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 Chapter 1

Dynamics of adaptation at high luminances:
Adaptation is faster after luminance

decrements than after luminance increments

ABSTRACT

As is well known, dark adaptation in the human visual system is much slower than
recovery from darkness. Here we show that at high photopic luminances the situation is
exactly opposite. First, we study detection thresholds for a small light flash, at various
delays from decrement and increment steps in background luminance. Light adaptation
is nearly complete within 100 ms after luminance decrements, but takes much longer after
luminance increments. Second, we compare sensitivity after equally visible pulses or
steps in the adaptation luminance, and find that flash detectability is initially the same,
but recovers much faster for pulses than for increment steps. This suggests that,
whereas any residual threshold elevation after a step shows the incomplete luminance
adaptation, the initial threshold elevation is caused by the temporal contrast of the
background steps and pulses. This hypothesis is further substantiated in a third
experiment, where we show that manipulating the contrast of a transition between
luminances affects only the initial part of the threshold curve, and not later stages.

INTRODUCTION

In this paper we describe psychophysical results on light adaptation, obtained as part of
a research effort aimed at understanding the visual system as shaped by the structure of
the natural optical environment  (van Hateren, 1993). Measurements of the optical
environment show a substantial dynamic luminance range, not only between day and
night, but also within a single scene (Richards, 1982; van Hateren & van der Schaaf,
1996). Because of (self-)motion, the local luminance input to the visual system fluctuates
rapidly. The dynamic range of these luminance variations is appreciably larger than the
dynamic range of the biological hardware (photoreceptors and neurons) (Laughlin et al.,
1987; Juusola et al., 1995). Fast adaptation in the visual system is therefore essential, and
at least part of this adaptation should take place at an early stage in the visual system.
Without adaptation, signals may be lost, either because of noise when sensitivity is too
low, or because of response saturation when sensitivity is too high. Signals lost early in
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the system cannot be regained later, and thus it is a good design strategy to start
adapting as soon as possible.
To study these fast adaptation processes, we measured detection thresholds for disk-
shaped luminance flashes at various delays relative to a luminance step of an adaptation
background. In previous studies the effects of large steps of luminance on test detection
thresholds have been thoroughly researched (Crawford, 1947; Bush, 1955; von Wiegand
et al., 1995). Typically, in these studies the observer was dark adapted for some time,
after which detection thresholds for test flashes were measured when an adaptation field
stepped up to some high (photopic) luminance. Detection thresholds after a photopic
luminance field was extinguished (i.e. the dark adaptation curve) have similarly been
measured (Hecht, 1937; Rushton, 1965). Such conditions are not typical for eyes in
natural environments, however, even when only temporal aspects of the luminance input
are taken into account (say the dynamic input to a single photoreceptor). In daylight
vision, input luminance fluctuates around some photopic level. Although these
fluctuations are occasionally large, they are usually much smaller than the luminance
steps studied in the research cited above. Here we study moderate luminance steps that
are more typical for the dynamic range that a photoreceptor encounters when its owner
moves through a natural environment (van Hateren & van der Schaaf, 1996). We study
both increments and decrements of the adaptation background luminance. Small
luminance increment steps have occasionally been studied before (Boynton & Kandel,
1957; Battersby & Wagman, 1959; Hayhoe et al., 1992; Kortum & Geisler, 1995). For small
luminance decrement steps only very few results exist (Baker et al., 1959; Boynton &
Miller, 1963).

A typical observation both in previous studies and in our present study is that test flash
detection thresholds are elevated when the test is presented directly after the luminance
step in the adaptation field. One interpretation of this threshold elevation is that
immediately after the luminance step the visual system is not yet well adapted to the new
luminance: threshold elevation would indicate a (temporary) mismatch between the input
luminance and the adaptation state of the visual system. An alternative explanation for
the threshold elevation is that it is not related to luminance adaptation, but rather to the
masking of the test flash by the temporal contrast response generated by the adaptation
step.

In an effort to decide between these two alternative explanations, we performed
additional experiments. In one experiment we give a brief increment or decrement flash
(instead of a step) in the adaptation field. Such a flash presumably also has a masking
effect, but since the adaptation field quickly returns to its original luminance, there
should be only a limited mismatch with the adaptation state after the flash. Comparing
the effects of flashes and steps of equal contrast, we find a strong similarity between the
threshold elevation immediately after the flash and that after the step.This suggests that
this initial threshold elevation is best thought of as a (contrast) masking effect (Sperling,
1965). Thresholds after a flash in the adaptation field returned to the steady-state level
rapidly (within 100 ms). Thresholds after luminance steps, on the contrary, were well
above the (new) steady-state level much longer than 100 ms after the step (especially
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after increment steps). Thus we conclude that this later part of the threshold elevation is
indeed due to a (relatively slow) luminance adaptation process in human vision.
In another experiment, we studied either luminance transitions that are more gradual than
a step transition (a linear ramp) or those that have an enhanced contrast (by adding a
dipole flash to the luminance step). We find that thresholds decrease during a ramp and
increase in the dipole condition, both compared with step transitions. Shortly after the
termination of the ramp, threshold elevations above the steady-state level corresponding
to the final luminance are identical for the three conditions studied (ramp, step and
enhanced-contrast step). These results fully agree with the hypothesis that the initial
component of threshold elevation is caused by a masking effect, while the later
component of threshold elevation is due to a mismatch between the new stimulus
luminance and the current luminance adaptation state of the visual system.

METHODS

Apparatus and Calibration

Stimuli were presented monocularly through a two-channel Maxwellian view system
(Westheimer, 1966). Light from one channel provided the stimulus in a circular adapting
field, and light from the other channel provided the stimulus in a concentric-circular test
field. The adapting field and the test field had diameters of 17° and 46 arcmin
respectively. Four tiny fixation dots surrounded the test field. Test disk and fixation dots
were placed such that the observer could see them in focus with an unaccomodated eye.

We used two Toshiba TLGD190P light-emitting diodes (LEDs) as light sources. Using an
Ocean Optics spectro-radiometer, we found that at low input currents the LEDs emitted
at a peak wavelength of 563 nm (green), shifting to 565 nm at high input currents, both
with a bandwidth at half-height (FWHM) of 30 nm.

A Pentium PC controlled the LED intensities at a rate of 400 Hz, through a 12 bits NI-
DAQ digital-to-analog converter and a voltage-controlled current source. Because the
light output of these LEDs is not a linear function of the input current, all the stimuli
were calibrated separately. We did not use a calibration table to correct the input,
because this corrects only static nonlinearities, and not the dynamic nonlinearities
present in the light output. Therefore the calibration of each stimulus was done by an
off-line iterative procedure. A program repeatedly measured the light output to a certain
input and recalculated the input until the required output was obtained. The light
intensity was measured with a Cambridge Research Systems OptiCal photometer or with
a UDT-020UV photometer. In this way we created the required set of calibrated
adaptation and test stimuli.

The retinal illuminance level produced by the stimulus was estimated with a Minolta LS-
110 luminance meter, using the method described by Westheimer (1966). The maximum
retinal illuminance for both the adapting field and the test field that could be obtained
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with our setup was 11,500 Troland (Td), which corresponds to an outdoor level on a
fairly sunny day.

Observers were supported by a headrest, which supported either chin and cheekbones
or chin and forehead. For each observer, the headrest was positioned carefully so as to
focus the light sources within the observer's pupil area. A response box with three
switches was used for recording responses. Two of the switches indicated responses
“yes” and “no” (see below), and the third switch was used to interrupt or to stop the
test run, which was possible at any time. A beep signalled the imminent onset of a
stimulus presentation.

Psychophysical procedure

Psychophysical detection thresholds were collected using a yes/no method. We did not
choose a forced-choice methodology because of the lengthy readaptation times in our
experiments (which makes a temporal forced-choice method problematic), and because
we preferred foveal presentation of the test stimulus (precluding spatial forced-choice).
However, by modifying the yes/no method we retained the main advantage of forced-
choice methodology: an estimation of detection threshold that is insensitive to the
internal criterion used by the observer for responding “yes”.

On each trial the probability that the test stimulus would be presented was 50%. After
each trial, the observer indicated (guessing, if necessary) whether the test stimulus had
been presented, using either the “yes” or “no” switch on the response box. Because of
the high proportion of trials on which no test stimulus was presented, and because we
encouraged our observers to use the “yes” and “no” response switch approximately
equally often, we had a good indication both of their rate of false alarms pFA (incorrect
“yes” responses), and of their rate of misses pM (incorrect “no” responses). With the
notation N-1 for the inverse function of the integrated Gaussian

∫
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dwwxN π2/)2/exp()( 2 , the standard assumptions of Signal Detection Theory

(Green & Swets, 1966) yield a criterion-free measure d′(It) = N-1(1-pFA)+N-1(1-pM) for the
detectability d ′(It) of a test stimulus with strength It.

For each adaptation condition, responses for a fixed test stimulus strength It were
collected in runs with lengths of 20-50 trials. Estimates of detection thresholds were
typically based on two such runs, for stimulus strengths at or slightly above the
threshold (which yields optimal efficiency; Green, 1990). The detection threshold T was
defined as the stimulus strength for which d′(T) = 2 (corresponding to 84% correct
responses for an unbiased observer with identical proportions false alarms and misses).

The detection threshold was estimated using a maximum-likelihood routine based upon
the binomial statistics of the observer's responses, and the empirical fact that
detectability d ′(It) was well described by a power law:
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We estimated β = 3.3 ± 0.2 (SEM) as the geometric mean of the values obtained in 125
preliminary measurements of detection thresholds.

Each run started with a 30-s luminance adaptation period. Between trials, readaptation
time was 15 s for the adaptation stimuli containing luminance steps. For the adaptation
stimuli with pulses and for constant adaptation stimuli, readaptation time was 3 s. For
these choices, the time-averaged luminance during a run is close to the readaptation
luminance under most of our experimental conditions. Only for the largest increment
steps that we studied there is a significant difference between the time-averaged
luminance and the readaptation luminance. In control experiments, we checked that for
these conditions also 15 s readaptation time is sufficient to reach a steady adaptation
state corresponding closely to the readaptation luminance. The duration of sessions
varied from 10 to 30 min, interspersed with periods of rest of 5 to 15 min.

Observers

Five observers (age 24-38 years; 4 male, 1 female) participated in these experiments (the
three authors and two other informed observers). Three observers have good acuity;
two wear spectacles to obtain good acuity. Each observer performed a number of
practice sessions before the start of the formal data collection.

Figure 1. Temporal conditions for
our experiments. The thick traces
show the dynamic luminances for the
adaptation field in (a) Experiment 1,
(b) Experiment 2, and [(c) and (d)]
Experiment 3. The test pulse (with a
duration of 10 ms and luminance It),
is superimposed on the background
luminance. The delay τ for the onset
of the test pulse is measured relative
to the step transition in (a) and
relative to the onset of the pulse in
the adaptation field in (b). In (c), τ is
measured relative to the midpoint of
the ramp; in (d), relative to the
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Stimuli

The temporal evolution of adaptation was studied by measurement of detection
thresholds for luminance test pulses given at variable times after a change in the
adaptation luminance. The duration of the test pulse was 10 ms in all experiments.
Conditions for the adaptation field in the three experiments performed were as follows:

• Experiment 1: Adaptation luminance stepped from an initial value I1 to a value I2

[Fig. 1(a)]. The luminance stayed at I2 for 0.5 s for most experimental conditions, but
this was extended to 1.0 s for τ (the delay between adaptation step and test pulse
onset) longer than 250 ms. Finally, the luminance stepped back to I1, to which the
observer readapted.

• Experiment 2: Brief luminance pulses of height I2 - I1 were flashed in the adaptation
field of luminance I1 [Fig. 1(b)]. The duration of the pulse was 10 ms for observer HS
and 20 ms for observer LP; τ is the delay between adaptation pulse onset and test
pulse onset.

• Experiment 3: Adaptation stimuli were used with two different kinds of transition
from I1 to I2, which either soften or enhance the contrast compared with a simple
luminance step. In Fig. 1(c) the luminance transition follows a linear ramp, with a
duration of 360 ms. Test delay τ is defined relative to the mid-point of the ramp. In
Fig. 1(d) a dipole flash is added to the luminance step transition. Total duration of
the dipole was 40 ms. Adaptation luminance first stepped to zero during 20 ms, and
next to a level I1 + I2 at which it remained for another 20 ms before stepping back to
I2. Test delay τ is defined relative to the step from I = 0 to I1 + I2.

Interspersed with these main experiments were repeated measurements of the detection
thresholds for probes superimposed on adaptation backgrounds of constant luminance.
This allows us to estimate threshold elevation above this steady-state level when
adaptation luminance conditions were dynamic. For the luminance range studied,
sensitivity should comply with Weber's law (Geisler, 1979), which is confirmed by our
measurements.

RESULTS

Experiment 1

Test detection thresholds as a function of the delay of test flash onset with respect to
the background luminance step are shown in Fig. 2, for three observers and two
luminance step conditions: a fourfold increment and a fourfold decrement. Steady-state
thresholds for our observers, formally equivalent to thresholds at delay τ = ±∞, are
included in Fig. 2. Both after decrement and after increment steps, detection thresholds
are initially elevated relative to their final steady-state levels. Denoting by T(τ) the test
threshold T at delay τ, we quantify the relative threshold elevation ∆ after the luminance
steps as
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After decrement steps the threshold elevation ∆ is small at test delays τ ≥ 100 ms: ∆ =
0.15 ± 0.05 (SEM) when averaged over the three observers. This results contrasts
strongly with the results for increment steps, where we find a prolonged and sizeable
threshold elevation. When averaged over the three observers’ results in Fig. 2, ∆ = 1.32
± 0.16 at τ = 150 ms, ∆ = 1.12 ± 0.14 at τ = 250 ms, ∆ = 0.71 ± 0.12 at τ = 450 ms, and ∆ =
0.62 ± 0.11 at τ = 825 ms. We find a similar difference in the speed of test threshold
recovery after decrement versus increment steps for two additional observers: at τ =
250 ms, ∆ = 0.26 ± 0.13 and 0.35 ± 0.14 for decrement steps, and ∆ = 1.86 ± 0.30 and 1.55
± 0.25 for increment steps.

The different behavior of test threshold recovery after step increments and step
decrements is not due to the difference in the final luminances after the increment and
the decrement steps (a luminance ratio of sixteen in Fig. 2). In Fig. 3 we present data after
twofold increment and decrement steps that have identical final luminance. The
difference in threshold behavior remains: after decrement steps, the threshold elevation
is not significant for τ ≥ 100 ms: ∆ = 0.04 ± 0.05 (SEM). After increment steps, however,
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Figure 2. Test detection thresholds as a function of the delay τ of the test flash with respect to
luminance steps in the adaptation field. The results are shown for three observers, each at two
step conditions: a fourfold increment step from 2800 Td to 11,200 Td (solid traces), and a
fourfold decrement step from 2800 Td to 700 Td (dashed traces). Detection thresholds for tests
superimposed on constant backgrounds are also shown for each of the observers, at luminances
corresponding to the (common) prestep value, and for the luminances after the increment and the
decrement step. The error bars, indicated in the increment curve for observer LP, are typical (on a
log scale) for the other data points as well.
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the threshold elevation persists for times longer than τ = 100 ms (e.g. ∆ = 0.58 ± 0.13 at
τ = 250 ms).

Only the largest decrement steps that we studied gave clearly measurable threshold
elevations for τ ≥ 100 ms. After a 16-fold decrement step (from 11,200 Td to 700 Td), we
find threshold elevations ∆ = 0.71 ± 0.11 for observer HS and ∆ = 0.37 ± 0.10 for
observer LP, both at τ = 450 ms. Even for these large steps, however, threshold elevation
is much larger after increment steps: after a 16-fold increment step (from 700 Td to
11,200 Td), we find ∆ = 2.04 ± 0.22 for observer HS and ∆ = 1.25 ± 0.17 for observer LP,
again at τ = 450 ms.
Results for increment steps are analyzed as follows (Sperling, 1965). We define the
contrast of the adaptation step as

1

12

I
II

C
−

= , (3)

with I1 and I2 being defined as in Fig. 1(a), and study threshold elevation ∆, as defined in
Eq. (2), as a function of C and τ. On a log-log plot, ∆ as a function of C is well described
by a straight line, with a slope approximately independent of τ (Fig. 4). Interestingly, ∆ as
a function of τ (for τ ≥ 25 ms) is also well described by a straight line on a log-log plot,
with a slope again approximately independent of C (Fig. 5). Thus, for τ ≥ 25 ms, threshold
elevation after an increment luminance step can be summarized as
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Figure 3. Test detection thresholds as a function of test delay τ for a twofold increment step
from an initial luminance of 700 Td (filled circles) and for a twofold decrement step from an initial
luminance of 2800 Td (multiplication signs). The data presented are averaged over two observers
(LP and HS). Steady-state thresholds at the two initial luminances and at the (common) final
luminance are indicated by the open circles. The error bars refer to random errors in the averaged
thresholds and do not reflect the systematic difference in sensitivity between these two observers,
which was of similar size as in Fig. 2.



Dynamics of adaptation at high luminances

17

0.1 1 10
stimulus contrast  C

0.1

1

10

th
re

sh
ol

d 
el

ev
at

io
n 

 ∆

τ = 50 ms
τ = 250 ms

Figure 4. Threshold elevation ∆, as defined in Eq. (2), as a function of the contrast C, Eq. (3), of
an increment step in the adaptation luminance, at two values τ of the test delay. Regression lines
have been fitted with a least-squares method for each value of τ separately. The data presented are
for observer HS. The data for other τ (in the range 0-825 ms) and for observer LP yield similar
slopes for the regression lines.
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Figure 5. Threshold elevation ∆, Eq. (2), as a function of the test delay τ, for two values of the
contrast C, Eq. (3), of an increment step in the adaptation luminance. Least-squares regression
lines are indicated. The data presented are for observer HS. The data for other contrast steps and
for observers LP and JH yield similar slopes for the regression lines.
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Observer k γ α
LP 0.36 ± 0.05 0.57 ± 0.04 0.41 ± 0.08
HS 0.34 ± 0.04 0.59 ± 0.03 0.46 ± 0.07
JH 0.33 ± 0.06 - 0.40 ± 0.10

αγ ττ −⋅⋅=∆ CkC ),( . (4)

Parameters k , γ and α for the three main observers are presented in Table 1. We stress
here that Eq. (4) is intended not as a model of light adaptation, but merely as a
phenomenological summary of our data.

Experiment 2

In this Experiment, we study the effects of brief increment and decrement flashes in the
background field, instead of the increment and decrement background steps used in
Experiment 1. To facilitate a comparison of the results with those obtained in
Experiment 1, we looked for the duration of the background flash that would equalize the
detectability of background flashes and steps. To find the correct duration, we measured
detectability d ′ for pulses of low contrast in the background field as a function of pulse
duration, using the yes/no procedure described in the Methods section. The results are
given in Table 2. Pulse detectability is at a maximum for intermediate pulse durations
(Kelly & Savoie, 1978; Gorea & Tyler, 1986). A consequence is that a duration below this
optimum exists for which flashes of the adaptation field are equally detectable as
prolonged blocks of the same contrast. According to Table 2, flash durations of 10 ms
(for observer HS) and 20 ms (for observer LP), respectively, have  detectability roughly
equal to that of the 500-ms luminance blocks used in Experiment 1.

Based upon these results, we ran Experiment 2 with 10-ms flashes in the adaptation field
for observer HS, and 20-ms flashes for observer LP. Test detection thresholds as a
function of the delay τ between the background flash and the test flash are presented in
Fig. 6 for observer HS (results for observer LP were very similar). For test stimuli
presented at the moment of the flash or step event in the adaptation field (i.e., at τ = 0),

Duration of background pulse
Observer 7.5 ms 10 ms 20 ms 40 ms 500 ms

LP 0.3 ± 0.4 1.6 ± 0.2 2.1 ± 0.2 3.6 ± 0.5 2.1 ± 0.2
HS 1.2 ± 0.2 2.0 ± 0.2 3.8 ± 0.3 4.0 ± 0.4 1.9 ± 0.2

Table 1. Parameters in Eq. (4), with test delay measured in seconds, for the three main observers
in Experiment 1. Observer JH performed the increment step condition only at a single contrast C
= 3; thus we cannot estimate his contrast power exponent γ. The parameter k for this observer is
estimated with the average γ for the other two observers.

Table 2. Detectability d′ as a function of the duration of a luminance pulse in the adaptation
background for two observers. The background pulse contrast, Eq. (3), was 3.5% for observer LP
and 2.5% for observer HS. These contrasts were chosen to obtain approximate threshold
detectability, d′ = 2, for the 500-ms duration luminance blocks used in Experiment 1.
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detection thresholds obtained in Experiment 1 and 2 are similar. For instance, for a 50%
luminance increment (I1 = 2800 Td, I2 = 4200 Td), observer HS has a threshold T = 1090
± 110 Td in Experiment 1 (data point not shown in the Figures), and T = 920 ± 90 Td in
Experiment 2. Likewise, for a 50% luminance decrement (I1 = 2800 Td, I2 = 1400 Td), the
threshold for this observer is 840 ± 90 Td in Experiment 1, and 980 ± 100 Td in
Experiment 2. Such comparisons show that our strategy of equalizing threshold contrast
for steps and flashes in the adaptation field worked well: adaptation signals with
identical contrast, and thus identical visibility (Waugh & Levi, 1993), produce similar
detection thresholds for a test signal with delay τ near zero. This strongly suggests that
the initial threshold elevation observed in Experiment 1 (for both increment and
decrement steps) is due to a masking effect generated by the contrast during the
luminance transition, i.e., by the flanks of the luminance steps and pulses.
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Figure 6. Test detection thresholds in Experiment 2 as a function of test delay τ for three contrast
values, Eq. (3), of the luminance pulse in the adaptation field. Pulses are presented on a luminance
I1 = 2800 Td. Test detection thresholds on a steady background of 2800 Td are indicated at the
lower right. The data presented are for observer HS. (a) Increment pulses in the adaptation field
[I2 > I1, see Fig. 1(b)]. (b) Decrement pulses in the adaptation field (I2 < I1).

(b)
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Figure 7. Threshold elevation ∆, Eq. (2), as a function of the contrast C, Eq. (3), of an increment
pulse in the adaptation field, for two values of the delay τ of the test pulse. Least-squares
regression lines for these two delays are indicated. Note that the delay values presented differ
from those plotted in Fig. 4. The data presented are for observer HS. The data for other delay
values, for decrement pulses in the adaptation field, and for the other observer (LP) in this
experiment all yield similar slopes for the regression lines through the data.

Note, however, that thresholds in Experiment 2 quickly (i.e., within 100-150 ms) return to
their steady-state level. This stands in marked contrast to the results in Experiment 1
(especially with the increment steps). Thus we conclude that the threshold elevations
observed in Experiment 1 for τ >  100 ms are not due to a contrast masking effect caused
by the luminance transition, but instead are a sign of a (fairly slow) luminance adaptation
process.

As in Experiment 1, we can plot threshold elevation ∆, Eq. (2), as a function of pulse
contrast, Eq. (3), for different values of test delay τ. Results are presented in Fig. 7.
Again we find a power-law behavior, ∆(C) ∝ Cγ. We find that, averaged over τ,  γ = 0.59
± 0.04 for observer HS, and that γ = 0.58 ± 0.09 for observer LP. Note that these values
are very close to the contrast power exponents estimated in Experiment 1.

Experiment 3

In this Experiment we reverse our strategy as compared with Experiment 2. There we
compared the effects of two adaptation signals (steps and pulses) with similar contrasts
but with different final luminance levels. Here we compare the effect of signals with
distinctly different contrast, but with identical final luminance levels. We compare
thresholds obtained in Experiment 1 for a luminance step increment (from I1 = 700 Td to I2

= 5600 Td) with thresholds obtained when we either soften the step transition to a linear
ramp, or enhance the transition by adding a dipole flash [see Fig. 1(c) and (d)]. We
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measure thresholds during the transition (at τ = 0 ms), and well after the transition, at a
moment (τ = 250 ms) when any contrast masking effects should have died out

τ = 0 ms
Condition I (τ = 0) LP HS JH

ramp 3220 1660±130 1030± 60 590 ± 40
step 5600 6840±550 3920±240 3260±160

dipole 6300 9760±780 8960±540 6160±270
τ = 250 ms

ramp 3220 2300±180 1360± 80 1140±100
step 5600 2020±160 1430± 90 1060±100

dipole 6300 2680±210 1470± 90 1200±140
constant 5600 700 ± 50 515 ± 30 565 ± 30

Table 3. Test detection thresholds in Experiment 3 at four conditions for the dynamics of the
adaptation luminance: a ramp transition, a step, a dipole-enhanced step, and a constant luminance
that is identical to the luminance reached after the transitions in the other three conditions
(5600 Td). Luminance before the transitions is 700 Td. Thresholds were obtained for three
observers, at two delay values for the test probe: τ = 0 ms and τ = 250 ms. The second column
contains the luminances (in Td) of the adaptation field when the test flash is presented at delay τ
= 0 ms. This shows that the ordering of the thresholds for the three dynamic conditions at τ =
0 ms is preserved when thresholds are normalized relative to these background luminances.
Thresholds for the constant adaptation luminance are presented in the column for τ = 250 ms.
Note that at this delay value the thresholds in the dynamic conditions are still considerably higher
than the steady-state threshold.

according to the results in Experiment 2. We study only a luminance increment in this
experiment because decrement steps did not give a clear threshold elevation at longer
delays in Experiment 1.

Results are presented in Table 3. At τ = 0, thresholds for the three transitions studied
differ greatly, with an ordering as expected from our hypothesis of contrast masking. The
threshold for ramps is much smaller than for steps, and the threshold for steps is smaller
than for steps enhanced with a dipole flash. These differences persist even when all
thresholds are measured relative to the instantaneous luminance of the adaptation signal
on which the test signals are superimposed. At τ = 250 ms the thresholds are still quite
elevated above their steady-state level. Contrary to the results at τ = 0, however, now
they are almost identical in the three conditions studied. Thus, at this delay, threshold
elevations depend solely on the deviation of the final luminance I2 from the initial
(adaptation) luminance I1, and not on the details of the transition from I1 to I2.

DISCUSSION

Two main conclusions follow from this study. First, after an N-fold step decrement of
adaptation luminance, test thresholds recover much faster than after an N-fold step
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increment, for values of N = 2-16 that are typical for the dynamics of natural scenes.
Second, threshold elevation after step increments consists of two components: a fast
contrast masking component (for τ ≤ 100 ms), and a slow luminance adaptation
component (for τ > 100 ms). After step decrements, a masking component is present at τ
≤ 100 ms, but the luminance adaptation component at τ > 100 ms is very minor for the
step sizes studied. In this discussion, we compare these findings with data from
previous psychophysical studies, and we relate our results to physiology.

Threshold Elevation after Increment Steps

In Section 3 we derived Eq. (4), a description of the elevation of test thresholds after an
increment step in the adaptation background. It appears that this description is valid not
only for our data, but also for data that have been obtained under quite different
conditions.

For instance, Kortum and Geisler (1995) measured orientation detection thresholds for
Gabor-shaped increment flashes presented during 50 ms immediately after a luminance
step in the adaptation field. From the asymptote for large steps in their Fig. 7, we
estimate a value γ ≈  0.5-0.6 for the contrast exponent γ in Eq. (4), which agrees well with
our estimate of γ = 0.57-0.59 in Table 2. Also the size of the threshold elevation obtained
by Kortum and Geisler agrees quite well with our description in Eq. (4). From their Fig. 7,
for a 4-log-Troland increment step on a 1.91-log-Troland adapting background (C = 102.09

= 123), we estimate ∆ = 9 ± 2 for observer MJM and ∆ = 15 ± 2 (SEM) for observer PTK,
with both estimates being averaged over the spatial frequencies of their test probes. For
C = 123 and a value τ = 50 ms (assuming that the latter part of their 50-ms probe is most
visible), Eq. (4) predicts that ∆ = 20 ± 3, with the parameters of Table 2. Given that we
derived Eq. (4) for C ≤ 15, the correspondence with the Kortum-Geisler data is quite
reasonable.

Next we compare Eq. (4) with data obtained by von Wiegand et al. (1995). These authors
measured test detection thresholds after an increment step from a -0.33-log-Troland
adaptation field. Step size in their experiment was either 2.5 log Troland (C = 102.83 = 680)
or 1.5 log Troland (C = 68). In their Experiment 3, they measured thresholds as a function
of τ, together with the steady-state threshold at the new luminance. In Table 4 we
compare their data (for τ = 60 ms and τ = 750 ms) with the predictions from Eq. (4). Again
the correspondence is reasonable (especially at C = 68).

τ(ms) C ∆m ∆p ratio ∆m/∆p

60 68 14.5 ± 3.2 13 ± 2 1.12 ± 0.30
750 68 4.2 ± 1.0 4.4 ± 0.9 0.95 ± 0.30
60 680 36 ± 9 50 ± 12 0.72 ± 0.25

750 680 7.6 ± 2.0 17 ± 5 0.45 ± 0.20

Table 4. Comparison of threshold elevations ∆ [defined in Eq. (2)] as measured by von Wiegand et
al. (1995, ∆m) and as predicted from Eq. (4) which describes our step increment data (∆p).
Predicted values were derived with the average of the parameter estimates from Table 1. Measured
values (∆m) were estimated from Fig. 7 in the paper by von Wiegand et al. (1995). The data for C
= 68 are averaged over their two observers; data for C = 680 are from their only observer at this
contrast. Errors in ∆m are estimated from the experimental error bars reported in the study by
von Wiegand et al.
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We conclude that the description given in Eq. (4) for the tail of the threshold elevation
curve after luminance increment steps also applies to conditions not studied here. A
note of caution about our description of the τ-dependence of threshold elevation (a
power function) is necessary, though. Although power functions have been used before
to describe threshold evolution in adaptation experiments (Thorson & Biederman-
Thorson, 1974; Rose & Lowe, 1982; Rose & Evans, 1983; Greenlee et al., 1991), Foley and
Boynton (1993) preferred a description for their masking experiments in terms of two
exponential contributions, a fast and a slow one. Such a description presumably has
sufficient free parameters to describe our data adequately as well. For a critical test of
these different descriptions (i.e., power law versus multi-exponential τ dependence), it
would be necessary to obtain data for τ values much longer than 1 s.

Rapid Adaptation after Decrement Steps

In Experiment 1 we observed a rapid (≤ 100 ms) and nearly complete approach of test
detection thresholds to their steady-state level after a luminance decrement. We can
compare this result with several of the few experiments that have been conducted
regarding this issue and have been published in the literature.

Baker et al. (1959) measured detection thresholds for a test flash of 20-ms duration and 1°

diameter after decrement steps in an adaptation field of 20° diameter. They did not
measure steady-state thresholds for their test flash at the new (decremented)
luminances, however, which renders a comparison with our data problematic. The two
smallest decrement steps that they studied were a 7.2-fold decrement from 12,000 to
1660 Td and a 23-fold decrement from 12,000 to 525 Td. For these steps, they measured
thresholds that are nearly constant from τ ≈ 200 ms up to the largest delay values
measured (τ = 2 s). It is not clear, however, whether these constant levels are the steady-
state levels corresponding to the luminances reached after the steps. Assuming that
Weber's law holds at these final luminances, we estimate from their Fig. 2 that for τ ≥
200 ms the thresholds are still 1.6 times the Weber fraction (i.e., ∆ = 0.6 in our
terminology) after the 7.2-fold decrement step and 3.4 times the Weber fraction (∆ = 2.4)
after the 23-fold decrement step. These values are somewhat higher than expected from
the results obtained here. As noted in the Results section, a 16-fold decrement step
yields ∆ = 0.71 for observer HS, and ∆ = 0.37 for observer LP.

In another study of adaptation after increment and decrement steps, Boynton and Miller
(1963) investigated thresholds for letter recognition, with letters flashed at τ = 300 ms.
They concluded that “the effects of increasing and decreasing the prevailing
[luminance] level are roughly equivalent” (p. 546). This discrepancy with our results is
probably not due to the different task, since Boynton and Miller reported that thresholds
changed only little when they performed a detection task for a 42-arcmin disk instead of
a letter recognition task. A more likely explanation for the different results is the range of
absolute luminance values. We use high photopic luminance levels well in the Weber
range, whereas Boynton and Miller showed that, for the luminances that they used (0.04-
40 mL; roughly 0.4-400 Td), steady-state thresholds are still mostly in the DeVries-Rose
range (detection thresholds proportional to the square root of adaptation luminance).
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Since it is well known that the whole structure of temporal vision changes with
increasing adaptation luminance (from low pass to mainly bandpass; see, e.g.,
van Hateren (1993) for a compilation), this may well be the critical parameter that
accounts for the differences observed. A comparison of the effects of adaptation
increments and decrements over the full luminance range of human vision remains to be
done, though.

In a study on the dynamics of test detection thresholds after the sudden onset of a
spatial grating, Bowen and Wilson (1994) noted an interaction of the polarity of their
multiphasic test signal with the spatial phase of the grating background: adaptation to
steady-state thresholds was slower for test signals in phase with the grating than for
test signals in antiphase with the grating (Bowen (1997) also reports effects of test
pattern polarity at the offset of a grating stimulus). These results raise the question
whether the faster speed of adaptation after luminance decrements that we report here
may be a consequence of the (increment) polarity of our test disk. Would threshold
recovery be faster after increments than after decrements if our test signal was a brief
decrement in luminance? Preliminary experiments that we performed indicate that it
would not: adaptation after luminance decrements remains faster than after increments
when we test with decrement pulses.

Our finding that adaptation to luminance decrements is much faster than adaptation to
luminance increments is in very good agreement with recent physiological research on
macaque retinal ganglion cells. Yeh et al. (1996) measured the recovery of contrast gain
for a 10-Hz test signal after increments and decrements in an adaptation background that
cycled (at 1 cycle/min) in a square-wave fashion between a high (4480-Td) and a low
(670-Td) luminance. Both on-center and off-center magnocellular (M) cells (which are
especially sensitive to the 10-Hz luminance test signal) adapted their contrast gain very
rapidly after decrements in background luminance: adaptation was almost complete after
100 ms. Following a luminance increment, however, these cells needed a few seconds to
adjust their contrast gain. These results are in full accord with the psychophysical
results that we report in Experiment 1.

Yeh et al. (1996) also performed psychophysical experiments in which the subjects were
human observers. The outcome of these experiments agrees with both their
physiological results, and with the results we report here: sensitivity recovered
substantially faster after luminance decrements than after luminance increments.
However, because of the long duration of their test signal (400 ms, 4 cycles at 10 Hz),
Yeh et al. were unable to attain the temporal resolution that we report.

Recently, color judgements have been shown to obey fundamentally different
adaptation rules for incremental and decremental lights (Chichilnisky & Wandell, 1996).
This was interpreted as an indication that differences between ON and OFF neural
pathways (Schiller et al., 1986), related to physical differences between light increments
and decrements in the natural optical environment, may explain adaptation behavior. As
noted above, however, both on-center and off-center ganglion cells adapt their contrast
gain more rapidly after luminance decrements than after luminance increments (Yeh et al.,
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1996). Therefore, we doubt that the results of our Experiment 1 necessarily reflect
differences in speed of adaptation between ON and OFF pathways.

Finally, preliminary observations in our laboratory (J. H. van Hateren, unpublished)
show that second-order cells (large monopolar cells) in the blowfly also recover much
faster after luminance decrements than after luminance increments. Thus it appears that
this differential speed of adaptation occurs in a very broad range of species, which
strongly suggests that it is an adaptation (in the sense of evolutionary biology) to some
general structure of dynamic luminance patterns in a natural environment.

Masking by Luminance Pulses

As we showed in Experiment 2, test detection thresholds quickly recover to their steady-
state values after a luminance pulse in the adaptation field. This result is fully consistent
with results obtained in an earlier study by Sperling (1965) on masking effects of
luminance pulses. Absolute thresholds in the Sperling study were slightly lower than
our thresholds, despite the fact that the test disk used (14 arcmin) was considerably
smaller than our test disk (46 arcmin). In experiments with a test disk of 12 arcmin, we
observed that thresholds (for τ = 0) were roughly twice as high as those reported in
Experiment 2. Thus we would expect thresholds in the Sperling study to be higher than
our thresholds, and not somewhat lower as is the actual case. Possibly the difference is
due to the different methodology used: instead of our modified yes/no method, Sperling
used a method of adjustment. Indeed, in a control experiment using a rating-scale
method, observers in the Sperling study make mistakes at test pulse strengths
substantially larger than the thresholds obtained with the method of adjustment.

Our analysis in Fig. 7 is identical to the analysis presented by Sperling (1965) (at τ = 0) in
his Fig. 11. Sperling reports a linear relation between the pulse strength of the adaptation
field and the resulting (test) threshold elevation. As reported in Section 3.B, we find a
power-law behavior with power exponent γ ≈ 0.6, which thus significantly deviates
from 1. A close inspection of the raw data in the Sperling study, however, shows that for
the ranges of pulse contrast that we studied, his data conform to a power-law
description with an estimated power exponent of approximately 0.7-0.8, which deviates
only mildly from the values that we report here.

Detection in the Parvocellular or in the Magnocellular Pathway?

Primate vision can be described as consisting of at least two pathways: an magnocellular
(M) pathway with neurons having high contrast gain, and a parvocellular (P) pathway
with neurons having lower contrast gain (Sclar et al., 1990; Merigan & Maunsell, 1993).
In terms of these two pathways, the following situation seems plausible for the temporal
development of test thresholds after changes in the adaptation background. When
superimposed on a steady luminance, the test signal is detected through the high-
contrast-gain, sensitive M pathway. But because of this high contrast gain, an event
(step or flash) of fairly high contrast in the adaptation field will saturate the M pathway
(Sclar et al., 1990). Saturation will not occur as easily in the less sensitive P pathway.
Thus, immediately after the contrast event, the test signal will be detected through the P
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pathway. At a later time after the contrast event in the adaptation field, the M pathway
has recovered from saturation and mediates the detection of the test signal again better
than the P pathway. Interestingly, such a situation seems to be consistent with the
subjective appearance of the test flash as reported by the observers in our study. Near
threshold, test pulses in close temporal proximity to the step or flash of the adaptation
background manifest themselves as blobs with a relatively slow monophasic temporal
structure. This observation is consistent with detection through the P pathway, which
predominantly contains neurons with temporal low-pass characteristics (Merigan &
Maunsell, 1993). When the test signal is not in close temporal proximity to the step or
flash of the adaptation background (typically for τ ≤ -25 ms or τ ≥ 100-150 ms), test
flashes near threshold are perceived as relatively fast, multiphasic temporal events,
consistent with detection through M pathway neurons with bandpass temporal
characteristics.

These observations can be compared with recent psychophysical results obtained
regarding the discrimination of temporal contrast. Chen et al. (1996) showed that the
dependence of the contrast discrimination threshold δC upon base (pedestal) contrast C
can be described by a power law δC ∝ Cγ, with a power-exponent γ depending on the
temporal frequency of the contrast signal C. At low temporal frequency (1 Hz) γ was
about 0.5, and at high temporal frequency (30 Hz) γ was roughly 1. Chen et al. were able
to relate these power-exponent values to the contrast response characteristics of typical
P and M neurons,  respectively. In Eq. (4), we also find a power-law dependence of test
thresholds on adaptation background contrast. From the results of Chen et al., it might
be expected that γ is around 0.5 for small τ (assuming detection through the P pathway),
and approximately 1 for large τ (M- pathway detection). Instead we find intermediate
values, γ ≈ 0.6 (Table 1), apparently not depending on the value for τ. However, our
estimates of γ in Table 2 (as well as those derived from Experiment 2) are in good
agreement with power exponents obtained in spatial (instead of temporal) contrast
discrimination and masking experiments (Legge & Foley, 1980). This suggests that the
test disk in our experiments is mainly detected through its spatial structure. Future
experiments that systematically manipulate the spatiotemporal structure both of the
adaptation background and of the test signal should be able to clarify the situation.

Can Present Models for Light Adaptation Explain Our Results?

In the past few years, models for light adaptation have been developed (von Wiegand et
al., 1995; Graham & Hood, 1992) that aim to explain detection thresholds both for
periodic stimuli, and for luminance pulses presented at or after step transitions of
adaptation luminance. Can such models explain our results? We think they cannot do so
in their present form. Consider the model by von Wiegand and co-workers (1995). It
contains a gain control filter and a subtractive component, both with time constants
of 1.59 seconds. This describes their data for increment steps well. As we noted in
Section 4.A, these data agree with our results for increments. Thus we expect that the
model by von Wiegand et al. also describes our increment step data adequately. Now
consider the results that we obtained for decrement adaptation steps in Experiment 1.
After decrement steps, test thresholds attain their steady-state levels at a much faster
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rate than after increment steps. In the model by von Wiegand et al., however, these
decrement steps pass through the same (slow) control filters as the increments steps.
Thus we expect that their model, as it stands, is unable to explain our result that
luminance adaptation is faster after decrement steps than after increment steps. Clearly,
more-elaborate models are needed. In our opinion, the very skewed statistics of natural
time series of intensities (van Hateren & van der Schaaf, 1996) can function as a
guideline to develop future models of light adaptation. It will be an important challenge
to give these models a functional interpretation, by investigating their performance
under the luminance conditions encountered in natural environments.
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