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Abstract-Prolonged inspection of high contrast sinewave gratings increases the contrast required to 
detect gratings having a similar spatial frequency and orientation. The functional role of such adaptation 
has, however, in the past, eluded disclosure. We here show that 5 min adaptation to a 2 cjdeg sinewave 
grating of 0.8 contrast changes the observer’s ability to discriminate the contrast level of a subsequently 
presented grating of the same spatial frequency and orientation. Similar to the threshold elevation effect, 
the observers required more incremental contrast for background contrast levels between 0.1 and 0.4 
following adaptation. However, for contrast levels above 0.5, the observers required less delta contrast, 
following adaptation, to correctly discriminate which of two gratings was incremented in contrast. A 
simple model for adaptation is proposed to account for the findings which is based on a shift in the 
semi-saturation constant of the detector’s contrast-response function. According to this model, adaptation 
acts to linearize the underlying mechanism’s response in the region near the prevailing contrast level. 

INTRODUCTION 

Prolonged inspection of high contrast gratings 
increases the contrast threshold for detecting 
gratings of similar spatial frequency and orien- 
tation (Pantle and Sekuler, 1968; Blakemore 
and Campbell, 1969) and reduces the perceived 
contrast of subsequently presented gratings 
(Blakemore et al., 1973; Georgeson, 1985). Such 
consequences of adaptation appear to have a 
detrimental effect on perception by decreasing 
or biasing postadaptation sensitivity. 

Earlier attempts to explore the possible 
benefits of contrast adaptation failed to disclose 
an enhanced sensitivity to differences in contrast 
near the adapting contrast (Barlow el al., 1976; 
Kulikowski and Gorea, 1978; Legge, 1981). 
Barlow et al. (1976) adapted their observers to 
a 6c/deg sinewave grating of 0.5 contrast and 
tested their ability to discriminate briefly 
presented gratings differing slightly in contrast. 
One observer showed no effect of adaptation 
and the second observer needed slightly more 
incremental contrast to be able to discriminate 
the gratings. Kulikowski and Gorea (1978) 
found that adaptation was required if Weber’s 
law should hotd for contrast discrimination, 
implying that adaptation increases discrimi- 

*Part of these findings were presented at the 9th European 
Vision Conference, September 1986, in Bad Nauheim, 
F.R.G. 

nation thresholds. Legge (1981) using several 
background contrast levels, with and without 
adaptation, could not find any difference caused 
by adaptation. 

Interestingly, single-unit recordings in cat 
cortex before and after contrast adaptation indi- 
cate the shift in the contrast response function 
expected if adaptation should have an advan- 
tageous effect on contrast discrimination thresh- 
olds (Albrecht and Hamilton, 1983; Dean, 1983; 
Albrecht et al., 1984; Ohzawa er al., 1985; Sclar 
et al., 1985). Ohzawa et al. (1985) suggest that 
adaptation acts to adjust the contrast gain of the 
underlying neural mechanisms. Psychophysical 
findings by Georgeson and Georgeson (1987) 
further show that shifts in sensitivity occur even 
after very brief exposures to spatial contrast, 
although the duration of such aftereffects is very 
short compared to that induced by prolonged 
adaptation (Magnussen and Greenlee, 1985). 
These latter findings suggest that the adaptation 
effects measured psychophysically may reflect 
the dynamic nature of the underlying detector’s 
contrast response function. 

We here report findings of experiments that 
compared the observer’s ability to discriminate 
between two gratings differing slightly in con- 
trast for various background contrast levels 
before and after adaptation to a high-contrast 
(0.8) grating. The findings show that adaptation 
increases the contrast discrimination threshold 
for background contrast levels below 0.5 and 
decreases discrimination contrast thresholds for 
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background contrast levels of 0.5 and above. A interval an increment in contrast was added. 
simple model based on a shift in the contrast The amplitude of this increment was determined 
response function resulting in a linear response in a staircase procedure using a maximum- 
to all contrast levels is suggested to account for likelihood algorithm (Lieberman and Pentland. 
our results. 1982). 

METHOD 

Sinusoidal luminance gratings were generated 
on a high-resolution cathode ray tube (Joyce 
Electronics, Cambridge, U.K.) having a white 
(P4) phosphor with a space-averaged luminance 
of lOOcd/m’. Analog signals under micro- 
processor control determined the spatial fre- 
quency, spatial phase and contrast of the 
gratings. Grating contrast was defined as the 
difference between the maximal and minimal 
luminance levels divided by their sum. A pho- 
tometer was used before each session to assure 
that the display had a linear contrast character- 
istic up to the highest contrast level presented 
(0.9). The display was viewed binocularly with 
natural pupils at a constant viewing distance of 
114 cm, at which distance it subtended 11 by 
15 deg at the eye. The display was surrounded 
by a uniformly illuminated semi-circular screen 
of 50 cd/m2 luminance level. The observer rested 
his chin and forehead on a support to assure 
constant viewing distance and head orientation. 

In the first set of experiments. the contrast of 
one of the two test gratings was incremented 
0.5 set after the onset of the test grating. Here 
the subjects were asked to detect which of the 
gratings was incremented in contrast during its 
exposure. Figure la (upper panel) shows the 
temporal characteristic of this procedure. In a 
second experiment, the background contrast 
and the added contrast increment were 
presented simultaneously. Here the observer 
had to discriminate which of the two gratings 
had the larger contrast. This condition is illus- 
trated in Fig. lb (lower panel). In the first 
experiment the sudden increment in contrast 
was therefore used as a criterion for discrimi- 
nation. whereas in the second experiment the 
subjects had from memory 11) compare the 
contrast of the first and second grating. All 
other parameters were otherwise identical 
throughout the experiments. 

RESULTS 

Before and after adaptation contrast discrimi- 
nation thresholds were measured using a tem- 
poral two alternative forced-choice procedure. 
Test gratings were presented for 1 set in two 
intervals, delineated by auditory signals and 
separated by 1 set with a uniform field of zero 
contrast. Before adaptation test trials were 
interleaved with 15 set exposures to a uniform 
field, whereas after adaptation test trials were 
followed by 15 set exposure to the adapting 
grating. The latter has proved to maintain the 
postadaptation level at a steady state (Mag- 
nussen and Greenlee, 1986). Observers adapted 
for 5 min to a high-contrast (0.8) sinewave 
grating of vertical orientation and a spatial 
frequency of 2.0 c/deg. To cancel afterimages 
and to create an adaptation effect which was 
independent of the spatial phase of the test 
gratings, we adapted our observers to slowly 
(0.5 Hz) drifting adapting gratings, the drift 
direction of which changed every 4 sec. The test 
gratings were also drifted at this rate, the initial 
direction of which was randomly chosen by the 
computer. The contrast of the test gratings was 
fixed at a defined background level and the 
computer selected on a random basis in which 

Contrast discrimination hefbre and after 
adaptation 

First we measured the subject’s ability to 
detect a slight increment in the contrast of a 
grating as a function of the background contrast 
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Fig. I. Schematic illustration of the contrast/time profiles 
used in the two experiments. Upper panel (a) depicts the 
condition where test contrast is incremented during 
presentation of the test grating and the lower panel (b) 
shows the condition where the one of the test gratings is 

presented with more contrast. 
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mates usually did not exceed 0.05 log unit or 
10% of the h~ckground contrast. The lowest 
background cantrast level used was 0.1 so the 
well-established “dipper” function (Kulikowski 
and Gorea, 1978) has not been considered here, 
The findings indicate that with increasing back- 
ground ievels more contrast is required to detect 
an increment. A &-S-fold increase in the dis- 
~~rn~nat~on threshold was found for the two 
subjects tested for background contrast levels 
varying from 0.1 to 0.8. This is in good agree- 
ment with earlier findings (Legge, 1981). Results 
from a second subject (FH) are shown in Fig. 2b 
and are in similar to those from MWG. 

Background Contrast 
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Fig. 2. Discrimination contrast thresholds are plotted on 
linear axes as a function of the background contrast of 
vertically oriented sinewave gratings of 2cjdeg spatial 
frequency. Filled circles show the values measured before 
adaptation and the open circles show dissemination 
thresholds measured on the test-readapt schedule following 
Smin adaptation to a 0.8 contrast grating of the same 
orientation and spatial frequency. The inset shows the 
temporal characteristic of the test gratings. Values for 
observer MWG are given in (a] and those for observer 

FH in (b). 

The open circles in Fig. 2 present the results 
obtained after 5 min adaptation to a slowly 
drifting adapting grating of 0.8 contrast. The 
open circle on the ordinate gives the detection 
threshold foI~owing adaptation and the differ- 
ence between th~sho~ds before and after adap- 
tation yields the contrast threshold elevation. 
This corresponds to a 0.4 log unit elevation, on 
average, for the two subjects tested, which is in 
good agreement with earlier studies [Blakemore 
and Campbell, 1969; Magnussen and Greenlee, 
1985). For background contrast levels between 
0.1 and 0,4, discri~i~~t~on thresholds are only 
slightly, or not at all, elevated by adaptation 
for subject MWG, whereas FH shows a more 
pronounced elevation in the ~s~~rn~nation 
threshold for background contrast Ievels 
between 0.1 and 0.4. Adaptation to the high- 
contrast grating decreased the contrast discrimi- 
nation threshold for both subjects for contrztst 
levels between 0.5 and 0.8. The greatest im- 
provement in the discrimination threshold was 
found for the highest background contrast 
level (O.S), where the threshold for detecting an 
increment in contrast is reduced to about half of 
the unadapted value. 

level of that grating. The results are shown in 
Fig. 2a for observer MWG as filled circles. The 
amaunt of incremental contrast required to 
disseminate the test gratings is plotted as a 
function of the background contrast of these 
gratings on linear axes. The contrast thresholds, 
that is the amount of contrast required to 
discriminate a grating from a blank field, are 
shown by the data points on the ordinate. The 
data shown represent the mean of two separate 
runs and the variability of the threshold esti- 

Figure 3 shows, for observer MWG, the 
results of the second expe~ment, where delta 
contrast was presented simultaneously with 
the background contrast. As in Fig. 2, the 
filled circles present discrimination thresholds 
measured prior to adaptation and the open 
symbols shows the results obtained after 5 min 
adaptation on the test-readapt schedule, Com- 
pared to the findings shown in Fig. 2, the 
overall thresholds are higher and the slope of 
the discrimination contrast threshold vs back- 
ground contrast function is steeper for the 
m~sureme~ts obtained before adaptation. The 
effect of adaptation in this experiment is even 
more pronounced than for the experiment 
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Fig. 3. Contrast discrimination thresholds for subject 
MWG are shown for the experiment using a different 
temporal onset of the contrast increment (see inset). As in 
Fig. 2, filled circles present values measured before adap- 
tation and open circles give the values measured on the 

test-readapt schedule after 5 min adaptation. 

where contrast was incremented during the 
presentation of the test grating. Discrimination 
threshold for the 0.8 background contrast 
is about a factor of two lower following 
adaptation. 

Orientational selectivity of adaptation effect on 
discrimination thresholds 

The elevation in contrast threshold is charac- 
terized by stimulus selectivity along the dimen- 
sions of spatial frequency and orientation 
(Gilinski, 1968; Blakemore and Campbell, 
1969), and transfers to the unadapted eye 
(Gilinsky and Doherty, 1969; Bjijrklund and 
Magnussen, 1981) suggesting a cortical origin 
of the effect. We were interested to explore 
whether the enhancement in contrast discrimi- 
nation found here for background contrast 
levels between 0.5 and 0.8 displayed a selectivity 
to the orientation of the adapting and test 
gratings. Such orientational selectivity has been 
repeatedly found in the responses of cortical 
cells in the cat (Campbell et al., 1968) and the 
monkey (De Valois et al., 1982). To explore this 
aspect, we adapted our observers to a vertically 
oriented grating of 0.8 contrast. Before and 
after this adaptation contrast discrimination 
thresholds were measured for vertically and 
horizontally oriented gratings having the 
same spatial frequency. The thresholds were 
measured before and after adaptation as de- 
scribed in the method section (Fig. la), with the 

exception that after adaptation to a vertical 
grating the test grating was presented either in 

the same or in the orthogonal orientation. This 
was done by first blanking the screen and then 
rotating the deflection coil by 90 angular degrees 
via a servo motor under computer control. After 
the test presentation the deflection coil was 
returned to its original position and the re- 
adaptation period was initiated. Care was taken 
to assure that only the vertical and horizontal 
orientations were presented. 

The results of this experiment are shown m 
Fig. 4 for both subjects tested (data for MWG. 
open columns, for FH, hatched columns). Mean 
threshold values 2 2 SE of the mean are shown. 
A single background contrast level of 0.8 
was used and the spatial frequency of the adapt-- 
ing and test gratings was LOc’deg. The con- 
trast discrimination thresholds are shown for 
measurements taken before adaptation (left). 
after 5 min adaptation to a vertical grating for 
vertical test gratings (middle). and after 5 min 
adaptation to a vertical adaptmg gratings for 
horizontal test gratings (right). There is a slight 
effect on the orthogonally oriented test gratings. 
but this effect is much less than that found for 
test gratings of the same (vertical) orientation. 
A slight effect at orthogonal orientations has 
also been reported for the elevation in contrast 
threshold (usually around 0.i log unit; see 
Blakemore and Campbell, 1969; Greenlee et a/.. 
1988). 

0 ,o___ __.I_.__ .._.. 

1 MWGE I 

/ FH q 

Fig. 4. Contrast discrimination thresholds measured for 
a 2.0c/deg sinewave grating of 0.8 contrast under the 
following conditions: before adaptation (left), after Smin 
adaptation to a vertical grating using vertically oriented test 
gratings (muddle), and after 5 min adaptation to a vertical 
grating using horizontally oriented test gratings (right). 
For the&mporal characteristic of the teat gratings and the 
contraat incranent see Fig. la. Mean thresholds are shown 

and error bars represent k2 SE. 
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DISCUSSION 

The present findings indicate that adaptation 
can enhance an observer’s ability to detect an 
increment in contrast or to discriminate the 
contrast of two gratings presented in sequence. 
The enhancement found in discrimination 
thresholds only holds for background contrast 
levels of 0.5 and higher. Below 0.5 background 
contrast, if anything, an increase in the in- 
crement contrast thresholds was found. In light 
of these results, it is obvious why Barlow et al. 
(1976) failed to find an effect of adaptation on 
contrast discrimination. The adaptation level 
they explored (0.5) is directly in the region 
where we found the pre- and postadaptation 
curves to cross. Thus, although Barlow et al. 
(1976) were correct in concluding that, under 
their conditions, adaptation had no beneficial 
effects on contrast disc~mination thresholds, 
this conclusion is only true for the background 
contrast level of about 0.5. 

Legge (198 1) used several background levels 
with and without adaptation and also con- 
cluded that adaptation had no faciliatory effect 
on discrimination thresholds. However, he only 
measured up to a 0.24 contrast background 
level, the 0.48 measurement lacking for both 
subjects after adaptation in his Fig. 2 (spatial 
frequency, 2 c/deg). The log-log plot used by 
Legge also tends to visually underestimate the 
differences caused by adaptation for higher con- 
trast levels, but following adaptation the dis- 
crimination thresholds are first elevated for low 
background contrasts and then tend to cross the 
preadapted values for higher levels. In agree- 
ment with Legge’s findings, we found a slight 
increase in discrimination thresholds after adap- 
tation for values below 0.5 contrast. 

The single-unit findings of Ohzawa et al. 
(1985) and Sclar et al. (1985) are of interest here 
as these authors explicitly examined the effects 
of adaptation in light of the gain adjustment 
hypothesis. They found that adaptation en- 
hanced the response of cortical, but not LGN, 
cells to changes in the prevailing contrast level. 
The present findings would suggest that this 
enhanced sensitivity to changes in contrast in 
cells in the visual cortex may play a role in the 
enhanced ability to detect incremental contrast 
or to discriminate gratings presented sequen- 
tially with slightly different contrast levels. The 
ability of cortical neurons to adjust their gain 
dependent on their prior activity would be 
advantageous in a system encoding relative 

changes in contrast, but would make the output 
less reliable with respect to absolute contrast. 
The findings of Ohzawa et al. (1985) and others 
suggest that the response of cortical neurons 
saturates at high contrast levels and that the 
semi-saturation constant is related to the con- 
trast threshold of the unit under investigation: 
sensitive cells saturate at lower contrast levels 
than do cells with high contrast thresholds. The 
adaptability of the cell’s response allows for 
greater stimulus differentiation along the 
adapted parameter, here contrast, in the region 
where response compression would occur, if no 
gain adjustment took place. 

There are, however, important differences be- 
tween the present psychophysical results and the 
single-unit findings by Ohzawa ef al. (1985). 
First, Ohzawa et al. (1985) found a shift in the 
contrast response function after adaptation to 
contrasts as low as 0.03, whereas, using a high 
(0.8) adapting contrast, we found the greatest 
effects at contrast levels above 0.5. Second, 
although they found the majority of simple and 
complex cells to be adaptable, several cortical 
cells in Ohzawa et d’s sample showed low 
adaptability, which would presumably affect 
psychophysical measurements. More recent 
work (Sclar and Lennie, 1987) even suggests 
differences between cat and monkey cortex. 
Therefore, although there are some similarities 
between the single-unit recording in cat cortex 
and psychophysical recording in humans, the 
differences suggest that caution shoutd be taken 
when making such comparisons. 

The functional role of contrast adaptation 

Our findings and earlier results (Barlow et al., 
1976; Kulikowski and Gorea, 1978; Legge, 
1981) clearly show that the contrast response 
function of the human visual system shows a 
saturating characteristic. A perfectly linear con- 
trast response function would result in a flat 
function in Fig. 2, i.e. disc~mination thresholds 
would be constant. Such linearity is obtained in 
observer FH, and nearly so for observer MWG, 
following adaptation to a high-contrast grating 
of the same spatial frequency and orientation. 
Thus, although sensitivity decreases after adap- 
tation for low contrast levels, it increases for the 
contrast levels where the greatest response com- 
pression occurs in the unadapted state, namely 
at 0.5 contrast and above. 

Figure 5 presents a simple descriptive model 
to account for our results. Here the response 
amplitude of the underlying mechanism is 



information is lost about absolute contrast Iev- 
els (Blakemore er al., 1973). A similar model has 

been recently applied to account for changes in 

VEP-amplitude following contrast adaptation 
(Bach et al., 1988). 
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shown (on linear axes) to covary with variations 
in the stimulus contrast in a nonlinear com- 
pressive fashion (crf,). The contrast “threshold” 
of the detector is the response amplitude that 
significantly exceeds the spontaneous noise level 
of the mechanism (noise level denoted by the 
horizontal arrow in Fig. 5). Above threshold, a 
significant increment in the response level would 
convey a corresponding increase in the contrast 
level of the stimulus. The steeper the slope of the 
contrast response function, the less contrast will 
be required for the detector to signal a change 
in stimulus contrast (AC]). Since the contrast 
response is normally compressive for contrast 
levels above 0.5, more contrast is required in 
order for the mechanism to detect a change in 
the prevailing contrast level (AC,). Adaptation 
to a high-contrast stimulus is depicted as a shift 
in the response function to the right towards 
higher contrast levels (crf,). This shift acts to 
raise the contrast threshold (CT’), but at the 
same time increases the slope in the upper 
contrast region where the mechanism was 
formerly saturated (AC;). Thus, the more adapt- 
able the system is, the more dynamic the re- 
sponse function is, and the more linear becomes 
the resultant contrast discrimination per- 
formance of the mechanism, although some 

In summary we conclude that contrast adap- 
tation not only increases the contrast threshold 
for gratings having similar spatial character- 
istics, but also improves the contrast discrimi- 
nation function in the region where the system 
would otherwise show the greatest response 
compression. This enhancement is selective to 
the orientation of the test grating implying that 
the mechanism involved is probably cortical in 
origin. A dynamic, stimulus-dependent contrast 
response function would be useful in a nonlinear 
system which should be optimally sensitive to 
near-threshold contrast levels, but should also 
be able to discriminate between two variously 
high contrast levels. 
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