and the per cent
correct at these distances are listed in Table 5. In addi-
tion, the last column of Table 5 lists the averages of per
cent correct for each target at all distances tested.

At first glance there seems to be no significant differ-
ence between vicwing all the targets at 122cm, view-
ing them at different distances so they have identical
retnal gradients, and the average of viewing them at
many distances. Figure 4(a) 1s a graph of per cent cor-
rect vs retinal gradient (or cycles/deg) for each target
at each distance. The dashed lines are the averages of
the results for each target over all distances. Each tar-
get has a distinct visibility that is Jargely independent
of retinal gradient. The 0-5 cycle target (at chance) and
the 20 and 2-8 cycle 1argets (at complete visibility)
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Table 5. Visibility of sinusoid targets

% Correct

Distance for retinal

%, Correct at “o Correct al

at 122¢cm gradient = 0-12 this distance all distances
Target Cycles (%) {cm) %) )
F 05 22 749 19 23
G 07 30 472 28 24
H 1-0 60 368 75 67
I 1-2 70 274 735 83
I 1-7 86 221 86 83
K 20 95 196 100 99
L 28 100 122 100 100

This table lists the resuits of eight observers who viewed scven sine wave targets. For each target-distance combination
there were 128 observations. The third column lists the per cent correct at 122 cm. As in Table 2, distances were calculated
so that each target could be viewed at the same retinal gradient. Target 1, viewed at 122 cm, gave a retinal gradien( of
0-12 and it was this figure that was used for the calculation of the remaining six distances. Targets H and J were viewed
at all seven distances. All other targets were viewed at the five distances other than 368 and 221 em. The final column lists
the average per cent correct for a given target at all distances tested.

show no variation as a function of retinal gradient. The
other targets are slightly more visible at higher retinal
gradients than at lower ones. Nevertheless, the pres-
ence of seven non-congruent curves, one for each tar-
get, demonstrates that retinal gradient is not the im-
portant variable in determining the visibility of these
largets.
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Fig. 4(a). This graph plots per cent correct versus retinal
gradient for each sinusoid target at each distance. Each tar-
get hagd a different number of cycles. A}l targets had very
nearly the same target magnitude, and therefore spatial fre-
quency was proportional to retinal gradient. Retinal gra-
dient for a particular target was varied by changing the dis-
tance between observer aod target. Larger distances corre-
spond to larger retinal gradiems. The dashed lines are the
averages of the results for ane target over all the distances.
Each target has a distinet vigibility that is largely indepen-
dent of retinaj gradient. The 0-5 cycle target (at chance) and
the 2:0 and 28 cycle targets {at comptete visibility) show no
variation with retinal gradient. The other targets when
viewed at the closest distance are somewhat Jess visible tban
the average. This is Ulustrated more clearly in Fig. 4(b).

' Campbell and Robson (1968) mention that the thres-
bold contrast necessary for seeing their sinusoidal targets of
low spatial frequency increases when the number of cycles
presented goes below abour 4.

All of these targets have the same contrast so that
we are left with the number of cycles as the significant
variable controlling the visibility of these targets.'
Figure 4(b) is a graph of per cent correct vs the number
of cycles in the targets for the various distances. One
could draw seven curves through the data: one for
each distance. However, since all seven curves would

100
5+
Vawing Drionce
- + 122cm
2 O 196 ¢m
5 sof ® 22icm
= O 274em
S A I&88cm
& O 472em
251 X T4Scm
-

a5 5 15 2 235 30 35 @
Number of Cyclex Present in Torge!

Fig. 4b). This graph plots the per cent correct versus the
number of cycles present in the targets for cach target at
each distance. Ove could draw seveu curves through the
data: one for cach distance. However. since all seven curves
would almost coincide, only one curve was drawn by eye.
An exception would have been the curve for the very closest
distance. 122 cm. The targets were consistently less visible
by 2 small amount at that distance.

almost coincide, only one curve was drawn by eye. An
exception would have been the curve for the very clo-
sest distance. 122 cm. The targets were consistently fess
visible by 2 small amount at that distance.

SINUSOID: VARTIABLE CONTRAST EXPERIMENT

We began this study by trying 1o measure how farge
a gradual change of illumination was visible. Intuiti-
vely, we assumed that the rate of change of fux on the
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retina would be among the most imporiant variables.
Ouvr results showed that rate of change of flux, which
we called retinal gradient. had almost no effect on visi-
buity. For linear gradients the only variable that in-
Auenced the visibility was contrast.

W hile pursuing this unexpected result we studied the
visibility of different number of cycles of sinusoidal
gradients with the same coatrast. We found thara 1-7
cycle target was nearly 100 per cent visible while a 0-5
cycle target with the same retina) gradient was only 25
per cent visible (chance). Whatever the mechanism in-
volved in detecting gradual changes, 1t must now
explain why two and three identical gradients con-
nected together to make a -0 and 1'S cycle target are
much more visible than a single gradient by itself. In
these sinusoid experiments we have not varied the par-
amelter we found most important in the wedge exper-
iments. namely contrast. The final set of experiments
studies the visibility of these targets when both con-
trast and number of cycles are varied using a single dis-
tance between observer and target.

METHODS AND MATERIALS

Two subjects were used. Each subject viewed each target
64 times in a four-alternative lorced-choice procedure. Their
1ask was 10 state the orientation of the stripes in the sinusoi-
dalttargets. Subjects placed 1heir heads in a pair of head rest
goggles that determined the position of the head and
occluded the left eye. The targets were created by adding
wo sources of illumination. One was a box designed 10 pro-
vide a uniform ilumination across the central portion of a
partially silvered mirror. This box was a smaller version of
the illumination box used in the previous experiments.
Behingd the mirror the spatially varying part of the target
was generated on the cathode ray tube of S35A Tektronix
oscilloscope. The horizontal and vertical intensity inputs to
the scope were obtained (rom a device described in detail
below. A mask was glued to the silvered surface of the mir-
ror. It was shaped so that the unmasked portion looked like
a regular octagon when the mirror was viewed at a 45°
angle. The targets were approximately 5cm from side to
side. Observers viewed the targets from a distance of 89 cm.
This combination of target size and distance corresponded
to the second closest distance used in the previous sinusoid
experiments in the sense that the targets subtended the same
visual angle.

* 1l one looks back at Fig. 4(b) one sees that those photo-
graphic targets, all of which had a contrast of O-1, were less
visible than the 01 contrast stimuli as presented on the os-
c)lloscope. We think there are two reasons for this. First, the
average level of illumination was about 150 ft-L in the Fig
4(b) data as opposed to 7t-L for the oscilloscope targets.
To check whether this increase in average illumination
made the targetfs less visible. observers RLS and JAH
viewed the pholographic targets through a 1:3 neutral den-
sity filter which effectively ceduced the luminance by a factor
of 20. The targets were found to be slightly more visible. The
second reason for the greater detectability of the oscillo-
scope targets was practice. Practice is known to decrease
threshold for sinusoid targets (Davidson, 1968). The two
observers received ntuch more practice with this type of tar-
zef than the observers in Fig. 4(b) had.
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Subjects were instructed ta close their eyes while (he far-
gets were being rotated because observers reported that tar-
gels seemed especially visible when they were changed. A
colored filter was placed betwcen subject and mirror so chat
the entire display appeared 1o be of one color (green). This
was necessary because the uniform illumination was white
while the tube signal was light blue. The average illumina-
tion in the targets was approximately 7 ft-L. Measurements
ol each target were made with a scanning telephotometer.

We built a device that switched the sinusoidal displays on
the oscilloscope in four different orientations at any desired
phase. This device allowed the experimenter to swiich
rapidly and easily from one orientation 10 another. To go
from a horizontal (o a vertical display. the device would
simply switch the X and Y inputs. For example, if g(z) is the
sweep function (sawtooth) and f(r) is the triangle raster. then
¢(1) goes into X and f(1) goes info Y thus generating a hori-
zoma! raster which can be modulated by a sinusoidal Z-axis
input (intensity of eleciron beam). To get a vertical display.
just send f(t) to X and g(r) 10 Y. To get a diagonal display,
we need [ f{1) + g(£)} going to X and [ f(1) — g(t)] going 10
Y. This. however, would give a display which is /2 longer
than the horizontal target. So we need [fl1) + q(r)]/\/2
going to X and [f{1) — ¢(0)1// 2 going to Y. To generate
these functions operational amplifiers were needed. One of
the biggest technical difficulties was oblaining amptifiers
which had less than |° phase shiflt up to 100 kHz. Such
operational amplifiers were necessary because the raster
would form Lissajous figures near the edges of the display
if there was even a very small phase shift. These edge pheno-
mena were made as small as possible by using the appro-
priate amplifiers. Furthermore, becavse of the octlagonal
mask, only the central portion of the display was actuvally
used in the experiments.

The next consideration was the phase of the sinusoidal
target. The device had to synchronize the beginning of each
sweep with any point on the sine wave coming from a Hew-
lett-Packard 201C audio oscillalor. A circuit was vsed
which is analogous to the nsuval triggering apparatus avail-
able with oscilloscopes. It scans the input signal until a cer-
tain slope is obtained and then the sweep begins. Thus, we
could display one cycle of sine wave or cosine wave or any
phase in between.

RESULTS

The results are presented in Fig. 5(a). The per cent
correct is plotted against the number of cycles {or four
sets of targets, each set with a different contrast. It is
interesting that over this range of contrasts each set of
targets exhibits a dramatic increase in visibility in the
region of 0-5-1-5 cycles. Despite this rapid change of
visibility over a small range of number of cycles, at any
particular value of number of cycles the greater the
contrast the greater the visibility.?

To clarify the nterplay of contrast and number of
-cycles in determining visibility we have presented the
results of the experiment in a different form. The
graphs of Fig. 5(b) are obtained from the upper graphs
by Jinear interpolation between experimental data
points and extrapolation to the points where the
curves of the upper graphs just reach the 100 per cent
visible and chance visibility boundaries. The lines in
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Fig. 3. These grapbs show the individual results of the two
observers. Each point represents 64 observations. (a) In the
upper grapbs per cznt correct is plotted as a function of
number of cycles. Each curve represents the visibility of tar-
gets of a particular target magnitude. These target magui-
tudes are specified in the legend betweepn the grapbs. It is
clear that both target magnitude and sumber of cycles io-
fluence the visibility of the targets (b) o the lower graphs
the same data is replotied on different axes to clarify the in-
terplay of the two variables. These graphs were obtained
from Fig. 5(2) by linear interpolation between experimental
data points and extrapolation to the points where the curves
of the graphs just reach the 100 per cent visible and chance
visibility boundaries. The lines in the graphs are lines of
constant per cent correct.

the graphs are lines of constant per cent correct. Visibi-
lity is clearly dependent upon both the number of
cycles and the contrast.

* As with most constancy phenoruena, these have their
limitations. Figure 4(b) suggested that there is a slight de-
crease in visibility of the sine wave targets at 122 cm. Also,
one might ask whether all the data fits the horizontal lines
in Fig. 2. Perbaps the lack of perfect fit hints at the existence
of small effects due to distance or size on the retina or retinal
gradient which our measurements by themselves cannot
specify.

* The plateau is necessary if. we wish to examine the
dependency of visibility upon number of cycles independent
of the phase of the stimuli. Kelly (1970) showed that this is
a crucial copsideration in the detection of low frequency
gratings. His sinusoidal targets were modulations of a por-
tion of a uniform background. What made phase important
in that siruation was the creation of a discontinuity (edge)
for phases otber than 0°. In particuiar, a 90° phase shift gave
the jargest discontinvity and the most visible target. This is
a situation where edge effects, rather than frequency, is the
critical factor.

The situation with our targets was quite different. We
were modulating the top of a plateau of illumination, so
there was always a large visible discontinuily. We chose the
phase of the sine wave o be 90° a cosine, so that the maxi-
murn variation would be present with only (-5 cycle. We
could safety make this choice because of the large disconti-
nuity which was presént in any case.

J. J.McCanN. R, L. Savoy. J. A. HaLL Jr. and J. J. SCarPETN

DISCUSSION

Let us begin this discussion by summarizing the
results of the three main experiments, 1t should be un-
derstood that these conclusions, simply stated. are
meant to apply only to the experimental conditions
already discussed. The fisst set of experimeuats showed
that the visibility of a linear gradient was dependent on
contrast and not retinal gradient. The second set of ex-
periments, using sinusoidal targets of fixed contrast,
showed that visibility depended upon the number of
cycles. The third set of experiments showed that the
visibility of sinusoidal targets depended on both con-
trast and the number of cycles. These results can be
alternatively described by the following two state-
ments. First, the visibitity of a particular target was
essentially constant independent of the viewing dis-
tance, hence largely independent of size and rate of
change of energy on the retina.® Second. the spatial
pattern of the target, usually described in these exper-
iments as the number of cycles, can be as important as
the contrast.

In no case did we find that retinal gradient was the
dominant variable controlling visibility. This was sur-
prising because work with sinusoidal gratings has
demonstrated that visibility is a function of a varjable
analogous to retinal gradient. namely spatial fre-
quency. (For a fixed contrast, retinal gradient is pro-
portional to spatial frequency.) For example, DePalma
and Lowry (1962) studied the threshold contrast for
sinusoids of various frequencies while varying the dis-
tance between observer and target. Not only did they
find the high-frequency and low-frequency threshold
increases that others have reported, but they also
showed that the form of the threshold vs spatial fre-
quency curves varied only slightly with distance. This
indicates that it is truly the frequency on the retina
which is the crucial variable io determining the visibi-
lity of their targets.

Of course, there are important differences berween
the targets used in our experiments and those used by
DePalma and Lowry (see McCann et al.,, 1973). Their
stimuli were modulations of an entire field of uniform
luminance. Ours were modulations of a luminance
plateau whichwas surrounded by a uniform black area.?
Their modulations consisted of many cycles of sinu-
sojdal variation of luminance with position. Qur
modulations consisted of a single linear transition or of
a small number of sinusoidal oscillations from one side
of the plateau to the other.

The threshold for a 0-6 cycle/deg grating (3:6 cycles
viewed at 89 cm) as found by DePaima and Lowry is
approximately 0-01 (expressed in terms of contrast).
Our data in Fig. 4 show that 0-S cycles at that spatial
frequency is invisible at a contrast of 0-1. At the same
contrast and requency 1-0 cycles is 75 per cent visible
and 20 cycles is 100 per cent visible. Thus, we are oper-
ating in a region well above the threshold as found by
DePalma and Lowry. Apparently. the presence of a
plateau or the small number of cycles involved or both
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has created targets which are more difficult 10 see in
the sense that they require a grealer contrast to be
visible. Spatial frequency is no longer the threshold-
setting variable as it was for DePalma and Lowry's tar-
gets. Instead, the patiern of the target becomes the cru-
cial factor in determining the minimum contrast
necessary for visibility.

There are several intriguing hypotheses that make
use of the target’s spatial pattern properties found in
these experiments. The linear gradient experiments
demonstrated that the size of the change from one side
of the larget to the other was the critical vari-
able that corresponded with visibility. One could
hypothesize that the mechanism that controls visibihty
of linear und 0-5 cycle sine wave targets need only be
sensitive 1o the size of the discontinuives at the edges
of the target in order 10 calculate the contrast. It could
be argued that the difference in the magnitudes of the
discontinuities on the two opposite sides was the key
piece of information which the visual systemn used to
detect these targets. In fact, such a mechanism would
account for the constant visibility of these targets des-
pite large changes in retinal gradient. The visual sys-
tem might compare the ratios of energy at the edges
and then use any difference in the ratios to detect the
contrast of the targets. The visibility of sine wave 1ar-
gets is dependent on both contrast and number of
cycles. Determining the comtrast of the target. using
edge ratios or any other means, will not account for
threshold visibility since it varied with number of
cycles for a single contrast. Thus the comparison of
ratios of energies at edges is not a sufficient mechanism
to detect these targets.

Another model which can make use of the targets’
spatial pattern involves the modulation transfer func-
tion (MTF). The linear systems analysis approach as
applied to experiments by Campbell, Davidson, Kelly
and others, is a general method for obtaining a light-
ness distribution from a given luminance distribution.
It has been used with success to account for the exist-
ence of light and dark Mach bands where there is a
gradual transition region berween a uniform light area
and a uniform dark area.

5 Of course, one must be careful in using these mathema-
tically convenient ways of thinking about the targets. For
example, the background plateau must have a sufficient in-
tensity that the sum of the two components is never less
than zero. In addition. we cannot think of our targets as a
sum of two parts when we proceed to the actual MTF calcu-
lations in the sense that we cannot consider each part separ-
ately. The reason for this. is that the MTF model is linear
only after the logarithm of the luminance distribution has
been taken (Ratliff, 1965; Whiteside and Davidson, 1971).
So, we should do the MTF calculations with the logarithm
of our input function. Alternatively. we could present targets
which were exponentiated versions of our targets, and use
the linear version as the direct input to the MTF model.
However, because we are dealing with small perturbations
of a simple plateau, these considerations are quantitatively
unjmportant.
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It is ironic that experiments very similar to those
which gave support to the linear systems analysis
approach are also the source of one of the objections
to it. Consider a sequence of brightness distributions
progressing from the Mach band generating pattern
described above to a pattern which has just the uni-
form low and high regions with a sharp edge between
them. As we progress along the sequence, the central
changing region gets narrower and steeper until it
becomes the edge discontinuity. The MTF model pre-
dicts the existence of light (and dark) bands in the re-
sponse which get lighter (or darker) and narrower as
we progress through the sequence. Even in the case of
the edge, despite 2 discontinuous distribution, the
model has no mathematical problems. Well-defined
operations take place. Large but finite Mach bands of
non-vanishing width are predicted. However,
observers do not see such bands. Observers sometimes
report extremely narrow bright lines near the edges,
but these are much narrower and fainter than the pre-
dicted bands. Davidson and Whiteside (1971) discuss
this problem in greater detail, but are unable to resolve
it within the context of the MTF model.

What is the impact of all this on our experiments?
The targets used in the experiments of this paper can
be thought of as the sum of two parts. One part is a
plateau of illumination of height (L, + L;,)/2 sitting
on a black background. In the case of the wedge tar-
gets, the second part is a linear gradient which tra-
verses the width of the plateau. In the case of the sinu-
soid targets, the second part is a truncated cosine
wave; that is, a cosine starting at one side of the display
and going for as many cycles as it can until it reaches
the other side.’

One can think of the two components of the target
as signal and noise. Since the wedge or cosipe wave 1s
what the observers are trying to detect, let’s call that
the signal. The noise, then, is just that part of the target
which the linear systemns approach has failed to ade-
quately model. It is the source of most of the target’s
energy, since the coefficients of the gradients are typi-
cally one-tenth that of the plateau. The amplitude of
the predicted Mach bands is much larger than the pre-
dicted response to any of the signals (see Fig. 6). Yet,
observers do not report Mach bands but are able to
detect the signals. Such a discrepancy led us to the con-
clusion that the MTF approach was not the appro-
priate way to model our experiments.

Of course, the distinction between a mathematical
tool and a psychophysical model should be kept in
mind. Even if a simple application of the modulation
transfer function of the eye does not always correcily
predict the observer's response. Fourier analysis of the
target supplies useful information that has stimulated
new experiments. For example, Carter and Henning
(1971) made use of the fact that the energy in one cycle
of sine wave at 59 cycles/deg is distributed over a wide
range of spatial frequencies, whereas the energy of 160
cycles at the same spatial frequency is highly concen-
trated at the nominal frequency of the sinusoid. Using
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Fig. 6. This figure shows the luminance distribution and predicted MTF responses for targets C and L

at the closest and furthest viewing distances. We used the MTF curve reported by Cornsweet (1970, p.

341) with finear extrapolation {or very low spatia) frequencies. The response predicted by the MTF model

is dominated by large Mach band-like effects at edges. These effects are not seen in \he targets. For

example target L is the bottom left target in Fig. 7. The sinusoidal gradients are clearly visible and the

Mach band-like edge efiects are not vistble. The size of (hese predicied edge effects is determined by the
size of plateav and is independent of viewing distance.

narrow-band and broad-band veiling lurnigances they
showed that the visibiity of the single cycle was de-
creased more by broad-band soise while the visibility
of the 160 cycle target was decreased more by narrow-
band noise. In the case of our targets, the plateau of
Ulumination can be viewed as another kind of broad-
band noise. However, the difference between 0-5 and
-5 cycles in terms of concentration of energy at
various spatial frequencies is very small compared to
the difference berween t and 160 cycles. (The rato of
number of ¢ycles enters the calculations, and 3 is small
compared 0 160.) Yet, we find an increase in visibiity
going from chance to 100 per cent correct with this
small change in the number of cycles.

The nominal frequency of Carter and Henning's tar-
gets was approximately 6 cycles/deg, a f{requency
generally recognized as being in the optimal region for
detection (DePalma and Lowry, 1962; Davidson, 1568).
The work of Blakemore and Campbell (1969) presents
evidence for the existence of neural units specifically
selective 10 such spatial frequencies and higher [re-
quencies. However, they find no suchb units for spatial
frequencies below about 3 cycles/deg. A glance at Fig.
4 shows that for the targets used in this paper, the
nomival spatial frequency is below 3 cycles/deg. Fur-
thermore, if we look at the actual Fourier spectrum of
the signals (plateau not included) we find that evep
though the energy is not localized at the nominal fre-
quency, the integral of spectral energy from 0 to 3 cyc-
les/deg is almost unchanged as we go from 0-5 to ['5
cycles lor our targets. Almost all the energy js in that
region.

Changing the number of cycles increases total
energy below 3 cycles/deg by a few per cent, but in-
creasing contrast {rom 0-05 to 0-10 increases the inte-

graled epergy in that region by a factor of 4. (We
square the Fourier spectrum before integraung.) I we
weight the Fourier components using the MTF, there
is a larger change in going from 05 to ['5 cycles
because the nominal frequency js also increased and
we are on the portion of the MTF curve where increas-
ing frequency implies increasing sensitivity. However.
calculations show that this is still a small increase com-
pared to doubling the coutrast. So, if the small increase
in energy going from 0-5 to 1-$ cycles at 0-05 contrast
raises visibility from chance to 100 per cent (Fig. 3).
then the increase from 005 to 010 contrast at 0-S
cycles should do at least as much. In fact, Fig. 5 shows
that it doesn’t and tbis implies that the increase in visi-
bility with increasing number of cycles is not due to
simply exceeding threshold for some irequency detec-
tor which integrates energy below 3 cycles/deg.

We have pow discussed several models, We are un-
able to account for all of our experimental results with
any one model. Nevertheless, with the three targets in
Fig. 7 (alt having the same conirast) we can illustrate
the two visual properties described by these exper-
iments. Firsy, the fact that the orientation is easier to
see as the number of cycles increases ilustrates 1he
dependence of visibility on the number of cycles.
Second, the fact that viewing the figure at any distance
corresponding to the experimental conditions will not
substantially change the visibility illustrates the lack of
dependence on retinal gradient and the nomjnal spa-
tial frequency.

Acknowledgemenrs—We are particularly grateful for (he
advice and comments received from Suzanne McKee. We
also wish to thank Marie Warson for the preparation of
various drafts of this paper.



Visibility of continuous luminance gradients 927

REFERENCES

Biackwell H. R. (1946) Contrust thresholds of the human
eve. J. opr. Soc. Am. 36, 624--643,

Blakemore C. and Campbell F. W. (1969) On the existence
of neurones in the human visval system selectively sersi-
tive to the orientation and size of retinal images. J. Phy-
siol. 203, 237-260.

Campbell F. W, and Green D. G. (1965) Optical and retinal
factors aficcting visual resolutions. J. Phywsiol. 181, 376-
592

Campbell F. W, und Robson J. G. (1968) Application of
Fourier analysis (o the visibifity of gratings. J. Physiol.
197. S51-366.

Carter B. E. and Henning G. B. (1971) The detection of grat-
ings in narrow-band visual noise. J. Physiol. 219, 335-365.

Cornsweet T. N. (1970) Visual Perception. Academic Press.
New York and London. .

Davidson M. (1968) Perturbation approach to spatial
brightness interaction in human vision. J. opt. Soc. Am.
58. 1300-1308.

Davidson M. and Whiteside J. A, (1971) Human brighiness
percepuon near sharp contours. J. op1. Soc. 4m. 61, 530~
536.

DePalma J. J. and Lowry E. M. {1962) Sing-wave response
of the visual system—I1. Sine-wave and square-wave coa-
rrast sensitivity. J. opt. Soc. Am. 52, 328-33S.

Guth S. K. and MecNelis J. F. {1969) Threshold contrast as
a function of target complexity. Am. J. Optom. 46, 98-
103.

Kelly D. H. (1960) Systems of the human visual process.
Ph.D. Thesjs. University of Californiu, Los Angeles.

Kelly D. H. (1970) Eftects of sharp edges on the visibilily of
sinusoidal gratings. J. opt. Soc. Am. 60, 98-103.

Land E. H. and McCaon 1. J. (1971) Lighiness and retinex
theory. J. opr. Soc. Am. 61, 1=11,

McCann J. J. Savoy R, L. and Hall. J. AL Jr. {1973) Visibility
oflow-spatial-frequency sine-wave targels: dependence on
number of cycles. J. opt. Soc. Am. 63, 1297,

O'Brien V. (1958} Contour perception. illusion and reality.
J. opt. Soc. Am. 48, 112119,

Ratliff F. (1965) Mach Bands: Quantitative Studies on Neurol
Nenvorks in the Retina. Holden-Day, San Francisco, Lon-
don and Amsterdam,

Rathifl F. (1972) Contour and contrast. Sci. 4. 226, No. 6.
90-101.

Schade Sr. O, H. (1956) Optical and photoelectric analog of
the eye. J. opr. Soc. Am. 46, 721-739.

Taylor J. H. (1964) Use of visual performance dala in visibi-
ity prediction. Applied Optics 3, 562-3569.

Westheimer G. (1960) Modulation thresholds {or sinusoidal
light distributions on the retiva. J. Physiol. 152, §7-74,
Whiteside J. A, and Davidson M. (1971} Symmetrical
appearance of bright and dark Mach bands from an
exponential illumination gradient. J. opt. Soc. Ant. 61,

958-961.

Résumé—On modvule un plateau d'éclairement par divecs types de changement graduel: pentes linéaires
et oscillations sinusoidales de basse fréquence spatiale en petit nombre. Dans l¢ domaine étudié pour ces
paramétres, le sevil de contraste nécessaire pour détecter ces modulations est largement indépendaat de
la raideur du gradient, de la fréquence des sinusoides, et de 1a taille du test sur la rétine. On frouve gue
ta visibilité est fonction de Ia fraction de changement de luminance 4 travers la cible (contraste) et du
type de modulation (caractérisé par le nombre de ¢ycles de la sinusoide).

Zvsammenfassung—Ein Feld homogener Leuchtdichte wurde mit verschiedenen stetigen Leuchidichte-
mustern variiert: Mit linearen Gradienten sowohl wie mit Sinusgittern niedriger Ortsfrequenz. Bei allen
untersuchi¢cn Parametern wurde gefunden. dass der Schwelfenkontrast fur die Erkennbarkeit diesec Modu-
lationen weitgehend von decr Stellbeit des Gradieoten von der Orisfrequenz des Sious und von der Grisse
des Tesuzeichens auf der Netzbaut unabhdngig war. Die Sichtbarkeit war eioe Funktion der relativen
Leuchtdichiednderung (Kontrast) und des Modulationsmusters (charakterisiert durch die Zah! voo Peqi-

oden im Sinusgitter),

PeaioMe—POBHOOCBEIEHROE 0ONE MOAYEPOBAIOCHL PANTATILIME JPAOALEO  MERNIOMIRMEBCS
JaTTEpHAMA: NREHHIMA TPANNESHTAMA ¥ HEOOMSIIEM YHCIIOM HE3KOYACTOTHLIX CEHYCORAASLEBIX
xonebauuit. VIaMeHANYCh TaPaMETPH! MOXYNALE W ONPEHENSUTACH TOPOrE e¢ obHapyxenus., Ome
OKa3ajivCs B LIMPOKEX ITPedesiaxX HE3ABHCEMBI OT KPYTUAHLI FPAXBEHTA, IaCTOTH CHHYCORIH &
BENVMYHHE! V306paxenwa o0beKTa Ha CeTyaTKe. Bbtio HAMJEHO, 9TO PadTAIMMOCTE SBJRETH
$yrKUREN HPakLHOHHOTO H3IMEHEHHA APKOCTH B apenenax o6bekTa (KOHTpPaAcTa) v MaTTepHa MmOAy-
JIALRY, X2PAKTEPUIYIOLUETOCA YACIOM LURKIIOB CHHYCOMALL.



The bottom torget s 2R ¢ycles and i1
iz orienled dingonudly such thay the
durk stripes go from 1he lower right 10
the upper le(i. The target at right is
1.7 ¢veles oriented diagonaliv <ueh that
the dark stripe gocs from Lhe lower left
to the npper right. The fop Larget is
0.5 eyeles. Nois oriented verticully with
Lunn on the left and Lo on the right.

Figuee 7. Thic ix o photograph of tar-
gels FoJoand Lo All three tirgels have
the samie contrast, Hold the figore 17
inches from vour eves 1o duplicate the
viewing size used in the oscilloscope
experiments and the second distitnee of
the photographic target experiments.
Try tu ~elect the orientation of 1he
sinpxoidial patierns.

The oricnt:tion i caer o see as the
numher of cycles increases. even when
the target is moved from | inches o
A2 inchex. AL o viewing distance of {1
inches the 2.8 cvele turgel hax the same
nominal spalial frequency usx the 1.7
cvcle larget al }& inchex und the 0.5
cyche tirget a1 &2 inches,



