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Campbell and Grecn, 1965; Campbell and Robson,
1968; Davidson. 1968; and Kelly, 1960, 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 minimum contrast necessary
for seeing a sinusoidal target depends on its spatial fre
quency. DePalma and Lowry (1962) showed that for
the most visible spatial frequencies, the contrast thres
hold is approximately the s<Jme as the threshold de
scribed above for edges.

Despite these experiments on abrupt changes and
gradual repetitious changes in lumin~nce. the kinds ~f

illumination 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 occurs graduaUy instead of abruptly.
This paper describes experiments designed Lo 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 sinusoidal targets containing
from 0·5 to 3 cycles.

".

(Received 14 JlIlle 1973; in revisedjorm 5 Sepcember 1973)

Abstract~A plateau of illumination was modulated with various palterns of gradual change: linear slopes
and small numbers of low 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 target on the retina.
Visibility was found to be a function of the fractional change in luminance across the target (contrast)
and the panel'n ofthe.modulation (characterized by the number ofcyc1es of sinusoid).

INTRODUcrlON

We begin by asking the reader to look around the
room and find places of uniform reflectance and non
uniform illumination. In particuJar.iook for a situation
where the illumination must be changi'ng gradua·lly
with respect to distance. For example, if your room is
illuminated 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 illumina
tion are clearly visible. However, we are interested in
the gradual changes in illumination that you do not
see. If you calculate the change in the 'f1ux at various
distances from the lamp, or if you measure the flux
coming to your eyes, you discover that substantial
changes in flux go unnoticed by the visual system pro
vided that the. changes are gradual (O'Brien, 1958;
Cornsweet.. 1970; Land and McCann, 1971; Ratliff.
1972). The experiments in this paper attempt to describe
quantitatively the physical parameters of luminance
gradients at the threshold of visib.ility.

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-
ments included various stimulus luminances B,.
vanotls surround luminances Bo, and various sizes of METHODS AND MATERIALS

stimuli. Blackwell found that above 10 ft-L the smallest The gradient expe";mel1Cs

detectable contrast [(8, - EoVEs] was equal to 0·003 Torge/s. The stimuli (or these experiments were square
for various size spots. His study included experiments targets whose reflectance changed along one axis but main-
with 6°,2°, 0.30 and 0·01 ° spots. Taylor (1964) extended tained a constant reflectance aloog the perpendicular axis.
Blackwell's data to include edges larger than 6° and We characterized the different largets by luminance
Guth and McNelis (1969) extended the results to in- measurements along the axis of reflectance ch~nge. z."... is
clude targets with complex shapes such as parallel the highest luminance and 4,.;" is the lowest luminance in
bars, Landolt rings, printed letters, and dot patterns. the larger. We used two terms to' specify a particular stimu-
All of the above experiments found the limit for the Ius. concrtlsc and retinal grodum/. Within the Study of visual
contrast threshold above 10 ft-L to be approximately thresholds there 3re two generally used definitions of con-
the same value. trasl. Blackwell defined contrast as (8., - BollS, (or circular

SpOIS on a background, while Kelly (1960) and Campbell and
Along another line, numerous investigators (Schade. Green (1965) defined it as (L
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1956; Westheimer, 1960; DePalma and Lowry. 1962; sinusoid tugets. We began by comparing our re,ul!s with
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lhos~ concerning discontinuous edges, so contrast was
defined iI nalogous to Blackwell\ dcfinillon. <lnd is given by
(L".,. - 1..,.;" II L"" ..,

Wo:. chose the quantity rc(imd gradient 10 describe lhe nile
of change of "ux on the retina. I( is dependent on bolh con
trast and spatial frequency on the rei ina. Therefore rerinal
gradient is prop0rlional to cycles per degree only for targets
or Ihe same conrrast. Retinal gradient rcfers to the image of
lhc I~r~el on the rei ina and is given by (conlfasl)i(relinal
angk ~twccn l",,, and L",;n)'

The. targets were prepared by placing photographic print
paper on an easel near a fluorescent tube that was very long,
relative to rhe widlh of lhe paper. Thus. when IWO corners
of the paper were the same perpendicular distance frOm the
lube, all points along the edge between those two points
received the same illumination. This insured that one direc
tion of the targel maintained a constant reflectance value.
Differenl contrasts were made by rota ling the plane of the
photographic paper and by adjusting Ihe distance rrofTJ the
lamp to thc paper. Funher control of lhe contrast was
achieved by proper choice of the print papers and devel
opers. The targets were mounled on a 30-4 cm square black
card that had a 7 per cent reflectance. All largets had a re
flectance of 50 per cent at tht center of the gradient.

IIluminario/1 procedw'es. Each larger was viewed in an illu
mination box (Fig. 1). This bOll: was 90 >< 60 )( 60 em with
a white interior and a black exterior. The target was placed
in a square hole in the back of the illuminalion box and was
held in place by a hinged door. Four 20 W fluorescent lamps
illuminated the interior of the box. ln addition, two strobe
lamps were mounted near the fluorescent lamps for a con
trol experiment in which a 0- f 5 msec Rash of illumination
was brief enough to eliminate effects due to eye movements.
For these flash experimenls, a light projected through a pin
hole in the center of rhe targets was u$(d as a fixation point.
All lamps were mounted on the same wall as the target but
separated by a baffle so thai no light from the lamps fell di
rectly 00 the target. All of the ligbt falling on the target was
reReCled from the walls of the box making the effective light
source large and lhe illumination uniform. A uniform reflec
tance paper was placed in the illumination box and mea
sured with a telephoIOme(u. The maximum variation fouod
due 10 illumination was 0·007 (computed as contrast).

LINEAR
GRAOIENT SINUSOID
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Fig, I. In all the targets used in this paper, rhe luminance
was constani in one direction. The above graphs show how
luminance varied wilh position in the perpendicular direc
lion for two representativc targets. tn (a), a wedge target is
represenred. In (b). 1·2 cycles of sinusoid in cosine phase
with respect to the beginning (left side) of the target is repre
sented. The conlJ'asr of these targets is defined as follows:
contrast = (1.,.,,- L..,.lIl,n,n' RefilllJl wadil'lll is defined as
conlr~SI dividecl by Ihe visual angle suhlended by the smal
lest distance berween an /",,, and an /"'In poin!. For the
above largels, this leads 10: (a) relinal gradient = contrast/
(angle subtended by 10'2 cm (in degrees)]: (b) retinal gra
dient = conlrasl/[anglc suhlcndcd b: -\·2 em (in degrecslJ-

TorOGt with the '""adient
e..tntratly M/.:)l.Inted

Fig. 1. This diagram shows the acrangement o( the
observer. the illumination box with its mask ~ nd Ihe tuge!.
Four fluorescenr lamps and two strobe lamps arc mounted
on the same wall as the target but separated by a bal'lk The
lighl from rhese lamps reflects off the walls of Ihe box and
illuminates the targe\. The mask restricts Ihc observcr's view
to the target and prevents him (rom seeing the lamps or the

white walls of Ihe hox,

The observer looked through a square hole in the face of
Ihe waH opposite the large!. A mask filted over this hole
allowed the observer to view onJy Ihe target and none of the
inner white walls. During experimentation tbe roam was
dar Ice oed and lne target was the brightest obje<:t in the field
of view. In all experiments except one, the observers viewed
the target binocularly at eye level. using their narural pupils,
The 'exception was a control experiment using a 2' 3 mm arti
ficial pupil and monocular vision.

The targets were measured in the illumination box with
a scanoing telephotomeler. The luminance of the center o(
each larget was l54 ft-L Contrasts for all gradient targets
are listed in Table I.

Experimenral procedure and subjulS. In the gradient ex
periment contrast and retinal gradient were varied with five
different targets all IO·2cm 2 . To test whether retinal gra
dient was Ihe conlrolling faCtor, we computed five distances
such that the retinal gradient was the same for Ihe first tar
get at the Arst di;tance, the second largel 31 tbe second dis
tance, and so forth. The retinal gradient for Targel E at
122cm is 0·07 and il was this value that was used to calcu
late Ihe other (our distances. For completeness we rhen
lested all targets at all distances.

[n all e~perimental condilions the targets were placed in
all four possible orientations and (he observers were asked
to identify the lightest edge of the square. Since rhe observer
was farced to choose either up, down, left, or right he had
oolya 15 per cent chance of guessing the correct orientation.
Twelve observers viewed each target 16 limes from each diS
tance.

The siflusoidal larget experimel11

Targets, exptrime'IB alld subjectS. for this experiment we
prepared seven octagonallargets, 4 cm on a side. We chose
lhe octagonal shape so that we could conrinue 10 use a four
allernative forced-choice procedure; the subjects were asked
to identify the oriental ion of the gratings from four possible
orientations. Again, reflectance w~s conStant in one direc
lion, but in Ihe perpendicular direction the refleclance
varied sinusoidally [sec FiR· I(bl}
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Linear largets
Targets Conlrasl

SinuSOId Ulrge Is
Targel Contrast

No. of
cycles

A 008 F 0·10
B 0·12 G o·r [
C 017 H 0·10
0 0·23 I 0·11
E 0·33 J 0·10

K 0·10
L D-IO

0·5
0·7
1·0
12
1·7
2·0
2-8

This is a listing of the photographic targets used for the various experiments described
in this paper. The second and fourth columns list thc contrast (I...n.., - ~,")j ~... Varia
tion in the direction papendicular to the gradient was measured using a photometer
which averaged over the Width of the target. In all cases the comrast of Ihis variation
was less tnan 0·025. Targets A-E were square targets while F through L were octagonal.
All targets measured 10·2 cm between opposite sides. Targets A through E were mounted
on pieces of black mall board 30·4 em square. Targets F-L ""ere mounted on ocragonal
pieces of (he ,;ame material.

The targets were made by photographing a display on an
oscilloscope. The oscilloscope display was produced by a
technique similar to lhat used by Campbell and Green
(1965). The horizontal sweep of the oscilloscope was set at
I ms.ecJcm. A high frequency signal from an external oscil
lator was The verTical input. This signal was given sufficient
amplitude and frequency 10 produce d uniformly bright lube
face. A second oscillalor. set aT a low frequency. was used
to modulate the uniform lube face sinusoidally by varying
lhe conlrol grid voltage (Z-axis) of the cathode-ray lIJbe. A
seclion oftne lube face was chos.en for uniformity, Ihen pho
tographed.

Unlike the gradient experiments, contrast was constant
for each target. Each stimulus in this experiment is charac
terized by two terms: the absolute number of cycles present
in the target and (he re(jnal gradienl. Retinal gradient is
proportional to cyclesJdeg in this experiment because con
trRst is fixed. Table I Jists the contrast for targers F-L in lhis
experiment. As in the inirial gradienl experiment we first
measured the visibility of the seven targets a t a single dis
tance (122 em). Then we calcu lated the retinal gradient for
a half-cycle of the 2·8 cycle target at 122 cm. We then calcu-

lated six distances, one for each of the other six largets. so
that they had the same retinal gradient. Eight observers
made 16 observations of each of five Targets at five distances.
Two additiOl1altargets were run at seven distances. In the
sinusoid experiments all targets were displayed in the illu
mination box under steady Auorescentlighling and the mea
sured median luminance was 152 ft-L:

RESULTS

The graaient experiments. We studied the visibility
of luminance gradients as a fu nction of two variables,
contrast (the fractional change in the luminance of a
target) and relinal gradient (the rate of that change on
the relina). See Fig. I(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 aod E of Table I. 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 %Correct viewed
viewed at retinal gradient = 0-07 when retinal

Target 122em (cm) gradient = 0·07

A 41 489 48
B 47 222 55
C 68 234 58
0 80 180 77
E 93 122 9~

This table lists the results of the five linear gradient targets used for the first exper·
imcnls. Targcts A through E increase in contrast and increase in visibility when viewed
aT a singlc distance (122 em). The third column lisls the distances calculated for each lar
get that will generate on the retina a single relinal 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 rhe fourrh column demon
strates that visibility is not rlelermined hy rcriMI Bradienr.
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Fig. 3. This gr~ph summarizcs (he resuhs of the expcr
iments with tJ,e gradient targets. Retinal gradient is plotled
against/he per cent of correct identification of the direction
of the gradient Each larget, A-E, was VIewed at live dis
tances and hence had live different retinal gradients. For any
one target the smallest retinal gradient is associated with the
smallest distance between observer and targel, and lhe lar
geSt subtended visual angle. The distances were calculated
so [hut each target had the same retinal gradient (0·07, see
arrow) .11 some dislance. When the retinal gradients were
identical. visibility was a monotonically increasing function
of larget magnitude. The graph shows (he mean per cent
corr<~CI ± I $.E. for e.1ch target at each distance. The hori
zontal dashed lines are lhe average of the 5 means for a
single target. These averages are a fair fit to Ihe data in the
sense Ihat each [~rget has approximately the same visibility

independent of viewing dist'lnce.

viewed from a dista nce of 122 em these targets have
retinal grildients which increase from 0·018 for A to
0·07 for E. As shown in column 2 of Table 2, Ihere was
a marked increase in visibility as we progressed from
target A to r.. at that viewing distance. Since retinal
gradient is proportional to contrast for these targets al
it lixed distance. this experiment alone does not allow
LIS 10 disringuish belween the effect of changing can·
trast as opposed to changing retinal gradient. We
lested whether retinal gradient was the determining
factor by viewing targets with different contrasts but
with the Silme rerina I gradient. This was accomplished
by viewing el\ch target at a different distance. Since
retinal I!radient is contrast divided by the angle
OClween-L",., and 4.,,,, we can calculate a distance for
each target so that lhe retinal gradient equals a con
stanl. This is equivalent ro saying that at these specific
distan~s there is a consta nt rate of change of flux with
respect to distancc on the retina for each larget.

If visibility depended only on retinal gradient. then
<til the targets should have been equally visible. This
was not the case: each target had a different visibility.
What was more interesting each target had approxi
mately the same visibility as it did when it was viewed

002 003 OOS 007 010
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at )22 cm (compare column 2 with column 4 of Table
2). This result suggesltd that contrast and not retinal
gradient correlated with visibility.

We lhen asked the observers to view all five targets
at all live distances. If visibility of a gradjent depends
only on the contrast, then we would expect any par
ticular target 10 be equally visible at all viewing dis
tances. For a given target, increasing distance corres
pond·s 10 increasing retinal gradient. Figure 3 is a
graph of lhe per ~nt correct vs (he retinal gradient for
this experiment. The mean ± I S.E. of all 25 distinct
target-distance presentations are shown. For each tar
gel-distance measurement each of 12 observers made
16 observations. For each distance the visibility of the
targets increased with contrast. Furthermore, each tar
get had approximately the same visibility at all dis
tances. The horizontal dotted . lines through Fig. 3
show the averages for illl results for each larget. We
used the sta ndard error of estimate to determine how
well the horizontal line fits the observers' results. On
the average. observers identified the direction of target
A 7·1 times in 16 attempts and the: standard error of
estimate \Vas 2·2. The other results wae: target B,
8·2 ± 2-6; target C, 11·5 ± 2-4; target D, [2·6 ± 2·4;
target E, IS·J ± ]·3.

Within the limits of this experiment, it was not poss
ible to make a continuous wedge more visible by
changing the distance between the target and lhe
observer. Despite variation ;n slope on the retina by a
factor of 4, the visibility of these targets remained
essentially unchanged. 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 thaI the threshold con
trast for the visibility of sine waves depends upon spa
tial frequency. (For a fixed contrast, retinal gradient is
proportional to spalial frequency.)

The first explanation might be that we have over
looked some subtle variable effect and need additional
control experiments. We tested whether lhreshold visi
bility was determined 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 distance. In this manner the total
change across the target could be detected independent
of the retin"l gradient. We used a brief strobe illumina
tion (0·15 msec) to prevent motion of the stimulus on
the retina. It was much harder to make a judgment
with such a brier 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 instead of 76 per cent), but t.he 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 alfecled our results.
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Table J. Visibility in (lash illumination

Dista nce observer
and target

(cm)

~;,; Correct
in flash

experiment

~~ Correcl
in lhe

first expcriment

122
234
489

44
44
46

77
74
76

This table describes the results of the flash experiment. Only Target 0,
described in Table I was used in this expcnment. The righl hand column
is a measure of the visibility of this target by the ;;arne observers under
the continuous illumInation of the first expeTiment. Although there is a
marked decrease in Ihe visibility of the target. there is no change as the
angle subtended ;5 changed.

The above table lists lhe results of one observer who
viewed three targets at three distances through a 2·3 mm
artificial pupil in continuous illumination. Each percentage
is based upon 96 observalions.

SilTI/soid experimel1l. For the linear gradienLS, con
trast WaS found to be Ihe principal determinanl of visi
bility. This was surprising because work with sinusoi
dal gratings has demonstrated that visibililY is depen
dent upon a variable analogous to retinal gradient,
namely spatial frequency. Later in the paper we wilJ
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 similar 10 our wedges in that

Since the targets subtended markedly different angles
at different distances, the total amount of light 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 targets 96 times al 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 artificial pupil has no effect on
the results found in the first experiment. The visibility
of a given target is s\ill independent of distance with
the exception thai target D al the closest dIstance is
unexpectedly less visible than at the other distances.

Table 4. Artificial pupil experiment

its luminance changes monotonically from side 10 side.
and it can be given an amplitude such that its retinal
gradient and contrast are the same as those of a target
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 found to be unimportant
in the first set of experiments.

Starting from our monotonic gradients we moved
toward sinusoida I targets by using targets which con
tained only a small number of cycles (ranging from 0·5
10 2-8 cycles). All seven of (bese targels had lhe same
contrast and were viewed at t22cm. Table 5 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 Ihe time.
As the number of cycles increased from 0·5. the visibi
lity increased monotonically from 23 per cent correct
until at 2·8 cycles the target was tOO per cent visible.
Since each target was the same size, a half cycle of the
2-8 cycle target sub tended a much smaller angle than
the 0·5 cycle target and hence had a larger retinal gra
dient. We repeated the procedure used in the first part
of Ihe paper to determine whether the visibility of sine
waves was also independent of retinal gradient. Target
L, viewed at 122 em, gave a retinal gradient of 0·12. A
viewing distance was calculated for each target F-K,
so that at thaI distance that target had a retinal gra
dient equal to 0·12. These distances and the per cent
correct at these distances are listed in Table 5. In addi
tion, the last column ofTable 51islS the averages of per
cent correct for each target at all distances tested.

At firSI glance there seems 10 he no significant differ
ence between viewing all I he targets at 122 em. view
ing them at different distances so they have identical
retinal gradients, and the average of viewing them at
many distances. Figure 4(a) is a graph of per cent cor
rect vs relinal gr;ldienl (or cycles/deg) for each target
al each distance. The dashed lines are the averages of
the resulLS for each target over all distances. Each tar
get has a distinct visibility that is largely independent
of retinal gradient. The O'S cycle target (at chance) and
the 2·0 and 2·8 cyele targets (at complete visibility)

52
69
79

489cm
(%)

54
67
34

Per cent correCI at
2J4cm

(%)

45
58
57

122cm
(%)

B
C
D

Target
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Table 5. Visibility of sinusoid targets

%Correct Distance (or relinal '/~ Corn~cl al n,~ Correct at
al 122 cm gradient = 0·12 this distance all diSla nces

Target Cycles (%) (em) (%) ("D

F 0·5 22 749 19 23
G 0·7 30 472 28 24
H 10 60 368 75 67
I 1·2 70 274 15 83
J t·7 86 22"1 86 83
K 2·0 95 196 100 99
L 2"8 JOO 122 100 tOO

This lable lisls Ihe results of eight observers who viewed seven sine wave largelS. For each targel-distance combination
there were 128 observations. The third column lists the per cent COfrect al 122 cm. As in Table 2, distance, werc calculated
so Ihal each larget could be viewed at (he same retinal gradient. Target L, viewed al 122 em, gave a relinal gradient of
0'12 and it was Ihis figure Ihal was used for the calculation of the remaining six distances Targets Hand J were viewed
at all seven distances. All other cargets were viewed at the live dis lances other than 368 and 221 cm. The final column lists
the al'erage per cent correct for a given target al all distances tested.

show no variation as a function of retinal gradient. The
at her targets are slighTly more visible at higher retinal
gradients than at lower ones. Nevertheless, the pres
.:nce 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
Targets.

All of these targets have the same contrasl so that
we are left with the number of cycles as the significant
variable controlling the visibility of these largets. 1

Figure 4(b) is a graph of per cent correct vs the number
of cycles in (he targets for the various distances. One
could draw seven curves through the data: one for
each distance. However, since all seven curves would

V..-..inqOislanc6
+ 122cm
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• 221cm
o 274£.tn

.. 3&3cm

o ,n""
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+
o
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Fig. 4(~). This graph plots per cent correct versus retina]
gr~dient for each sinusoid target at each distance. Each tar·
gel had a different number of cycles. All targets had very
nearly the same target magnitude. and therefore spatial fre
quency was proportional co retinal gradient. Relinal gra
dient for a particular target was varied by changing the dis
tance between observer and target. Larger distances wrre
spond to larger relinat gradienls_ The dashed lines ate lhe
averages of the results for one target over all the distances.
Each carget has a distinct visibility thac is largely indepen
dem of retinal gradient. The D-5 cycle larget (~t chance) and
the 2·0 and 2·8 cycle targets (at complete visibility) show no
variation with retinal gradient. The other targets when
viewed ~1 the closest distance are somewhalless visible than

the average. This is illustrated more c1e~rly in Fig. 4{b).

Fig. 4{b). This graph plots the per cent correCl versus the
number of cycles prescnt in the largets (or each largel 3r
each distance. One could draw seven curves through the
dala: one (or each diSlance. However, since ~11 seven curves
would almost wincide, only one curve was drawn by eye.
An exception would have been the curve for the very closes I

dis lance, 122 em. The targets were consistenily less visible
by a small amount at lhat distance.

almost coincide, only one Curve was drawn by eye. An
exception would have been the curve for the very clo
Sest distance, /22 cm. The targets were consistently less
visible by a small amount at that distance.

• Campbell and Robson (1968) mention Ihat the thres
hold contrast necessary (or seeing lheir sinusoidal largets o(
low spali<ll frequency increases when the number of cycles
presented goes below about 4.

SINUSOID: VARIABLE CONTRAST EXPERIME T

We began this Study by (rying (0 measure how large
a gradual change of illumination was visible. Intuiti
vely, we assumed that the ratc of change of All X on the
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retina would be among the most important variables.
Our r<:sults showed lhat rate of change of flux, which
we c<ll!ed retinal gradient. had almost no effect on visi
bility. For linear gradients the only variable that in
I~uenced the visibility was contras!.

While p\lrSlling this unexpected result we studied the
visibiJily of different number of cycles of sinusoidal
oradienls with lhe same contrast. We found that a 1·7
~ycle larget was nearly 100 per cene visible while a 0·5
cycle target with the same retinal gradient was only 25
per cent viSIble (chance). Whatever the mechanism in
volved in detecting gradual changes, it must now
explain why two and three identical gradients con
nected together to make a 1·0 and 1·5 cycle target are
much more visible than a single gradient by itself. In
these sinusoid experiments we have nOI varied the par
ameter we found most important in the wedge exper
iments. namcly contrast. The final set of experiments
studies the visibility of these targets when both con
trast a nd number of cycles are varied using a single dis
l<J nee between observer and target.

:VlETHOOS A"ID MATERIALS

Two subjects were u~ed. Each subject viewed etlch target
64 limes in a rour-alternative forced-choice procedure. Their
task was [0 state the orientation of the stripes in the sinusoi
d;tl targers. Subjects placed Iheir 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
two sources of illumination One was a box designed 10 pro
vide a ul1lform illumination acrOss the central portion of a
partially silvered mirror. This box was a smaller version of
the illumiMlion box used in Ihe previous experiments.
Behind the mirror Ihe spiltially varying pan of the target
was generated on rhe cathode ray lube of 535A Tektronix
oscilloscope. The horizontal and vertical intensily inputs 10

lhe scope were obtained from a device described in detail
below. A mask was glued to the silvered surface of the mir
ror. JI WilS shaped so Ihat the unmasked portion looked like
a regular oClagon when the mirror was viewed at a 45°
angk. The targels were approximately 5 cm from side 10

side. ObservCfS viewed the Largets from a disrance of 89 cm.
This combination of target size and distance corresponded
to the second closest distance IIsed in the previous sinusoid
experimenlS in Ihe sense tbat Ihe targelS sublended the same
vis\l~1 ~Ilgle.

C If one looks back at Fig. 4(b) one sees Ihal Ihose phOIO
graphic largets. all of which had a contraSI of 0'1, were less
visible ,h;.ln the 0'1 contrast stimuli as presented on the os
cilloscope. We Ihink rhere are two rcasons for this. First, the
average level or illumination was about 150fl-L in the Fig.
4{b) Llala as opposed to 7ft-L for Ihe oscilloscope targets.
To check whelher this increase in average illumination
made Ihe largets k5S visible. observers RLS and JAH
viewed Ihe photographic largetS through a ,,3 neutr~1 den
sily fiher which effectively reduced Ihe luminance by a factor
of 20. The largets were found to be slightly more visible. The
second reason for Ihe greater delectability or Ihe oscillo
scope t~rgets was practice. Practice is known 10 decrease
Ihresholci for sinusoid targets (Davidson. 1968). The two
observers reccived n1uch more pracrice with this IYpC of lar
get lhan Ihc observers in Fig. 4(b) had.

\.,}l.I.4 1()..·11

Subjects were instructed to close their eyes while (he lar
gets were being rot::lled because Observers reported thai tar
gets seemed especially visible when rhey were ch~nged. A
colored filter was placed hetween subject and mirror so lhat
lhe entire display appeared to be of one color (green). This
was necessary because lhe unifOrm illuminalion w~s while
while the tube Signal was lighr blue. The average illumina
tion in the largets was approximarely 7 fl-L. Measurements
of each target were m;ldc with a scanning lelepholomeler.

We built a device: thaI switched Ihe sinUSOidal displays on
the oscilloscope in four different Orientations at any desired
phase. This device allowed the experimenter to switch
rapidly and easily rrom one orientation to another. To go
from a horizontal to a vertical display. the device ·would
simply switch the X and Y onputs. For example, if gft) is the
sweep function (sawtooth) andf(t) is tbe triangle raster. then
g(r) goes into X and!(r) goes into Y lhus generating" hori
zontal raster which can be modulated by a sinusoidal Z-axis
input (intensity of electron beam). To get a venical display.
just send/(I) to X and g(1) 10 Y. To get a diagonal display.
we need [fIr) + g(r)) going LO X and [fill - g(r)] ,going to
Y. This, bowever, would give a display which is V 2 longer
than the horizontal large!. So we need [Ilrl + 1)(r))iv/2
going 10 X and U{I) - 'IUl)/.j 2 going 10 Y. To generate
these functions operarion~l amplifiers were needed. One of
the biggest technical difficullies was obtaining amplifiers
which had less than 1

0 phase shift up 10 100 kHz.. Such
operational amplifiers were necessary because rhe raster
would form Lissajous figures near [he edges of the display
if there was even a very small phase .~hif!. These edge pheno
mena were made as small as possible by using the appro
priate amplifiers. Furthermore, because of the octagonal
mask. only the central poroon of the display was actually
used in the experimenls.

The neXI consideration was the phase o( the sinusoidal
targe!. The device had to synchronize {he beginning of each
sweep with ~ny point on Ihe sine wa ve coming (rom a Hew
lett-Packard 201C audio oscillator. A circuit was used
which is analogous to the usual triggerrng apparatus avail·
able with oscilloscopes. It scans the input signal until a cer
tain slope is obtained and then Ihe sweep beginS. Thus. we
co:.rld display one cycle of sine wave or cosine wave or any
phase in between.

RESULTS

The results are presented in Fig. 5(3). The per cent
correct is plotted against the number of cycles for 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 O' 5-1' 5 cycles. Despite Ihis rapid change of
visibility over a small range of number of cycles, at any
parlicular value of number of cycles the greater the
contrast the greater the visibility.l

. To clarify the mterplay of COntr<lSL 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 linear interpolation between experimenlal dala
poinls and extrapolation to the points where the
curves of the upper graphs just reach the tOO per cent
visible and chance visibility boundaries. The lines in
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Fig. 5. These graphs show the individual results of the two
observers. Each point represents 64 observations. (a) In the
upper graphs per cent correct is plotted as a function of
number of cycles. Each curve represents the visibility of tar
gets of a parlieular targel magnitude. These larget magni.
tudes are specified in the legend betwcen the graphs. It IS

clear that both target magnitude and number oC cycles in
fluence the visibility of the targets. (b) In the lower graphs
the same data is rep!ol1ed on different axes to clarify the in
terplay of the two variables. Thcse graphs were obtained
from Fig. 5(a) by linear inteqJolation between experimental
data points and extrapolation to the points where the curves
of the graphs just reach Ihe lOO per cent visible and chance
visibility boundari.:s. Tbe lines in lhe graphs are lines of

constant per cent correcl.

the graphs are lines of constant per cent correcl. Visibi
lity is clearly dependent upon both the number of
cycles and the conuast.

) As with most constancy phenomena, these have their
limitations. Figure 4(b) suggested lhat rhere is a slight de
crease in visibility of the sine wave targets at 122 em. Also.
one might ask whether all the data filS the hori1.Ontal lines
in Fig. 2. Perhaps 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 measuremenls by themselves cannor
specify.

-1 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 tha.t this is
a cTueial consideration in the delection of low frequency
gratings. His sinusoidal targets weTe modulations of a por
lion of a uniform background. What made phase important
in thal siTUation was Ihe creation of a discontinuity (edge)
for phases olher than 0·. In particular, a 90· phase shift gave
the largest discontinuity and the most visible target. This is
a situation where edge effects, rather than frequency, is the
critical factor.

The situation with our targels was quite different. We
were modulating the lOp of a plateau of illumination. so
there was always a large visible discontinuity. We chose the
phase of the sine wave to be 90°, a cosine. so that the maxi
mum variation would be presenl with only 0·5 cycle. We
could safely make Ihis choice because of Ihe large disconli
nuity which was present in any case.

DrSCUSS10N

Let us begin this discussion by summarizing the
resulcs of (he three main experiments, It should be un
derstood that these conclusions, simply stated. are
meant co apply only to the experimental conditions
already discussed. The nrst set of experiments showed
(ha I the visibiliry of a linear gradient was dependenc on
contrast and not retinal gradient. The second set of ex
periments, using sinusoidal targets of fixed contraSL
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
alternalively described by the following two state
menlS. First, the visibility of a particular target was
essentially consta nC independent of the viewing dis
tance, hence largely independent of size and rate of
change of energy on the retina,J Second, the spatial
patlern of the target, usually described in these exper
iments as the number of cycles. can be as important as
the contrast.

)n no case did we find that retinal gradienl was the
dominant variable controlling visibility. This was sur·
prising because work with sinusoidal gratings has
demonstrated that visibility is a function of a variable
analogous 10 retinal gradient, namely spatial fre
quency. (For a fixed contrast, retinal gradient is pro
portional to spatial frequency.) For example, DePalma
and Lowry (J 962) 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 spalial fre
quency Curves varied only slightly with distance. This
indicates that it is truly the frequency on the retina
which is the crucial variable in determining lhe visibi
lity ortheir targets.

Of course. c.here are important differences between
the targets used in our experiments and those used by
DePalma and Lowry (see McCann el al., 1973). Their
stimuli were modulations of an entire field of uniform
luminance. Ours were modulations of a luminance
plateau which was surrounded by a uniform blackarea 4

Their modulations consisted of many cycles of sinu
soidal variation of luminance with position. Our
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 DePalma and Lowry is
approximately O-Ol (expressed in terms of contrast).
Our data in Fig. 4 show that 0·5 cycles at that spatial
frequency is invisible at a contrast of 0'1. At the same
contrast and frequency 1·0 cycles is 75 per ceor visible
and 2·0 cycles is lOOper cent visible. Thus. we are oper
ating in a region well above (he lhreshold as found by
DePalma and Lowry. Apparently. the presence of a
plateau or the small nil mher of cycles invol ved or both
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has created targets which are more dIfficult to see in
the sense that they require a greater 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 pattern of the target becomes the cru
cial factor in determining the minimum contrast
necessary for visibility.

There are several intrigu ing hypotheses tha t make
use of the target's spatial pattern properties found in
1hese experiments. The linear gradient experiments
demonstrated thallhe size of the change from one side
of the rarget to the other was the critical vari
able that corresponded with visibility. One could
hypothesize that the mechanism that controls visibility
of linear and 0·5 cycle sine wave targets need only be
sensitive to the size of the discontinuities at the edges
of the larget in order 10 calculate the contrast. \l 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 system used to
detect these targets, In facl- 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 10 detect the
contrast of the targets. The visibility of sine wave tar
gets is dependent on both contrast and number of
cycles. Determining the contrast of the target, using
edge ratios or any other means. will not account for
thresbold 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 fu nc
tion (MTF). The linear systems analysis approach as
applied to experiments by Campbell, D.avidson, 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 accou nt for the exist
ence of light and dark Mach bands where there is a
gradual transition region between a uniform light area
and a uniform dark area.

5 Of course. one must be C<lreful in using these mathema
tically convenient ways of thinking about Ihe targets. For
example, the background plateau must have a sufficient in
tensily lhat the sum of the lWO components is never less
I han zero. In addition. we cannot think of our targets as a
sum of two parts when we proceed to the actual MTF calcu
talions in the sense thaI we cannot consider each part separ
ately. The reason for this, is that the MTF model is linear
only after the logarithm of Ih~ lumiodnce distribution has
been laken (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 lhe direct input to the MTF model.
However, becaus~ we are dealing with small perturbations
of a simple platellU, (hese considerations are quantitatively
unimportant.

It is ironic that experiments very similar to those
which gave support \0 loe linear systems analvsis
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
(orm IowaI'd high regions with il sharp edge between
them. As we progress along the sequence, the central
eha nging 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 lhrough the sequence. Even in the case of
the edge, despite a 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 mueh 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 experimenLS~

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 (4"•• + 4",0)/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. S

One can think of the twO components of the target
as signal and noise. Since the wedge or cosine wa ve is
what the observers are trying to detect, let's call that
the signal. The noise, then, is just !.hat part of the target
which the linear systems 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 flOt report Maeh 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 i( a simple application of the modulation
transfer function of the eye does not always correctly
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 sil)e wave al 5·9 cyclesjdeg is distributed over .a wide
range of spatial frequencies, whereas the energy of 160
cycles at the same spatial frequency is highly concen
trMed at the nominal frequency of the .~inusoid. Using
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fig, 6. This figure shows the luminance disuibulion and predicted MTF respon~s (or I;wgets C and L
at Ihe closest and funhest viewing distances. We used the MTF curve rcported by Corl1SWeCl (1970. p,
341) wllh linearc;xtrapolation ror very low spatial frequencies. The response predicted by Ihe MTF model
is domina led by large Mach band-like effeelS at edges. These effects are not seen in Ihe large IS. For
example large! L is the botlOm lef1 target jn Fig. 7, The sinusoidal gradients are clearly visible and Ihe
Mach hand-like edge effects ;Jre not visible. The size or these predicted edge effects is determined hy the

size of placeall and is independent of viewing distance.

narrow-band and broad-band veiling luminances they
showed that rhe visibility of the single cycle was de
creased more by broad-band noise while the visibility
of the 160 cycle target was decreased more by narrow
band noise. In the case of our rargets, the plateau of
illumination can be viewed as another kind of broad
band noise. Howc::ver, the difference between 0·5 and
1·5 cycles in terms of concentration of energy at
various spatial frequencies is very small compared to
the difference between I and 160 cycles. (The ratio of
number of cycles enters the calculations, and J is small
compared to 160.) Yet, we find an increase in visibility
going from chance to lOOper 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 frequency
generally recognized as being in the optimal region for
detection (DePalma and Lowry, 1962; Davidson, 1(68).
The work of Blakemore and Campbell (1969) presents
evidence for the existence of neural units specifically
selective 10 such spatial frequencies and higher fre
quencies. However, they find no such units for spatial
frequencies below about J cycles/neg. A glance at Fig.
4 shows that for tbe targets used in this paper, the
nominal spatial frequency is below J cycles/deg. Fur
thermore. if we look at the actual Fourier spectrum of
the signals (plateau not included) we find that even
though the energy is not localized at the nominal fre
quency. the integral of speclral energy from 0 to 3 cyc
les/deg is almost unchanged as we go from 0·5 to 1·5
cycles for our targets. Almost all the energy is in rhat
regIOn.

Changing the numher of cycles increases lotal
energy helow J cycles!deg hy a few per cenr, but in
creasing contrast from 0·05 to 0·10 increases the in te-

grated energy in rhat region by a factor of 4. (We
square the Fourier spectrum before integrating.) If we
weight the Fourier components using the MTF. there
is a larger change in going from 0'5 to 1·5 cycles
because the nominal frequency is also increased and
we are on the portion oflhe MTF curve where increas
ing frequency implies increasing sensitivity. However.
calculations show that this is slill a small increase com
pared to doubling the contrast. So, if the small increase
in energy going from 0·5 to 1·5 cycles at 0·05 contrast
raises visibility from chance to 100 per cent (Fig. 5),
then the increase from 0·05 to O' JO contrast at 0·5
cycles silould do at least as much. In fact, Fig. 5 shows
that it doesn't and this implies thai the increase in visi
bility with increasing number of cycles is not due to
simply exceeding threshold for some frequency detec
tor which integrates energy below 3 cycles/deg.

We have DOW discussed several models. We are un
able to account for all of our experimental resulls with
anyone model. Nevertheless. with the three targets in
Fig. 7 (all haVing the same contrast) we can illustrate
the two visual properties d<:sctlbed by these exper
iments. First, the fact that the orientation is easier to

see as the number of cycles increases illustrates tbe
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 nominal spa
tial frequency.
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Resume--On module un plateau d'eclairemem par divers types de changement graduel: pentes lineaires
et oscillations sinusoi"dales de basse rrequence spatiale en petit nombre. Dans Ie domaine etudie pour ces
paramelres., Ie seuil de contraSIC necessaire pour detecter ces modulacions est largement mdepeodant de
1a raideur du gradient. de la frequence des sinusoi"des. er de la wille du test sur Ja retine. On (rOuve que
la visibilite esc fonClion de la fraction de changement de luminance iJ. Cravers la cible (contrastej et du
type de modulation (caraclcrise par Ie nombre de cycles de Ill. sinuso·ide).

Zusammenfassuog-Ein Feld homogener Leuchtdichle wurde mit verschiedenen sleligen Lc:uchtdichle
mustern variiert: Mit linearen Gradiemen sowohl wie mil Sinusginern niedriger Orts(requenz. Bei allen
llntersuchlcl1 Parametern wurde gefllnden. dass der Schwellenkontrasl fur die Erkennbarkell dieser Modu
lalionen wellgehend von der Steilheit des Gradienten. von der Onsfrequenz des Sinus und von der Grosse
des Teslzeichens auf der Netzhaut unabhangig war. Die Sichtbarlceit war eine F'unlction der relativen
Leuchtdichtciinderung (Konlrast) und des Modulalionsmusters (charakterisiert dUTch die Zahl von Peri
oden im SinusgIHer).

Pe31OMe--POBHOOCBell.[eFfHOe none MOllYJUfPOllaJlOCI> pa31lK'Ufb!MR rpalla..JThRO MeRffiO!:URMHC.lI
narrepHaMK: JIReMHMMl{ rpaIDleHTaMll: If. He60JJblDllM 'ffiCJIOM mnKO'faCTOTHbIJ( CKHYCOl'llla.JThRbIX

KOlle6amli:f. H3MeaSJUlCl> napaMeTp1>I MOLlYJIJUlHH H OIlpeneJIJlllllCl> /Jopen! ee 06Hap}0l<eJill.!!. Or-m
OKll.3amlCh B IDlfPOICHX npenenax He33BHCIfMbI OT Kpyrn3lib) rpa.ltJ'lema, 'iaCTOThI cmrycoHJn,! H

BeJUl'fRm! ID06pa)l{eAHll o6l;.ena Ha ceT'fan<e. hhlJTO HaitlleRo, "ITO pll.3Jm'rnMocn. !IBJ]!IeTll
Q>YHJCUHeif Q>paKl!nOlO-lOrO H3MeJ-leIDIJl JlpK()CTl{ B npellenax 06beKTa (KO!i"rllacTa) If. naTTepHa Mony
11 llUIDI , xaparrep1l3yl<:lLIJerOCR '{HellOM ummOB CKHYCOi'lJ!bf.
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II.S ~ydc,. II i, orieoleci v<rlic;dly wi'h
1."",) Iln (he Icfl ;ln l1 1.1I ... ~ (\0 Ihe r\ght.

Fi~\l(~ 7. Thi' is :I ph,l(o~r,'rh <,f lor
~~I, t;. L .Ind L. All ,hr(c 1:1I'~el$ ha ....e
lhe ,,,me L',mILISL Hold the ngure IT
m\.·h~, £film YOllr ~:-e, I~l ~111pllc.IIC Inc
VIl.:\\'lnJ::, ,,,i7.e lI1\4.:d In (he o!-.cillo"t:opc
exrcrinu::nh ;lnJ tht ,~(:nnd dist:ln..:C u(
((1\,': l)hOlt.\gl":lf"\hic I.lrgel experiments.
Tf~ (~\ o"c1c:cl Ih' orienc\fl0n 1)( I he:!
,jnllsui..:bl p,tll~rns.

The orfCnl.l1iofl i~ C::j'~ler to ~~(' ;)!\ the
nunl,",CI' of L)'dc .... ilh.:rc:t:-"c~. even when
the 1,1f~l:'1 i:-. moveJ fr~\m ) I tnche.\ lO

62 in.;h~,..'\' :1 V1c ..... t('l.c Ji.-:tancc of 11
jrll.:h~, the 2.~ cycle lilrgct h~s.lhc S"lme
n~)lrlln;11 '1":11::.1 f"C4L1Cnc~: .t.' Ihe 1.7
..:\.'(,.'Ic l.l(~cl :,1 I ~ in(h~ ... and the 0.5
"':)'Llc l:lric( .ill h2 In(ht:.~.


