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Introduction

Vision is probably the most complex sensory function the human brain performs. A large
part of the brain is dedicated to this task. It involves numerous specific functions such
as motion detection, recognition of objects, and colour vision. But before visual input
reaches the parts of the brain that are specialized for these tasks, it has already been
through a large number of transformation steps. The first transformations are performed
by an intricate neural network, which is called the retina. In this thesis, these first steps
of processing are studied, in particular light adaptation. In this Introduction I will discuss
what light adaptation is, how it can be studied, why it is necessary to have a model of
light adaptation, and how well light adaptation and early vision work under natural
conditions.

WHAT IS LIGHT ADAPTATION?

One of the basic operations the retina performs is the subject of the first four chapters of
this thesis: light adaptation. Light adaptation is the term used for the process that
changes the sensitivity of the visual system to different light levels. In natural
conditions the ambient light level can vary by a factor of about 10 log units (Shapley &
Enroth-Cugell, 1984). The biological hardware of the system does not possess such a
large dynamic range (Shapley & Enroth-Cugell, 1984; Wilson, 1997). Therefore, it is
necessary that the sensitivity of the system is continually adjusted in order to allow
efficient transfer of information about the visual input to the brain. Without such an
adjustment, small signals will drown in neuronal noise, and large signals will saturate the
system. The purpose of light adaptation is thus to keep the response to rapidly varying
visual input within the dynamic range of the neurons in the  retina.

Because the range of light levels is so large, adaptation takes place at several different
sites in the visual system (Hood & Finkelstein, 1986; Walraven et al., 1990). These
different adaptation processes complement each other. Before light reaches the retina its
intensity is already regulated by the size of the eye's aperture, the pupil. Another
adaptation process is formed by the division of photoreceptors into rods and cones. The
rod system is very sensitive and works mainly at low (scotopic) light levels, but it is
saturated at photopic (daylight) light levels. This is when the cone system becomes
active. At very high light intensities a third adaptation process becomes important,
namely bleaching of photopigment. This reduces the amount of photopigment available
and thereby prevents saturation of the cone system. Although these three processes are
important for obtaining a complete picture of adaptation over the whole range of light
intensities, they will not be discussed in this thesis.
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The present study focuses on the adaptation processes that take place at photopic light
levels in the various layers of neurons in the retina. At a certain time of day, it may
appear that the luminance level is fairly constant. This is not the case, however, because
when shifting gaze the luminance on a certain point on the retina can vary by up to three
log units within a time of several tens of milliseconds (van Hateren, 1997). It is therefore
necessary to have adaptation processes that adjust the gain of the system quickly and
continually. The mechanisms to be discussed must be active all the time. But they often
go unnoticed, because of their speed compared to that of, for instance, adaptation to
darkness, which can take many minutes to complete. The main topic of this thesis is the
dynamics of the continuous adaptation mechanisms, and especially how they work in
natural conditions.

HOW CAN WE STUDY LIGHT ADAPTATION?

Electrophysiology and anatomy

The visual system of animals can be studied by using microelectrodes to record the
response of single neurons to visual stimuli. In this way we can obtain information about
the transformations that the visual input has undergone at a specific cell level in the
retina or cortex. The functions of the different types of neurons that are present in the
retina and cortex can then be examined. Furthermore, anatomical methods are used to
reveal the structure of the visual system, such as what kind of different cell types exist
and to which other cells they are connected.

To explain the precise anatomical structure of the retina and what is known about the
functions of different neurons is beyond the scope of this thesis. Only an overview of
the general structure of the retina will be given here (Kaplan et al., 1990). The first layer
consists of photoreceptors: rods and three types of cones with different spectral
sensitivities. Here light is transformed into an electrical signal. In intermediate layers we
find horizontal, bipolar, and amacrine cells. The final layer leading to the optic nerve
consists of ganglion cells. Ganglion cells are connected to the cones via the bipolar cells.
Horizontal and amacrine cells provide information from surrounding areas of the retina,
and regulate the responses of cones and bipolar cells. The precise role of the various
types of horizontal and amacrine cells is not well known.

Functionally, several different parallel information channels can be distinguished in the
retina. First, bipolar and ganglion cells are divided into parvocellular (P) and
magnocellular (M) neurons, which project to different layers in the lateral geniculate
nucleus (LGN). The LGN connects the retina to the visual cortex. In the LGN information
from the right and left field of view is combined from the two eyes and sent to the
appropriate hemispheres of the visual cortex. The P and M channels have quite different
spatial and temporal processing properties (Derrington & Lennie, 1984; Purpura et al.,
1990). The P channel is sensitive to higher spatial frequencies, but to lower temporal
frequencies than the M channel. The P channel is color sensitive while the M channel is
not. Furthermore, the contrast sensitivity of the two channels is quite different. The P
channel is thought to be used for detection of fine structure and colour. The M channel
is believed to play an important role in motion detection.
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Another subdivision of bipolar and ganglion cells is that in ON and OFF cells. ON cells
respond to an increase in luminance, OFF cells to a decrease. Finally, P cells can be
divided into three different colour channels. The complicated retinal structure makes it
very hard to deduce the function of the processes that take place from the responses of
individual cells as measured with electrophysiology. It is not only important to know
what each cell in the neuronal network does, but even more so how the network
functions as a whole. This is where psychophysics can play an important role.

Psychophysics

Due to its invasive nature, it is not customary to study the human visual system with
single cell electrophysiology. On the one hand this is a disadvantage, since it is thus not
possible to know exactly which transformations take place at which cell levels. On the
other hand it has led to the development of a range of alternative techniques measuring
the performance of the visual system as a whole, a research field commonly called
psychophysics. In psychophysics we seek an objective measure of human performance.
For example, when we study light adaptation we would like to have an objective measure
of the sensitivity of the visual system to light. To obtain such objective measures a
number of psychophysical procedures have been developed. To study light adaptation,
we test the ability of the observer to detect a test stimulus presented simultaneously
with the adaptation stimulus. During a number of presentations of the adaptation
stimulus, the test stimulus is either present or absent. After each presentation, the
observer responds whether or not the test stimulus was visible. After repeated stimulus
presentations we calculate how often the observer has answered correctly. Next, we
change the intensity of the test stimulus. Again, we calculate the percentage of correct
answers of the observer. We define the detection threshold for the test stimulus at a
certain percentage of correct answers. This threshold is a measure of the sensitivity of
the visual system during the presented adaptation stimulus. When the adaptation
stimulus changes in time we can follow the time course of the adaptation process by
presenting the test stimulus at various times during the adaptation stimulus, and
measure the detection thresholds at these times.

Because the detection thresholds provide a quantitative measure of sensitivity at a
series of moments during stimulus presentation, we can construct a threshold curve that
indicates the change of sensitivity during an adaptation stimulus. This was first done by
Crawford (1947), who measured thresholds at large steps in luminance. In Chapter 1 we
present psychophysical experiments following the paradigm introduced by Crawford, but
with luminance steps smaller than those studied earlier and at higher ambient luminance
levels. Furthermore, we do not only study incremental luminance steps, but also
decremental steps.

WHY DO WE NEED A MODEL FOR LIGHT ADAPTATION?

In Chapter 2 we present a model for light adaptation, based on the results of the
psychophysical experiments of Chapter 1, together with new psychophysical
experiments with sinusoidally modulated stimuli. The reasons for developing a model are
at least twofold. First, it is in general useful to have a model in order to better understand
how a system works. It is then possible to make predictions about the response of the
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system to new inputs. Thus we can design psychophysical experiments that test specific
aspects of the model, and investigate whether the model has to be adjusted. An
adequate model can, indirectly, provide information about how adaptation is
implemented in the visual system. Eventually our aim is to have a model based on
anatomical and physiological data that can also describe psychophysical data. Because
of the complexity of the system and need for more detailed information on the function of
the different cell types it is at this point not yet fully possible to develop such a model.
This remains a challenge for the future.

A second reason for developing a model for light adaptation is the possibility of
technological applications. For instance, automatic gain control in video cameras can be
considered as a form of light adaptation. Presumably, knowledge of human light
adaptation can be used to improve the design of such a gain control. Other (future)
technical applications could be in robot vision and for artificial retinas.

Contrast gain control

From physiology, it is known that the visual system not only adapts to absolute
luminance levels, but also to the amount of fluctuations in luminance, i.e. temporal
contrast (Werblin & Copenhagen, 1974; Shapley & Victor, 1978; Kaplan & Shapley,
1986). This contrast gain control has been shown to take place at the level of ganglion
cells in the retina (Lee et al., 1994). Benardete and Kaplan (1997, 1999) measured the
responses of magnocellular and parvocellular ganglion cells to moving sinusoidal
gratings with different modulation depths (or contrast). The responses of the
parvocellular ganglion cells increase almost linearly with contrast. However, the
responses of magnocellular cells behave quite differently. After a first rapid increase of
responses with contrast, responses no longer increase with contrast at higher
modulation depths. So the response vs. contrast function is markedly nonlinear.

Furthermore, the temporal contrast sensitivity function (response vs. temporal
frequency) of magnocellular cells is different for different contrasts. It is a band-pass
function, and its peak shifts to higher frequencies for higher contrasts, with low
frequencies more strongly suppressed. Parvocellular cells have a temporal contrast
sensitivity function that is more low-pass than band-pass, and it keeps a similar shape at
all contrasts, although the absolute response level does change. The dependence of
magnocellular cell response on contrast will be referred to in this thesis as contrast gain
control. Although there is evidence that further (spatial) contrast adaptation mechanisms
are present in the visual cortex (e.g. Carandini et al., 1997), we expect that the contrast
mechanisms revealed by our psychophysical experiments have a retinal basis. Contrast
gain control is part of the model presented in Chapter 2. Moreover, in Chapter 3 we more
extensively study the dynamics of the contrast gain control psychophysically.



Introduction

5

HOW DO LIGHT ADAPTATION AND EARLY VISION PERFORM IN A NATURAL
ENVIRONMENT?

A theme in vision research which has recently become increasingly popular is to study
visual processing of natural stimuli (Field, 1987; Atick & Redlich, 1990; van Hateren,
1997). This interest is fostered by the hypotheses that an animal or a human must
survive in its natural environment and that it is, through evolution, optimized for this
purpose. The visual system plays an important role in an organism’s ability to survive. It
must be able to detect predators or prey, and select appropriate food. A visual system
that is better adapted to process natural visual input will increase the chance for
survival. It is therefore interesting to study the visual system in its natural environment,
and test to what extent it is indeed optimized for this environment. The visual system
then receives the input it is built for, instead of artificial stimuli like sinusoidal gratings. It
may also be that some mechanisms of visual processing are revealed more clearly with
natural stimuli, because these stimuli have a structure that is extremely rich in a statistical
sense.

However, it is very difficult to perform controlled experiments in a natural environment.
First, the visual surroundings are so complex that it is next to impossible to control or
reconstruct the visual input that has reached the eye when an organism behaves
naturally in this environment. It is then difficult to correlate the output of experiments
with the input. Therefore, two different approaches have been followed in the last two
chapters of this thesis that circumvent these difficulties, and that enable us to study how
the visual system handles natural input.

In Chapter 4 we focus on stimuli that have the temporal properties of natural visual
stimuli, disregarding the spatial properties. We use these stimuli for studying light
adaptation under natural luminance conditions. For this purpose light intensities where
recorded while walking around in an outdoors environment with a light detector having
properties similar to those of a human (para)foveal cone. Although spatial information is
lost, the stimulus thus recorded still contains both the rapid dynamics and the large
dynamic range of light intensities present in the natural environment. In Chapter 4 we
investigate some of the properties and statistics of natural time series of intensities. To
study light adaptation to natural luminance conditions we played the recorded natural
time series of intensities back on a very bright LED in the laboratory, and performed
psychophysical experiments. The results show that the visual system is able to handle
these dynamic stimuli quite well.

Second, it is possible to make theoretical predictions about visual processing when it is
known what the properties are of the natural visual input, and suitable assumptions are
made on physiological constraints and an optimization criterion. For example, it is
possible to predict contrast sensitivity functions from the spatiotemporal statistics of
natural scenes (van Hateren, 1993). Natural images have a spatial power spectrum that
behaves as 1/ f 2, with f spatial frequency (Field, 1987; Ruderman & Bialek, 1994). When
we want the transfer of information to be as efficient as possible, redundancy and noise
of the input signal have to be reduced. The redundancy of natural images can be
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reduced by whitening the power spectrum, which means that the low frequencies in the
image are suppressed. Furthermore, the high frequencies in the image contain relatively
little power and therefore relatively much noise. This means that it is necessary to
suppress these high frequencies as well. A combination of these two factors leads to
band-pass filtering characteristics for early spatial processing, which are indeed found to
be matched quite well with human contrast sensitivity functions.

Of course, these predictions depend both on the physiological constraints and on the
criterion that is assumed to be most important for visual processing. The constraints and
criterion are presumably different at different stages in the visual system, depending on
the visual function at that stage. At the output stage of the retina, efficient information
transfer is most important because of the limited information capacity of the optic nerve:
it contains a limited number of neurons, with each a limited dynamic range. At a higher
stage, the early visual cortex, the information that was packed very densely by the retina,
has presumably to be brought into a form suitable for further processing by higher
stages of the visual brain. The number of neurons is not as limited here as in the optic
nerve. The goal here may be efficient coding, which is to find a code that contains all the
information which is available in the optic nerve, but which has coefficient values that
are statistically as independent as possible (Bell & Sejnowski, 1997). Such an efficient
code has been shown to arise when the criterion of either independent or sparse coding
is used (Bell & Sejnowski, 1997; Olshausen & Field, 1996). The underlying assumption is
that natural images are built up from only a relatively small number of features.
Olshausen and Field (1996) showed that receptive fields similar to those of simple cells in
the primary visual cortex emerge for a neural network that implements a sparse code on a
set of natural images. This approach has been extended by van Hateren and van der
Schaaf (1998). They performed a so-called independent component analysis on a very
large set of natural images. This analysis decomposes images into superpositions of
components that are as independent as possible by a linear transformation. The
amplitude of each component can be extracted from the image with a corresponding filter.
Because under natural conditions the visual system does not receive still images, but a
full spatiotemporal input, a similar analysis was later performed on spatiotemporal image
sequences by van Hateren and Ruderman (1998). The result of this analysis was that
natural scenes are composed of components that resemble moving edges or bars. The
corresponding filters match the receptive fields of simple cells in the primary visual
cortex quite well. They are shaped like moving Gabor patterns, with a fixed envelope,
similar to receptive fields measured in cat simple cells by DeAngelis et al. (1993).

In Chapter 5 we investigate the psychophysical consequences of the theory that the
spatiotemporal receptive fields of simple cells decompose natural images into small
moving components. In the psychophysical experiments, moving Gabors with fixed
envelopes are presented to human observers. We show that these patterns produce a
strong illusion of visual movement of the envelope, consistent with the independent
component interpretation of simple cells in primary visual cortex.
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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

                                                                
Based on: L. Poot, H.P. Snippe & J.H. van Hateren (1997) Dynamics of adaptation at high
luminances: Adaptation is faster after luminance decrements than after luminance
increments. J.Opt.Soc.Am. A 14, 2499-2508.
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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

∫
∞−

−=
x

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.
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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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 Chapter 2

A temporal model for early vision
that explains detection thresholds

for light pulses on flickering backgrounds

ABSTRACT

A model is presented for the early (retinal) stages of temporal processing of light inputs
in the visual system. The model consists of a sequence of three adaptation processes,
with two instantaneous nonlinearities in between. The three adaptation processes are, in
order of processing of the light input: a divisive light adaptation, a subtractive light
adaptation, and a contrast gain control. Divisive light adaptation is modeled by two gain
controls. The first of these is a fast feedback loop with square-root behavior, the second
a slow feedback loop with logarithm-like behavior. This can explain several aspects of
the temporal behavior of photoreceptor outputs. Subtractive light adaptation is modeled
by a high-pass filter equivalent to a fractional differentiation, and it can explain the
attenuation of low frequencies observed in ganglion cell responses. Contrast gain
control in the model is fast (Victor, 1987), and can explain the decreased detectability of
test signals that are superimposed on dynamic backgrounds.

We determine psychophysical detection thresholds for brief test pulses that are
presented on flickering backgrounds, for a wide range of temporal modulation
frequencies of these backgrounds. The model can explain the psychophysical data for
the full range of modulation frequencies tested, as well as detection thresholds obtained
for test pulses on backgrounds with increment and decrement steps in intensity.

INTRODUCTION

The visual system functions at a wide range of light levels, from starlight to bright
sunlight. To cope with this range, various processes of light adaptation have evolved.
For instance, night vision is handled by rod photoreceptors, whereas during daylight the
visual system uses cone vision. At photopic light levels cone vision itself incorporates
several processes for light adaptation (Valeton & van Norren, 1983).

Traditionally, psychophysicists have studied light adaptation using steps of light: the
visual system adapts to a certain light level, and after full adaptation has been obtained

                                                                
Based on: H.P. Snippe, L. Poot & J.H. van Hateren. A temporal model for early vision
that explains detection thresholds for light pulses on flickering backgrounds. Accepted
for publication in Visual Neuroscience
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the light is stepped to a new level. The dynamics of the adaptation process is gauged by
measuring detection thresholds for a brief test probe presented at various times after the
adaptation step (e.g., Crawford, 1947; Baker et al., 1959; Hayhoe et al., 1992; Poot et al.,
1997). From the results of such experiments, models have been developed which
combine a multiplicative light adaptation (in which the input is multiplied by a gain
signal), a subtractive light adaptation (in which a signal is subtracted from the input),
and a compressive (or saturating) instantaneous nonlinearity (e.g., Adelson, 1982;
Kortum & Geisler, 1995; von Wiegand et al., 1995).

Recently, an alternative paradigm to study the dynamics of light adaptation has attracted
considerable interest (Boynton et al., 1961; Shickman 1970; Maruyama & Takahashi,
1977; Hood et al., 1997; Wu et al., 1997). In this paradigm the observer adapts to a
background that is modulated (instead of stepped), and detection thresholds for brief
test probes are measured for various phases of test presentation in the background
modulation cycle. Conventional models for light adaptation have severe problems to
explain results from this paradigm (see Hood et al., 1997 and Wu et al., 1997 for
discussion). First, these models fail to describe the precise dynamics of test thresholds
during the modulation cycle. Second, they do not describe the experimental result that,
compared to the test threshold on a steady background, test thresholds are high
throughout the background modulation cycle.

The goal of the present paper is twofold. First, we present new data for modulated
backgrounds that have modulation frequencies which span the complete range of visual
sensitivity from well below 1 Hz to well above flicker fusion. Second, we present a model
that describes these data, as well as previous data obtained with steps in the light level
(Poot et al., 1997).

A recent model for light adaptation (Wilson, 1997) can also explain detection data for
test probes presented both on stepped and modulated backgrounds (see Hood &
Graham, 1998). However, in the Wilson model high detection thresholds on modulated
backgrounds arise from push-pull connections through which ON and OFF ganglion
cells inhibit each other (Hood & Graham, 1998). This is a problematical aspect of the
Wilson model, since push-pull connections have not been observed in the retina
(review: Hood, 1998). In our model the high thresholds for tests on modulated
backgrounds are explained by a process of contrast-gain-control that scales sensitivity
to the current contrast of the background dynamics (see Shah & Levine, 1996; Ahumada
et al. 1998; Eisner et al. 1998 for other models of early vision that include a contrast gain
control). Such an explanation is plausible since a retinal stage of contrast gain control is
well established physiologically (e.g., Werblin & Copenhagen, 1974; Shapley & Victor,
1978; Lee et al. 1994; Benardete & Kaplan, 1999). Nevertheless, contrast gain control is
lacking in most current models of early visual processing (e.g., Gaudiano, 1994; Dahari &
Spitzer, 1996; Donner & Hemilä, 1996; Wilson 1997; Gazères et al., 1998). On the other
hand, models for contrast gain control (e.g., Victor, 1987; Wilson & Humanski, 1993;
Foley, 1994; Lu & Sperling, 1996; Watson & Solomon, 1997; Carandini et al., 1997) have
at best an impoverished description of the processes of light adaptation that precede the
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contrast gain control. The model presented here seeks to stimulate work that remedies
this situation.

PSYCHOPHYSICAL METHODS

A description of the methods used to obtain the psychophysical data has been
published (Poot et al., 1997). Briefly, these methods were as follows.

Apparatus

Stimuli were presented monocularly through a two-channel Maxwellian-view system,
thus excluding the influence of pupil size on the measurements. Two green (563 nm)
Toshiba TLGD 190P light-emitting diodes (LEDs) were used as light sources. One LED
provided a spatially homogeneous circular adaptation field of diameter 17°. The other
LED was used for foveal presention of a concentric, sharp-edged test stimulus with a
diameter of 46 arcmin.

A Pentium PC controlled the LED intensities at a rate of 400 Hz, through a 12-bit digital-
to-analog converter. Contrary to the description in Poot et al. (1997), the LED outputs
were now linearized on-line using the photodiode-feedback design of Watanabe et
al. (1992).

Stimuli

The retinal illuminance I(t) of the adaptation field was harmonically modulated:

)2sin1()( 0 ftCItI π+= . (1)

The mean illuminance I0 was 7500 Trolands (Td), and the temporal contrast C of the
modulation was 0.8. Modulation frequencies  f ranged from 0.39 Hz to 100 Hz;
consecutive frequencies differed by a factor two (0.3 log-unit). Results of the
experiments at frequencies f = 25 Hz and f = 50 Hz were very different; therefore we
studied one additional frequency: f = 33.3 Hz.

Test pulses (with duration 7.5 ms) were presented at moments that correspond to
various phases φ of the modulation of the adaptation illuminance. Phase φ = 0° is defined
such that the middle of the test pulse coincides with the positive zero-crossing of the
sine-function in eqn. (1). Phase φ = 90° corresponds to a test pulse presented when the
adaptation field attains its maximum illuminance. For all background frequencies, test
detection thresholds were determined at four phases in the modulation cycle: φ = 0°, 90°,
180°, and 270°. In addition, observer HS also measured detection thresholds at
intermediate phase angles for a subset of modulation frequencies.

Interspersed between the experiments with modulated backgrounds, the detection
threshold for the test pulse presented on a steady background of 7500 Td was measured.
We refer to this threshold as the Weber value, since for steady backgrounds in the
intensity range of the modulated backgrounds (1500-13,500 Td) it is directly proportional
to the adaptation level, within experimental error (Poot et al., 1997).
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Psychophysical procedure

Data were collected using a modified yes/no method (Poot et al., 1997), in sessions of
duration 10-30 min. Each measurement session consisted of a number of runs. In each
run the modulation frequency f of the adaptation background and the phase φ of the
presentation of the test pulse in the modulation cycle were kept fixed, as was the
intensity of the test pulse. During a run the modulated adaptation signal, eqn. (1), was
on continuously. During the first 30 seconds of a run no test pulses were presented; the
observer adapted to the modulated adaptation signal. After this adaptation period test
presentations began. Runs consisted of 20-50 trials. On each trial there was a 50%
probability that the test pulse was actually presented, and after each trial the observer
indicated, using a switch on a response box, whether the test pulse had or had not been
presented (guessing if necessary). Detection thresholds for the test pulse were
determined using the method of Poot et al. (1997), and correspond to 84% correct
responses for an unbiased observer with identical proportions of false alarms and
misses. Thresholds are based on 50-150 stimulus presentations per data-point, and have
an estimated uncertainty (standard deviation) of 7-10% (0.03-0.04 log unit).

Observers

The authors (age 25-39 years) were subjects in the experiments. Two observers use their
spectacles to obtain good acuity; the third observer is emmetropic. Observer HS
performed the most extensive measurements; the results for the two other observers
support these data.

PSYCHOPHYSICAL RESULTS

Detection thresholds as a function of the phase of the test presentation in the
modulation cycle are shown in Fig. 1 for a range of modulation frequencies of the
adaptation field. Note that for most modulation frequencies the thresholds are elevated
above the levels for steady backgrounds (the 0 Hz curve), and that thresholds as a
function of phase φ deviate from harmonic functions. Further, there is a substantial range
of frequencies (1.56-6.25 Hz) for which the thresholds peak during the upswing of the
background illuminance, rather than at the moment that the background attains its
maximum. The curves in Fig. 1 are predictions from the model described below.

MODEL

In this Section a model is presented that can explain these data. The model aims to
describe the early stages of temporal processing of light inputs in the visual system;
spatial and chromatic structure are left unspecified here. Although eventually it would
be desirable to include spatial and chromatic effects in a model for early vision, for the
present experiments a purely temporal model suffices.

As can be seen in Fig. 2A, the model is a sequence of three adaptation modules, with
two instantaneous nonlinearities sandwiched in between. The nonlinearities are
saturating, and describe the finite dynamic range at various levels in the visual system.
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The three adaptation modules are, in order of processing of the input:

• a divisive light adaptation,
• a subtractive light adaptation,
• a contrast gain control.
 
 From psychophysical experiments on light adaptation (mainly using background steps)
it has been concluded that light adaptation contains both divisive (also referred to as
multiplicative) and subtractive components (e.g., Hayhoe et al., 1992; Graham & Hood,
1992b). Our model follows this tradition. It has been suggested previously that the
elevation of test thresholds on modulated backgrounds above the test detection level
for a steady background could arise from a contrast gain control process (Hood et al.,
1997; Wu et al., 1997). This gain control would be activated by the temporal contrast of
the background modulation, which would decrease the transmission gain for the test
pulse, and hence its detectability. The third module in our model, contrast gain control,
is a quantitative implementation of this suggestion.

Figure 1. Detection thresholds for test
pulses as a function of the phase φ in the
background modulation at which the test
pulse is presented. Modulation frequencies
f of the background range from 0.39-
100 Hz. Psychophysical data are shown
for three observers (symbols as in Fig. 3).
In order to stress the similar dependence
on phase φ for the different observers, the
data plotted for observers LP and JH are
their raw data multiplied by 0.69
respectively 0.61. This scaling equalizes
their thresholds on a steady background of
7500 Td to the threshold (900 Td)
obtained for observer HS on this
background. The curves are predictions of
the model described in Fig. 2. The
lowermost curve, labeled ∼ 0 Hz, equals
the background modulation multiplied by
the Weber fraction 0.12 obtained for
observer HS on steady backgrounds. For
the sake of clarity, two cycles of the
background modulations are shown, with
the same data points. Note the different
scalings of the ordinates. For the model
calculations the parameters were: τ1 =
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Figure 2. Model structure. A. Model outline. The model consists of three consecutive adaptation
modules, with two saturating nonlinearities (NL1 and NL2) sandwiched in between. The direction
of the signal flow is indicated by arrows. Model input is a dynamic illuminance I(t), measured in
Trolands. Model output is a dynamic response R(t), from which a detection threshold for a test
pulse is derived. This test pulse is superimposed on the input during test trials. B. The feedback
structure of the divisive light adaptation. Input I(t) is divided by a constant of 1 Td, which yields

a dimensionless input I t
~
( ) . LP = linear low-pass filtering. The graph in the second feedback

loop represents an exponential nonlinearity. C. Subtractive light adaptation and contrast gain
control. Subtractive light adaptation is generated by subtracting from the output of the divisive
light adaptation module a low-pass filtered version of itself. Contrast gain control operates
through a divisive feedforward loop.
 
 
 We now discuss the detailed implementation of the three adaptation modules.

 Divisive light adaptation

 As is shown in Fig. 2B, divisive light adaptation is implemented as a sequence of two
feedback processes. It has been argued (e.g., Sperling & Sondhi, 1968; Wilson, 1997)
that divisive light adaptation consists of feedback gain controls, i.e. that the control
signal is generated from the output of the adaptation process rather than from the input.
The advantage of feedback gain control is that the dynamic range necessary for the
control signal is much smaller than in a feedforward structure. Also the biophysics of
phototransduction indicates feedback control processes for divisive light adaptation
(e.g., Bownds & Arshavsky, 1995; Detwiler & Gray-Keller, 1996; Koutalos & Yau, 1996).
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 In the first gain control loop of the model the input is divided by a low-pass filtered
version of the output. This control loop is fast; the time-constant τ1 of the first-order
low-pass filter is set at 10 ms. For input signals of low frequency (e.g., f = 1 Hz) the
filtering in the control path has no consequence. For these input frequencies the control
loop behaves as an instantaneous square-root compression device. This square-root
behavior follows from the steady-state solution of the feedback loop. The input (‘x’)
divided by the output (‘y’) equals the output: x/y = y, thus y = √x. For high frequencies
(roughly  f ≥ 10 Hz) the temporal processing in the feedback path does play a role and the
output is no longer simply the square-root of the input. At these frequencies the output
signal is phase-advanced relative to the input. Also, the output is not time-symmetric: in
each cycle the upstroke (increasing output) is sharper (and hence briefer) than the
downstroke (Foerster et al., 1977). The temporal low-pass filtering in the feedback loop
also results in transient overshoots and undershoots at steps (instead of sinusoidal
variations) in the light level.
 
 The second feedback gain control in Fig. 2B differs from the first in two important
respects. First, there is now a rapidly expanding nonlinearity in the feedback path. Such
a feedback structure has been used previously to describe retinal responses to flickering
inputs (Tranchina & Peskin, 1988; Crevier & Meister, 1998). It is also a standard
component in devices for automatic gain control (e.g., Ohlson, 1974). Here, the
nonlinearity in the feedback path is modeled as an exponential function, with a
multiplicative constant k  = 2.6 in the exponent. For the complete loop this feedback
nonlinearity leads to a steady-state behavior that, at sufficiently high illuminances, is
nearly logarithmic, instead of square-root as in the first gain control. This is because in
steady state the output (‘z’) of this loop equals the input y divided by the exponential of
the output: z = y/exp(kz) . Taking the logarithm of this expression yields
 
 yzkz lnln =+ . (2)

 
 For high inputs the first term in the left-hand-side of eqn. (2) dominates the second term,
which leads to a logarithmic steady-state behavior kz = lny. At very low light levels
(much lower than those used in the present experiments) the second term in the left-
hand-side of eqn. (2) dominates the first term, which leads to the relation lnz = lny, thus z
= y. Therefore, at these low light levels the second gain control does not operate, leaving
only the first, square-root gain control.
 
 A second important difference between the first and the second control loop in Fig. 2B
concerns the time-constants of the filtering in the feedback. Whereas the first control
loop is fast, the second control loop is assumed to be slow. In fact we do not specify the
exact value of the time-constant τ2 of the low-pass filtering in this feedback loop. We
assume that this control loop remains virtually unmodulated even at the lowest
frequency (f = 0.4 Hz) of the background modulation used in the experiments. Thus the
time constant in the second control loop must be considerably larger than 1 second.
Adaptation processes at such long time-scales are known to occur in real
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photoreceptors (Baylor & Hodgkin, 1974; Laughlin & Hardie, 1978; Normann & Perlman,
1979; Valeton & van Norren, 1983).
 
 The result I1(t) of the divisive light adaptation passes through an instantaneous,
saturating nonlinearity (NL1 in Fig. 2A), which yields the signal O1(t) on which the
subtractive light adaptation operates:
 

 )(arctan2)( 11 tItO
π

= . (3)

 
 The nonlinearity in eqn. (3) is mathematically similar to the nonlinearity observed in the
output of photoreceptors (e.g. Baylor & Hodgkin, 1974; Schnapf et al., 1990).
 
 The nonlinearity NL1 is preceded by a linear low-pass filtering (LP3 in Fig. 2B), consisting
of a cascade of 12 first order filters with time constant τ3 = 3 ms each. It was necessary to
choose a relatively high order for the low-pass filtering to explain the rapid decline of
test thresholds for background modulations with frequencies above 25 Hz. It is well
known that the time-scale of filtering in the retina depends on the background light (e.g.,
Donner et al., 1995). However, in the present model it was possible to ignore this
dependence since the adaptation backgrounds in our experiments were restricted to a
relatively narrow photopic range.

 Subtractive light adaptation

 As is shown in Fig. 2C, subtractive light adaptation consists of a feedforward self-
inhibition scheme in which a low-pass filtered version of the output O1(t) of the divisive
light adaptation is subtracted from O1(t) itself. Thus, the subtractive light adaptation
consists of a linear high-pass filtering of O1(t).
 
 In the present implementation this high-pass filtering multiplies the amplitude of its
harmonic inputs of angular frequency ω with a factor ωq. We found that a non-integer
value q = 0.6 for the power exponent q yields the best model results. Physiologically,
such power-law behavior can result from diffusion processes (Kelly, 1969), cable
properties (Oldham & Spanier, 1974), or a superposition of exponential functions with a
range of time-scales (Thorson & Biederman-Thorson, 1974). Mathematically it is well
known that, for a causal system, this power-law behavior corresponds to a fractional
differentiation (Oldham & Spanier, 1974). We explain the concept of fractional
differentiation in the Appendix.
 
 The result I2(t) of the high-pass filter passes through a saturating nonlinearity (NL2 in
Fig. 2A). Contrary to the first nonlinearity NL1 in the model, where inputs are always ≥ 0,
inputs to NL2 can be negative. The nonlinearity NL2 saturates for both positive and
negative inputs, but the saturation is assumed to be asymmetric:
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 with k+ = 1.3 and k - = 0.8. Both branches of eqn. (4) connect smoothly for I2 = 0.
However, since k+ > k -, saturation is more severe for positive signals. This saturation is
crucial to explain the high detection thresholds observed at most background
modulation frequencies during the upswing of the background luminance. Due to the
phase advance generated by the high-pass filter (as described in the Appendix), the
output at this stage of the model attains its maximum well before the input illuminance for
a wide range of frequencies. This leads to compression in NL2, and hence to high
detection thresholds when the test pulse is presented in the upswing of the background.

 Contrast gain control

 Although luminance gain controls, as implemented above, can explain much of the
dynamics of test detection thresholds on modulated backgrounds, they cannot describe
the consistent elevation of thresholds above the level obtained with steady
backgrounds. This elevation of thresholds is generally observed in detection
experiments with modulated backgrounds; it is known as the “dc-component” of the
threshold function (Hood et al., 1997; Wu et al., 1997). In the present model this
component of threshold elevation is largely due to a divisive contrast gain control that is
activated by the temporal contrast of the background. When background contrast is
high, the contrast gain control signal is high, hence the test response is divided
(attenuated) by a large number, leading to elevated thresholds for tests on modulated
backgrounds.
 
 For the specific implementation of contrast gain control, a number of constraints have to
be satisfied. First, for modulated backgrounds a positive contrast signal throughout the
modulation cycle is desired. Second, threshold levels tend to increase with modulation
frequency (up to f = 12.5 Hz; see Fig. 1), hence at equal physical contrast the contrast
signal has to increase with increasing modulation frequency. Finally, contrast gain
control can be fast. This is indicated both by psychophysics (e.g., Foley & Boynton,
1993; Poot et al., 1997; Wu et al., 1997; Wilson & Kim, 1998), and by retinal physiology
(Victor 1987; Shapley 1997). A model for contrast gain control that satisfies these
demands is presented in the Appendix.
 
 As is shown in Fig. 2C, the output R(t) of the model equals the output O2(t) of NL2

divided by the contrast gain signal C(t):
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 Detection of the test pulse

 Detectability of a test pulse p(t) superimposed on a background I(t) was determined as
follows. First, the model was run with solely the background signal I(t) as input; this
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yields a model output R(t). Next, the model was run using as input the sum I(t)+p(t) of
background and test pulse, yielding a model output Rp(t). In calculating the response
Rp(t), we allowed the effects of the test pulse to enter the (feedback) gain paths of the
luminance adaptation, but not to enter the contrast gain control path. The logic of this is
that luminance adaptation is strongly localized in photopic vision (Burr et al., 1985;
MacLeod et al., 1992; He & MacLeod, 1998; though see Tyler & Liu, 1996, for some
counterevidence), while contrast gain control has a much larger spread, extending over
several degrees (Shapley & Victor, 1979; Benardete & Kaplan, 1999). Thus it is expected
that the contrast gain that affects the test pulse (diameter 46 arcmin) mostly originates
from adjacent parts of the retina where the test pulse is not present. We also performed
simulations in which 10% of the contrast gain signal originates from the test area and
90% from the background field (this corresponds to assuming an area of the contrast
gain with diameter about 2°-3°). Results of these simulations correspond closely to the
situation when the contrast gain signal originates completely from the background
signal; we used the latter situation for simplicity.
 
 From the model responses Rp(t) and R(t) the detectability d′ of the test pulse is
calculated as (Graham & Hood, 1992a; Watson & Solomon, 1997)
 

 ∫
+∞

∞−

−= dttRtRd p

β
λ )()(' . (6)

 
 The exponent β = 3.3 was chosen identical to the steepness of the psychometric
function in these experiments (Poot et al., 1997). Intensity of the test pulse for a given
pulse-background condition was varied to find the pulse detection threshold,
corresponding to d′ = 2. The proportionality constant λ in eqn. (6) was determined by
the detection threshold obtained for a test pulse presented on a constant background of
7500 Td. For observer HS this detection threshold was 900 Td for the 7.5 ms, 46 arcmin
test pulse.

 Implementation

 The model was initially implemented as a MathCad program running on a PC, using
Fourier methods for the calculations. In order to speed up the calculations, the model
was subsequently implemented as a Fortran program running on a Hewlett Packard
workstation. The latter implementation uses exclusively recursive filtering at a sampling
frequency of 1000 Hz, and gives the same results as the MathCad program.
 

 MODEL RESULTS

 Steady backgrounds

 A basic psychophysical result obtained for detection thresholds of test pulses
presented on steady backgrounds of photopic intensity (e.g., Reeves et al., 1998) is
Weber's law: test thresholds are proportional to the background illuminance. Thus the



Temporal model for early vision

41

ratio of test threshold and the background illuminance is a constant, the Weber fraction.
The present model complies with this result: for backgrounds in the range 10-100,000 Td
Weber fractions are constant to within 10%. For backgrounds above 100,000 Td the
model Weber fraction increases due to saturation at the nonlinearity NL1. This
saturation, however, could be prevented in a realistic way by including in the model the
effects of photopigment depletion at these high illuminances (Burkhardt, 1994). For
backgrounds below 10 Td, the Weber fraction steadily rises. Below about 0.1 Td the
model reverts to a de Vries-Rose behavior: thresholds are proportional to the square-root
of the background illuminance.

 Modulated backgrounds

 Threshold predictions for test pulses on modulated backgrounds are indicated by the
lines in Fig. 1. Although there certainly are differences with the psychophysical results,
the model does correctly predict many of the features of the data:
 
• For modulation frequencies  f ≤ 12.5 Hz, threshold predictions during the upswing of

the background modulation (e.g., at its positive zero crossing; φ = 0°) are elevated
with respect to predictions during the downswing (e.g., at φ = 180°).

• Because of the threshold elevation during the upswing of the background,
thresholds can reach their maximum well before the background modulation reaches
its maximum. The model predicts both the maximum phase lead of the threshold
maximum relative to the background (60°-70°), and the modulation frequencies (f = 3-
6 Hz) at which this maximum lead occurs.

• The phase lead of the threshold maxima disappears at high frequencies (e.g., at
25 Hz), but the threshold curve remains nonharmonic at this frequency: threshold
maxima are sharper than threshold minima.

• Contrary to the behavior of the threshold maximum, threshold minima remain near
the minimum of the background modulation throughout the whole frequency range.

• For the highest modulation frequency tested (100 Hz), thresholds for all test phases
are virtually identical to the threshold on an unmodulated background of 7500 Td,
as would be expected from the Talbot-Plateau law (Stockman & Plummer, 1998).

• The level of thresholds averaged over a modulation cycle (i.e., the dc-component of
the threshold curve) gradually increases up to frequencies 15-20 Hz, and (on a log-
frequency scale) rapidly drops at higher frequencies. This is shown more clearly in
Fig. 3.

One feature that is present in the model predictions in Fig. 1, but not in the data, is a
threshold peak near φ = 90° for a modulation frequency of 12.5 Hz. However, this
mismatch between the model and the psychophysical data may be less serious than it
appears. Model predictions (not shown here) for a modulation frequency f = 10 Hz show
a broad plateau that extends from φ = 0° to φ = 120° without an additional peak at φ = 90°,
which is very similar to the psychophysical data at 12.5 Hz. Further, the peak at φ = 90°

predicted by the model may also occur in the psychophysics, but at frequencies
somewhat higher than 12.5 Hz. Such a peak is well developed in our data at 25 Hz. Also,
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Boynton et al. (1961) report (in their Fig. 2) a similar sharp threshold peak for a
background frequency of 15 Hz.

Figure 3. Test thresholds averaged over a full modulation cycle of the background, in units of the
threshold obtained for a steady background of 7500 Td (which equals the time-averaged
illuminance of the modulated backgrounds) as a function of the background modulation frequency.
Symbols are psychophysical data for three observers; the curve is the model prediction.

Background steps

In this subsection we show that the present model can explain not only test thresholds
on modulated backgrounds, but also data obtained with steps in the background light.
In Fig. 4 test thresholds are shown as a function of test timing τ with respect to 16-fold
decrement (Fig. 4A) and increment (Fig. 4B) steps of the illuminance of the background
field. The duration of the test pulse in this experiment is 10 ms; for this test duration the
Weber fraction on a steady background equals 0.09 for observer HS. The data shown
(not previously reported in this form) were obtained during data collection for a previous
study (Poot et al., 1997). The timing convention used for the test pulse in Fig. 4 differs
slightly from the convention used in this previous study. In Fig. 4 test timing is defined
relative to the middle of the test pulse (which is identical to the timing convention in
Fig. 1), whereas Poot et al. timed the presentation of the test pulse with respect to its
onset (a 5 ms timing difference for the 10 ms test pulse). Threshold predictions of the
present model are indicated by the continuous lines. As can be seen in Fig. 4, the model
predicts the major features of the data. First, for the decrement step the model correctly
predicts an initial elevation of the test threshold at the moment of the decrement step of
the background (although the size of the overshoot is slightly underestimated by the
model). In the model the threshold overshoot is due to the contrast gain control, which
is activated by the temporal contrast of the background step. Second, for the increment
step the model correctly describes a rapid initial increase of the test threshold to a high
level at the moment of the background step, and a subsequent recovery of the threshold.
The high threshold level at the moment of the background increment step is partly due
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to the temporal contrast of the background step, but the main contribution to the
threshold peak is due to the saturation in the nonlinearity NL2, since the preceding high-
pass filter is strongly excited by the background step. The recovery of the threshold is
somewhat faster for the model as compared to the data; a deficit in the model that also
occurs after the background decrements in Fig. 4A. However, the model does correctly
predict a flattening out of the thresholds to a level which is higher than the steady-state
Weber threshold corresponding to the final background light level (this Weber
threshold is indicated by the dashed curves in Fig. 4).

In our previous study we showed that these long-term threshold elevations are not
identical after increment and decrement steps in the adaptation level (Poot et al., 1997).
After moderate (e.g., fourfold) increments in the background intensity, thresholds were
still substantially elevated above the new Weber level for tests presented 250-800 ms
after the background step. However, at 100-200 ms after a similar (fourfold) decrement in
the background intensity, test thresholds were nearly identical to the steady-state
Weber level corresponding to the new (decremented) background illuminance. Only for
the largest (16-fold) decrement steps studied a reliable long-term threshold elevation was
observed. Fig. 5 shows that the present model can explain these results.

Figure 4. Test thresholds as a function of the delay of test presentation with respect to a 16-fold
decrement step (A) and a 16-fold increment step (B) of the background illuminance. Symbols are
psychophysical data for two observers; the continuous curves are model predictions. As in Fig. 1,
the data plotted for observer LP are the raw data multiplied by a factor 0.69, which equalizes her
thresholds on steady backgrounds to those obtained for observer HS. The dashed curve is the



Chapter 2

44

background illuminance, scaled with the steady-state Weber fraction of observer HS (0.09 for the
10 ms test pulse).

Figure 5. Test thresholds obtained at 450-825 ms after a step in the background illuminance, as a
function of the step size of the background. Step size is defined as the ratio of the background
illuminance after the step and the background illuminance before the step. Hence, ratios larger
than 1 are increment steps, and ratios smaller than 1 are decrement steps. Test thresholds are
scaled with the steady-state (Weber) levels measured when the visual system is fully adapted to
the background illuminance after the step. Symbols are psychophysical data for three observers;
the curve is the model prediction.

According to the model, the long-term threshold elevations after steps of background
illuminance are due to a combination of the slow adaptation of the second feedback loop
in the divisive light adaptation (Fig. 2B) and the subsequent nonlinearity NL1. Consider
the situation a few hunderd milliseconds after an increment step of the adaptation
background. Because adaptation in the second feedback loop is slow (many seconds),
the feedback signal in this loop still corresponds to the old level of the adaptation
illuminance, i.e., it is too low. This has two consequences for the detectability of a test
pulse. First, the test pulse is divided by an adaptation signal that is small (relative to the
final steady state for the incremented background), which would normally lead to an
improved detectability of the test pulse. However, because the response to the new
background is also divided by the old (low) adaptation signal, the test response sits on
a background response that has moved into the saturating part of the nonlinearity NL1.
This produces a compression and hence a lowered detectability of the test pulse. For the
relatively intense (photopic) backgrounds used in the experiments, the second effect
dominates after increment steps. This leads to threshold elevations compared to the
(Weber) thresholds obtained when the second adaptation loop has finally reached its
new steady-state adaptation level. For moderate decrement steps of the background the
two effects very nearly balance: the decreased saturation due to the, temporary, leftward
shift of the operating point in NL1 almost precisely compensates for the divisive
adaptation signal that is still too high. For large decrement steps this compensation is
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insufficient, and thresholds after the step are elevated compared to the final (new)
steady state. In the quantitative implementation of these ideas, two aspects of the
nonlinearity NL1 were found to be important. First, its mathematical form. An arctangent
produces good results (Fig. 5), better than other plausible saturating nonlinearities. For
instance, a Naka-Rushton function would produce a threshold prediction in Fig. 5 with
insufficient curvature, while the curvature for an exponential saturation would be too
large. Second, the steady-state operating point of the nonlinearity NL1 is critical. The
location along the horizontal axis of the minimum of the model threshold function in
Fig. 5 depends strongly on this set-point. Parameters in the model were chosen such that
at high photopic adaptation illuminances (e.g., 2800 Td) the steady-state output of NL1 is
at 60% of its maximum. Steady-state outputs that are either lower (e.g., 50%), or higher
(70%) produce thresholds that are inconsistent with the data in Fig. 5.

In conclusion, the model presented here yields good predictions for test detection
thresholds under a variety of adaptation conditions. To attain this satisfactory
correspondence we did not perform an exhaustive search through the parameter space of
the model to minimize the difference between data and model predictions. Thus it is likely
that a number of the remaining differences between the data and the model could be
further reduced by a careful optimization of the parameter settings in the model.

DISCUSSION

Previous detection experiments on flickering backgrounds

The experiments with flickering backgrounds reported in the present paper are performed
for flicker frequencies that span most of the range of frequency sensitivity of the visual
system. Previous reports studied different subsets of this frequency range (Boynton et
al., 1961; Shickman, 1970; Maruyama & Takahashi, 1977; Hood et al., 1997; Wu et al.,
1997). Here we compare results of these earlier studies with the present results, and
show that the correspondence is generally good. Thus it is expected that the model
developed here can explain the behavior of test thresholds on flickering backgrounds
obtained under a substantial variety of experimental conditions.

Boynton et al. (1961), who were the first to study thresholds for light pulses presented
on flickering backgrounds, used two flicker frequencies: 15 Hz and 30 Hz. At both
frequencies test thresholds were nearly in phase with the background, as we observed at
25 Hz (see Fig. 1).

Shickman (1970) studied the frequency range of 3.1-10 Hz. At 100% background
modulation contrast, thresholds were highest for test presentations in the upswing of
the background, whereas minimum thresholds were obtained for tests that coincide with
the background minimum. This is exactly the pattern of results that we obtained at
comparable background frequencies (3.125 and 6.25 Hz; see Fig. 1). Further, as in our
study, the “dc-component” of the threshold function increases with frequency in this
range.
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Recently, pulse detection studies on modulated backgrounds were performed which
were specifically designed to test current models for light adaptation (Hood et al., 1997;
Wu et al., 1997). Hood et al. used modulation frequencies 1-16 Hz. At the low frequencies
(1-4 Hz) the pattern of their results is very similar to ours: threshold maxima occur during
the upswing of the background illuminance and thresholds are minimal near the minimum
of the background illuminance. Also, they observe a dc-component of the thresholds
which steadily grows with increasing frequency, as we find as well (Fig. 3). At
frequencies above 4 Hz the results of their study and ours do not agree. Most
dramatically, at frequencies 8-12 Hz Hood et al. find threshold maxima during the
decreasing part of the background modulation, a result not indicated by our thresholds
at 6.25 and 12.5 Hz. Also the dc-component of the thresholds peaks at lower frequencies
(about 8 Hz) in the Hood et al. study, compared to our results (12.5-25 Hz; see Fig. 3).
The cause of these differences is unclear at present, but possibilities include the color of
test and background used by Hood et al. (red, versus yellow-green in the present study),
and the spatial structure of their test disc (soft-edged, versus hard-edged in our study).

Wu et al. (1997) studied high modulation frequencies (20-70 Hz). In the frequency range
20-40 Hz clear modulations in the threshold functions were observed. Thresholds were
nearly in phase with the background at these frequencies, with a tendency towards an
increasing phase of the threshold peaks with increasing frequency, precisely the pattern
that we find at similar frequencies (12.5-33.3 Hz; see Fig. 1). At these frequencies the dc-
component of the thresholds observed by Wu et al. was still much elevated above the
level for a steady background, as in our study. At still higher frequencies ( ≥ 50 Hz) both
the threshold modulation and the threshold elevation rapidly disappear, in complete
agreement with our study. Wu et al. took the precaution to present their background
modulation in brief (Gaussian windowed) pulses, to avoid long-term effects of contrast
adaptation (e.g., Magnussen & Greenlee, 1985). The similarity of their results and ours
indicates that this precaution is unnecessary. Detection thresholds for brief tests
presented on modulated backgrounds are very similar when the background contrast is
either pulsed, or present continuously.

Detection thresholds after background steps

As described in the Model Results, the present model can describe the dynamics of test
thresholds obtained with steps in the adaptation background. Further, the model yields a
realistic description of a long-term elevation (duration at least 1 second) of detection
thresholds after increment and large decrement steps of the background (Poot et al.,
1997). Similar threshold elevations after the offset of photopic backgrounds were
reported by Reeves et al. (1998). At a delay of 0.2-1.6 s after the offset of the adaptation
field, test thresholds in their experiments were virtually independent of the delay, and
proportional to the square root of the adaptation illuminance over a range of several
decades (from about 10 Td to 10,000 Td).

The present model can explain many aspects of these experimental results. First, Reeves
et al. observed a Weber behavior of thresholds when the visual system was light-



Temporal model for early vision

47

adaptated (i.e., before offset of the adaptation field), as predicted by our model. Second,
the model correctly predicts a time-independent threshold after large decrement steps of
the background for the delay range used by Reeves et al. (see Fig. 4A). Finally, the
model can explain the relatively shallow dependence of thresholds on the background
illuminance which Reeves et al. observed after the offset of the background. The
explanation is as follows. When light-adapted to a non-bleaching illuminance level I,
both the output and the divisive feedback signal of the first feedback loop of the
luminance gain module (Fig. 2B) are proportional to √I. Hence the second feedback loop
receives an input proportional to √I. The input-output relation of this second feedback
loop is shallow (due to the exponential function in the feedback path of this loop). Thus
this loop divides out most of its steady-state input, i.e. the divisive feedback signal of
this loop is also nearly proportional to √I. When the adaptation background drops to
zero (dark) in the Reeves et al. experiment, the first feedback loop rapidly adapts (time
constant 10 ms) to a small history-independent dark level. We did not include this level
explicitely in the model, but this could easily be done by including a small additive
constant in the feedback path of this loop (Lankheet et al., 1993). The second feedback
loop in the model, however, is slow (time constant many seconds). Therefore, after the
offset of the adaptation field the divisive signal in this feedback will initially remain at its
light adapted level, thus dividing the response to the test signal with a factor that is
nearly proportional to the square-root of the adaptation illuminance. Reeves et al. (1998)
present an alternative explanation of their results which includes a contribution from
photon noise. The explanation of their results provided by our model, however, is
entirely deterministic.

Relation with retinal physiology

At the present stage of knowledge on retinal physiology it may be premature to identify
different stages of the model with retinal cell classes (Hood, 1998). Nonetheless, certain
relations with retinal physiology can be pointed out. Although the model describes
human psychophysics, and physiological data are obtained from a wide range of
different animal species, this does not invalidate the comparison: it appears that the
model relates to physiological results that remain consistent for the retinas of a wide
range of species.

The structure of the divisive light adaptation in the model is partly based on
characteristics of the responses of cone photoreceptors. When fully adapted, cones
have a steady-state voltage output that increases very slowly (about logarithmic) with
the adaptation level: over a range of about 4 decades of illuminance, each ten-fold
increase of adaptation illuminance increases the cone steady-state output by about 10%
of its dynamic range (turtles: Normann & Perlman, 1979; Burkhardt, 1994; monkeys:
Valeton & van Norren, 1983). Our module for divisive light adaptation (Fig. 2B)
implements this behavior, mainly through the exponential nonlinearity in the second
feedback loop which leads to a roughly logarithmic input-output relation in the steady-
state.
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Abrupt variations in input such as steps and pulses of light are transmitted with a gain
that is much higher than the gain of the steady-state curve (Normann & Perlman, 1979;
Valeton & van Norren, 1983). In the model this increased gain is due to the low-pass
filtering in the feedback loops, which cannot immediately follow abrupt variations in
input, leading to overshoots relative to the steady-state behavior.

The first (rapid) feedback loop in the divisive light adaptation (Fig. 2B) implements a
square-root transformation for most input frequencies. Evidence for a square-root
transformation has been observed in turtle cones (Pluvinage & Green, 1990), as well as in
horizontal cells in the cat (Lankheet et al., 1993; van de Grind et al., 1996). Lankheet and
co-workers were able to quantitatively model their data using a feedback loop that is
virtually identical to our first feedback loop (albeit with a longer time-constant: 250 ms
versus 10 ms in our model). We have unsuccessfully tried to model the present results
using a feedback time-constant of 250 ms; a faster adaptation appears necessary to
explain our results.

Further evidence for an early square-root transformation in cone vision can be observed
in the responses of macaque cones. Schnapf et al. (1990) studied responses to light
pulses and steps of dark-adapted cones. They deduced an output nonlinearity from the
initial reaction of the cones to light pulses (their Fig. 2A). Schnapf et al. fit this
nonlinearity with a weighted sum of a Naka-Rushton relation and an exponential
saturation, but our nonlinearity NL1 (an arctangent) fits their data also. After a step input
Schnapf et al. observed that 1 second after the step the initial cone response had
dropped to a new level (their Fig. 7A). This new response level had a rather shallow
dependence on the illuminance level I after the step (the triangles in their Fig. 7B). We
find that these data can be fitted with good precision by a function of the form
arctan[√I], as would be predicted from our model when the rapid first (square-root)
feedback module has already attained adaptation after 1 second, but the second (slow)
feedback module is still at its old (dark-adapted) level. Thus at this time after the step the
cone output nonlinearity receives a signal proportional to √I, leading to a rather shallow
dependence of cone output on illuminance input I. Data reported by Baylor & Hodgkin
(1974) in turtle cones (their Fig. 1) can be similarly explained by the present model.

As explained in the Model Section, subtractive light adaptation was implemented
through a feedforward self-inhibition scheme with an amplitude transmission that
depends on angular frequency ω as ωq. The power coefficient q equals the low-
frequency slope on a log-log plot of transmission versus frequency. Measurements of
this slope for ganglion cells in the cat were reported by Frishman et al. (1987) in their
Table 1. For spatially diffuse stimulation, which is the relevant comparison for our
spatially homogeneous backgrounds, Frishman et al. report slope values at low
frequencies of 0.43-0.70, depending on cell type (X or Y) and adaptation level, which is in
good accord with the value q = 0.6 used in the present model.

Contrast gain control is a well-established feature of ganglion cells in the magnocellular
pathway of the monkey (Lee et al., 1994; Benardete & Kaplan, 1999). Although, to our
knowledge, for the monkey retina no experiments have been performed concerning the
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speed of this gain control, results from X-cells in the cat indicate that the control of
retinal contrast gain is very fast, with a time-constant of at most 15 ms (Victor, 1985;
1987). Contrast gain control in the present model was designed to be similarly fast. We
cannot exclude the possibility that part of the threshold elevations observed with
flickering backgrounds is due to a cortical contrast gain control (e.g., Carandini et
al., 1997; Sengpiel et al., 1998). However, the flickering backgrounds used in the present
experiments were spatially homogeneous, and therefore may have produced relatively
little cortical activity. Thus it is conceivable that the contrast gain control in the present
model should be identified with a purely retinal process.

Which pathways does the model describe?

Early in retinal processing neural signals are divided into an ON and an OFF pathway
(Schiller, 1986). The present model does not contain this division explicitely. To what
extent the present measurements originate from either the ON or OFF pathway remains
an open question at the moment.

A further division in retinal processing is that into parvocellular and magnocellular
pathways (Lee, 1996). Again, the present model does not include this distinction
explicitly. The strong presence of a contrast gain control in the model, however,
indicates that it is probably best to consider it a model of temporal processing by the
magnocellular pathway (Benardete & Kaplan, 1999), since a retinal contrast gain control
appears to be absent in the parvocellular pathway (Lee et al., 1994; Benardete & Kaplan,
1997). Possible reasons that detection in our experiments would be mediated through the
magnocellular pathway include the relatively large size (46 arcmin) and the brief duration
(7.5-10 ms) of the test pulse. It would be of interest to choose the characteristics of the
test pulse such that detection in these experiments would take place in the parvocellular
pathway. Preliminary results in our laboratory indicate that this is indeed feasible.

Speed of divisive light adaptation

Divisive light adaptation in the present model consists of a sequence of three processes
(see Fig 2B): two feedback operations and a static nonlinearity. Two of these processes
are fast: the nonlinearity NL1 is instantaneous, and the first feedback loop contains a
low-pass filter with a time-constant τ1 of only 10 ms.

Recent studies indicate processes of light adaptation that are similarly fast. Lee et
al. (1997) measured light adaptation in horizontal cells of primates, by superimposing a
(20 Hz) test signal on a high-contrast, 0.61 Hz background modulation (with a mean
illuminance of 1000 Td). From the modulation of the responsivity of the horizontal cells
that is induced by the background, Lee et al. conclude that “adaptation was complete
within ca. 25 msec”, in good accord with our estimate τ1 = 10 ms for the time-constant of
the fast feedback control. Psychophysical experiments by He & MacLeod (1998) using
laser interferometry also indicate a fast process of light adaptation (7 ms full width at half
height, which correspond to a time-constant of 10 ms).
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Relationship with natural stimuli

Subtractive light adaptation in the model is implemented through a high-pass filtering
with an amplitude transmission ωq. Here we show that this is consistent with optimal
processing for the dynamic inputs encountered by the visual system when moving
about in a natural environment.

For typical natural environments, the temporal power spectrum of a spatially localized
input to the visual system (e.g., on the scale of foveal receptive fields in the retina)
depends on the temporal frequency ω of the input as 1/ωγ, with γ close to 1 (van Hateren,
1997). Thus low frequencies dominate the input. To prevent these low frequencies from
saturating the available dynamic range, they should be attenuated. The best way to do
this, at least at high signal-to-noise ratios, is to whiten (decorrelate) the input (Srinivasan
et al., 1982; Atick & Redlich, 1990; van Hateren, 1993). Whitening the input is achieved
by a filter that has a power spectrum ωγ and hence an amplitude spectrum ωγ/2, which for γ
≈ 1 has a fractional exponent of about 0.5, close to the value q = 0.6 used in the model.

Plausibility of contrast gain control

Thresholds for tests presented on flickering backgrounds tend to be elevated relative to
tests on a steady background; this elevation is known as the threshold dc-component
(Hood et al., 1997; Wu et al. 1997). In the present model most of this dc-component of
test thresholds is due to a contrast gain control (some additional contributions to the dc
threshold component originate from the saturating nonlinearities in the model). Since a
retinal process of contrast gain control is well established (review: Hood (1998)), it is an
a priori likely explanation of this threshold component. However, in their Fig. 9 Wu et
al. show that for a 30 Hz background stimulus with a time-varying contrast envelope, test
thresholds follow the background contrast without any noticeable delay. Wu et
al. expect contrast gain control to produce a lag of the test thresholds behind the
contrast envelope of the background, caused by the time necessary in the visual system
to evaluate background contrast. They therefore conclude that contrast gain cannot be
the explanation of the threshold-dc component. In the present model, however, we
present an implementation (using temporal derivatives) which can yield an arbitrarily fast
contrast estimate. Thus, we claim that the result obtained by Wu et al. does not rule out
contrast gain control as an explanation of the dc component of pulse detection
thresholds on modulated backgrounds. Rather, it constrains the gain control of temporal
contrast to be fast, as it is in the present model.

The Wilson (1997) model

To our knowledge, at the moment only two models have been shown to be able to
explain the behavior of test pulses presented on flickering backgrounds: the present
model, and the Wilson (1997) model, as adapted by Hood & Graham (1998). Here we
highlight two important differences between our model and Wilson's model. First, in our
model divisive light adaptation precedes subtractive light adaptation (Fig. 2A), whereas
in the Wilson model a subtractive operation (of the cones and the horizontal cells)
precedes a major divisive adaptation at the level of the bipolar cells. A consequence of
that ordering is that there is relatively little divisive gain control in the cones, which
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leads to a steady-state cone response in the Wilson model that increases rapidly with
retinal illuminance (a 2/3 power law). In the Appendix of his paper, Wilson shows how
this could be reduced to a 1/2 power law, but even this would represent a growth of the
steady-state cone output that is much faster than the log-like increase of the steady-
state cone output observed in physiological experiments (e.g. Normann & Perlman, 1979;
Valeton & van Norren, 1983; Burkhardt, 1994). The divisive light adaptation in our model,
on the other hand, was designed such that it generates this slow growth of the cone
steady-state output. Second, an important feature of the Wilson model is a push-pull
arrangement of the ON-center and OFF-center bipolar inputs to the ganglion cells, which
is crucial to explain the elevation of test thresholds on modulated backgrounds (Hood &
Graham, 1998), but which appears to be absent in the actual retina (Hood, 1998). On the
other hand, our model explains the threshold elevations through a contrast gain control,
which is well established in the magnocellular retinal pathway, but which is absent in the
Wilson model.

Finally, simulations performed in our lab, based on the Matlab code kindly provided to
us by Dr. Wilson, show a curious behavior of the bipolar cells in the Wilson model. ON-
center bipolar cells in the Wilson model receive antagonistic inputs from the cones and
the horizontal cells with (relative) weights respectively -7 and +3 (Wilson, 1997; his
Eq. (4)). OFF-center bipolar cells receive antagonistic inputs from the cones and the
horizontal cells with weights respectively +3 and -7 (Dr. H.R. Wilson; personal
communication, 1999). A consequence of this arrangement is that in steady-state ON
and OFF bipolars have an identical response (which increases with the adaptation
illuminance). At high modulation frequencies (which can be followed by the cones, but
not by the horizontal cells) ON and OFF bipolars respond nearly in counterphase. This is
the temporal relation between ON and OFF cells that would normally be expected. For
frequencies below about 0.5 Hz, that can be followed by the horizontal cells, however,
ON and OFF bipolars respond in phase, which is a counterintuitive prediction of the
Wilson model that remains to be tested in physiological experiments.
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APPENDIX

Fractional differentiation

Subtractive light adaptation in the model is implemented such that it is equivalent to a
fractional differentiation. Since the concept of fractional differentiation may be not very
well known within the visual community, a brief description is provided here. For more
extensive discussion and implementation algorithms, see Oldham & Spanier (1974) and
Kasdin (1995).

Fractional differentiation is most easily explained in the Fourier domain. First, consider a
simple (first order) differentiation of a harmonic function:
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Relative to the input function, the differentiation multiplies the amplitude by ω and
produces a phase advance of π/2 radians. Likewise, a second order differentiation d2/dt2

leads to an amplitude factor ω2 and a phase advance 2π/2. Fractional differentiation is an
extension of these results to non-integer order q:
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Fractional differentiation of order q can thus be described by a linear operator with a
complex transmission function
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in which sgn(ω) represents the sign of ω.

The pulse-response function of this operator is the inverse Fourier transform of this
transmission function. This pulse-response consists of a brief excitatory impulse at t = 0,
immediately followed by an inhibition that is sharp at first and then has a tail which, for
non-integer q, behaves as a power function t-1-q. The power-law tail of the pulse
response of a fractional differentiation differs from the functions usually considered in
linear systems theory which have an exponential tail e-t/τ that can be described by a
single time scale τ. Fractional differentiation is time-scale invariant, although for a given
frequency range in practice it can be described using a finite number of time scales
(Thorson & Biederman-Thorson, 1974). This is in fact how it was calculated in the model:
a low-pass filter consisting of the superposition of a range of first-order low-pass filters
forms the inhibitory tail of the impulse response of the fractional differentiation (LP4 in
Fig. 2C).
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Figure 6. Calculation of the contrast gain control signal C(t). See the text for further explanation.

Implementation of the contrast gain control

Contrast gain control in the model consists of a divisive feedforward loop (see Fig. 2C).
The calculation that yields the contrast gain control signal is shown in Fig. 6. Although
we do not claim that this implementation necessarily reflects the underlying physiology,
the predictions of the model are consistent with our measurements.

To understand the logic of this method to calculate a contrast signal, imagine that the
input i(t) of the contrast calculation consists of a harmonic signal with frequency ω and
contrast c, possibly superimposed on a dc signal d:

tcdti ωsin)( += . (A4)

Then the product of i-iav and -d2i/dt2 (see Fig. 6) yields ω2c2sin2ωt, whereas the square of
di/dt yields ω2c2cos2ωt. Hence the sum of these signals, ω2c2, is independent of time t
(since sin2+cos2 = 1), and increases both with contrast and with temporal frequency, as
is necessary to explain our data. This method of obtaining a time-invariant contrast
signal is similar to methods that construct quadrature filters by performing a Hilbert
transformation of the input signal (e.g., Adelson & Bergen, 1985; Morrone & Owens,
1987). However, contrary to a Hilbert transformation, the present calculation is causal,
and fast. The result of this calculation is compressed with a power α = 0.35, multiplied by
a constant g = 0.4, and added to 1 (the default setting when no contrast is present),
which yields the divisive contrast gain control signal C(t) in Fig. 2C.
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 Chapter 3

Dynamics of adaptation after onset and cessation of
flicker

ABSTRACT

In a number of psychophysical studies, adaptation to a flickering background was
examined using the probe-sinewave paradigm. Here, we study the dynamics of
adaptation with the same paradigm when the background flicker is abruptly switched on
and off, by following the dc-elevation of the threshold curves. We find a large
asymmetry between the speed of adaptation after the onset and after the cessation of
flicker. Moreover, we find that the Weber level is not reached in the 'off' period, whereas
thresholds do reach steady state (for continuous flicker) during the 'on' period. A recent
study (Chapter 2) explained dc-elevation of the threshold curves by a contrast gain
control in a model for light adaptation. This model cannot explain the asymmetry in the
time-course of adaptation found here. The asymmetry can, however, be shown to be
advantageous for optimal estimation of variance or contrast (DeWeese and Zador, 1998).

INTRODUCTION

In a number of studies psychophysical thresholds for brief probes presented on a
flickering background (the so-called probe-sinewave paradigm) were reported (Boynton
et al., 1961; Hood et al., 1997; Wu et al., 1997; Chapter 2). A salient feature of these data
is that for many modulation frequencies thresholds are well above the level obtained
with steady backgrounds. This elevation of thresholds that occurs at all the phases of
the background field is commonly called the dc-component of the threshold curve (Hood
et al., 1997). Here we present a quantitative comparison of the time-course of adaptation
at the onset and cessation of flicker, by following the build-up and disappearance of this
dc-elevation.

Only two current models for light adaptation can explain the elevation of the dc-
component with modulation frequency. Hood & Graham (1998) show that Wilson's
model (Wilson, 1997) generates a dc-elevation through a push-pull mechanism,
supposedly located in the retina. The main problem with this explanation is that there is
no physiological evidence for (even evidence against) such a mechanism in the retina
(Hood, 1998). The model presented in Chapter 2 shows that there is no need for a push-
pull mechanism to explain the dc-elevation when a contrast gain control module is

                                                                
Based on: H.P. Snippe, L. Poot & J.H. van Hateren. Dynamics of adaptation after onset
and cessation of flicker. In preparation
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included in a model for light adaptation. This model explains both the modulation depths
of the threshold curves obtained with the probed-sinewave paradigm and the elevation
of the dc-component. The modulation is caused by light adaptation components, the dc-
elevation is mainly caused by contrast gain control. A smaller part of the dc-elevation is
caused by the saturating non-linearities in the model. This result gives a good
opportunity to study the dynamics of contrast gain control by following the dynamics of
the dc-level.

Contrast adaptation has been shown to exist in the retina at the level of ganglion cells in
numerous physiological experiments (e.g. Shapley and Victor, 1978; Benardete et al.,
1992). However, only few experiments have been performed on the speed of contrast
gain control (Victor, 1985, 1987; Smirnakis, 1997), and none of those have been
performed in primate retina. Also only very few psychophysical experiments have been
performed to study the time-course of contrast gain control. In previous studies either
adaptation to spatial contrast was tested (Wilson & Kim, 1998) or only recovery of
sensitivity after the cessation of temporal contrast (Foley & Boynton, 1993). Here, we
present psychophysical experiments to measure the time-course of dc-elevation after
both onset and cessation of temporal contrast, which, presumably, reflects the time-
course of contrast gain control.

METHODS

Apparatus and psychophysical procedure

The experimental set-up was identical to that described in Chapter 2. It is important to
note here that the adaptation field viewed by the observer was spatially homogeneous.
We collected psychophysical thresholds using a modified yes-no method, as described
in Poot et al. (1997; Chapter 1). The experimental procedure was the same as that
described in Chapter 2.

Observers

Three observers took part in this study, 2 male and 1 female. Ages ranged between 21
and 26 years. One observer has good acuity, two have acuity corrected to normal. All
observers were aware of the purpose of this study.

Temporal sequence

The adaptation stimulus consisted of alternating periods (of duration 1.28 s) of a 25 Hz
sinusoidal flicker of 80 % contrast, and a constant luminance of 7500 Td equal to the
average luminance level of the sinusoid (see Fig. 1). Short (7.5 ms) incremental test
pulses were superimposed on the adaptation stimulus at a time τ (positive or negative)
relative to the beginning or ending of the sinusoid. Threshold strength for test detection
was measured as a function of τ.
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Figure 1. Temporal sequence of the adaptation stimulus. A 25 Hz sinusoidal flicker with a
modulation depth of 80 % is alternated continually with a constant luminance level of 7500 Td.
Both alternating periods have a duration of 1.28 s.

We measured threshold curves for four different versions of the adaptation stimulus
(see Fig. 2). In the different versions the flicker started and ended at a different phase of
the sinusoid (0, 90, 180 or 270 deg). This procedure resulted in four separate curves for
thresholds as a function of τ. Since we are mainly interested here in the dc-elevation of
the threshold curve, and not in the modulation around this level, we averaged these four
curves, in order to dispose of the modulation of thresholds around dc-level. In this way
we obtain a better view of the time-course of the dc-elevation than looking at one of the
individual curves and comparing it to the threshold curve for continuous flicker. This is
also necessary after cessation of flicker, since phase effects of the preceding sinusoid
may still influence the threshold curve after flicker has stopped. Averaging over phase
will therefore give a more accurate view of the time-course of the dc-elevation.

We chose to use a 25 Hz adaptation stimulus, because the dc-elevation of test
thresholds for continuous flicker is close to maximal at this frequency (Chapter 2; Fig. 3).
A second reason for choosing a high frequency is that the influence of the discontinuity
in luminance which occurs when flicker begins or ends at a phase of 90 or 270 degrees is
smaller at high frequencies, because of low-pass filtering in the early stages of light
adaptation (Levinson, 1968).

Figure 2. Temporal layout of stimuli with flicker onset at four different phases (0, 90, 180 and
270 deg); τ is the time between flicker onset and the middle of the test pulse, and τ has a positive
value after flicker onset, and a negative before onset. At the cessation of flicker the same
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τ
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0 deg

270 deg

180 deg
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convention is used to indicate phase: e.g. 0 deg means the sinusoid is switched off at its positive
zero crossing, 90 deg at its minimum.
A third reason is that the modulation depth (ratio of maximum to minimum) of the
threshold curves is smaller at 25 Hz than at lower frequencies, and thus has less
influence on the results.

RESULTS

In Fig. 3 phase-averaged thresholds around onset (left panel of each graph) and
cessation (right panel) of flicker are shown for three observers. Around cessation, each
threshold in the figure for subject RV is the average of the thresholds for the four phase
conditions (also when luminance was constant), except for the threshold at τ = 640 ms
after flicker ended, which was based on one phase condition only. Phases at cessation
are defined identical to those in Fig. 2 for onset, e.g. 0 deg at cessation denotes
cessation at the positive zero-crossing of the sinusoid. At τ = 40 ms after cessation we
still find significant effects of the phase of the sinusoid at flicker cessation on
thresholds. For subject RV, cessation at a phase of 270 deg gives the highest threshold,
which was 85 % higher than the lowest threshold after cessation at a phase of 90 deg.
The threshold curve after cessation at a phase of 0 deg was most similar to the phase-
averaged threshold curve. We found no significant differences between the four
thresholds caused by the phase for times τ larger than about 80 ms after flicker
cessation. Therefore, the other two subjects measured thresholds for four phase
conditions just for times τ smaller than 80 ms, for only two phase conditions (0 and 180
deg) at τ = 80 ms, and for only one phase condition (0 deg) for times τ larger than 80 ms.
Around onset thresholds for all subjects are based on four phase conditions, except for
threshold at t = -20 ms before onset for subject LP, which is based on one phase
condition.

When we compare the threshold curves after onset and after cessation of flicker we find
a large asymmetry in the speed of adaptation. After the onset of contrast, thresholds
reach steady state (phase-averaged threshold level during continuous flicker) within
approximately 40 ms. This is not only the case for the phase-averaged threshold, but
also for each of the four phase conditions separately. After the cessation of contrast
however, thresholds at τ = 40 ms are still much elevated (JK: 185 %, LP: 198 %, RV: 161
%) above Weber level. When we fit an exponential curve to the data around onset and
the first 80 ms after cessation, we find a difference in time constant of a factor of about 2
for all observers. These time constants differ considerably though, between observers
(36-61 ms at onset and 63-102 ms after cessation).

A further asymmetry between adaptation after contrast onset and cessation is that
steady state is only reached during the 'on' period of the contrast stimulus and not
during the 'off' period. After the onset of contrast, thresholds reach steady state within
approximately 40 ms. But after the cessation of contrast, a slow adaptation component
appears to take over after about 80 ms, and the threshold curve flattens. Threshold
elevations above Weber level at τ = 640 ms are still quite high (JK: 24%, LP: 64 % and
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RV: 30 %). Thresholds do not further decline much below the value at t=640 ms within
the remaining 640 ms of steady background before flicker is switched on again.
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Figure 3. Phase-averaged threshold curves (dots with solid lines) for three observers. In the left
panel of each graph, threshold curves around flicker onset are shown, in the right panel curves
around the cessation of flicker. The dotted line between the threshold curves indicates the steady
state level for continuous flicker, computed from thresholds measured at four phases of the
sinusoid (0, 90, 180 and 270 deg). The lower dotted line indicates threshold level for a steady
background (Weber level). Note the logarithmic scale of the ordinate.

DISCUSSION

Does contrast gain control cause dc-elevation?

Can contrast gain control explain the dynamics of the dc-elevation as we found here? It
is generally accepted that a contrast adaptation mechanism exists in the retina (Shapley,
1997; Hood, 1998). To explain the rapid build-up of the dc-level reported here with a
contrast gain control, we have to assume that contrast gain control is very fast, at least
after onset of flicker. Such a fast contrast gain control was reported by Victor (1985,
1987) in physiological experiments on cat retinal X cells. Cells were stimulated with a
spatial grating, which repeatedly appeared or disappeared, or was reversed in contrast.
The stimulus remained stationary for 500 ms after each pattern switch. After a step in
spatial contrast, temporal contrast is generated in a short time interval. After such a
short temporal contrast pulse, adaptation was found to be very fast. In Victor’s model
for X cell center dynamics, a neural measure of contrast controls the time constant of an
adaptive high-pass filter. Victor estimates that the low-pass filtering stage in the
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computation of the contrast measure must have a time constant of at most 15 ms to fit
the experimental data well. This supports the hypothesis that contrast adaptation can be
very fast. But this conclusion is not contrary to the finding that adaptation is slow after
cessation of contrast, since the physiological experiments were only performed with
stimuli with spatial contrast, whose cessation generate only transient temporal contrast.
Results could be different when gratings are flickered continually, instead of being
stationary (in time). Another explanation may be that the fast retinal contrast gain
control found by Victor is followed by a slower cortical contrast adaptation, which
would not affect the results of retinal electrophysiology, but which would contribute to
thresholds in psychophysical experiments.

From the experiments presented so far we cannot rule out that the slow component
found after cessation of flicker is caused by a slow luminance adaptation mechanism. It
is possible that the sinusoidally modulated background light is compressed by non-
linearities in early adaptation, which causes its average to be different from the
luminance during the steady period. This then leads to a step in average luminance,
which can cause prolonged threshold elevations (Poot et al., 1997). To exclude this
alternative explanation, one of the subjects (RV) performed the following control
experiment: the steady luminance level during the 'off' period was varied (to 0.5, 0.7, 1.4,
or 2.0 times the initial value of 7500 Td), and thresholds after the contrast step were
measured at τ=80 ms. If the above alternative explanation were correct, it should be
possible to find smaller threshold elevations for luminances other than the average of
the sinusoid, by compensating for the effective luminance change caused by
compression. The results from this control experiment indicate that this is not the case.
Threshold elevations above Weber level were approximately equal to that for 7500 Td for
all luminances tested. This supports the idea that the prolonged elevation after cessation
of contrast is caused by a contrast gain control, and not by a slow luminance adaptation.

Comparison with the predictions of the model of Chapter 2.

In this section we compare the present results with predictions of the model presented in
Chapter 2. As shown there, dc-elevation can be predicted accurately, for a large range of
temporal frequencies (Chapter 2, Fig. 3). In the model, contrast gain control is the main
factor in predicting the dc-elevation. The mathematical implementation of this contrast
gain control gives an instantaneous estimate of contrast, and it is therefore extremely
fast. Simulations of the model response to flicker onset and cessation show that the
model predicts a correct time-course after onset, but is too fast shortly after cessation.
Furthermore, the long-term elevation of thresholds longer after cessation is not
predicted; thresholds predicted by the model return to Weber level at about 300 ms after
cessation. Adjustments to the model are thus necessary to explain the present data. One
possibility is to devise separate paths for contrast 'off' and contrast 'on' signals. This is
not strictly necessary, however, as is shown in the luminance adaptation component of
the model, which explains the asymmetrical behavior of luminance adaptation after
positive and negative luminance steps (Poot et al., 1997). An equivalent approach might
be followed with respect to contrast gain control.
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Comparison with Smirnakis et al.

In a recent physiological study, Smirnakis et al. (1997) measure the firing rate of
salamander and rabbit ganglion cells to a spatially homogeneous, randomly flickering
stimulus. The mean intensity of this stimulus remained constant, whereas its contrast
switched between 0.09 and 0.35 every 50 or 100 seconds. They report a rapid increase in
firing rate after a step increase in contrast, which then slowly recovers to a new level
according to an exponential curve with a time constant of about 10 seconds. After a
decrease in stimulus contrast the firing rate dropped abruptly and then recovered
exponentially with a time constant of about 30 seconds. Thus, they report a similar
asymmetrical behavior after positive and negative contrast steps as we report here, but
the time scale of the adaptation process is much larger. It is therefore not likely that this
asymmetry originates in the same adaptation mechanism, unless the time course is very
different in salamanders and rabbits compared to primates. Smirnakis et al. also report a
second, much faster adaptation process, which can be deduced from the change in
shape of the pulse responses in their Fig. 3. An increase in contrast changes the
waveform towards a faster behavior. Unfortunately, it is not possible to give a time
constant for this fast contrast adaptation, because the pulse responses are based on the
linear kernel of the firing rate with respect to the stimulus intensity. Because firing rates
are very low (0.75-3.5 Hz) this kernel can only be calculated with a low temporal
resolution.

Comparison with Foley & Boynton

Foley and Boynton (1993) have performed a psychophysical experiment to study the
time course of threshold elevation after removal of a masker. Their experiment 3
investigates the effect of the duration of the masker on threshold elevations. The masker
had a spatial frequency of 2 c/deg, a temporal frequency of 15 Hz (square wave counter-
phase flicker) and a duration of 200 or 2000 ms (compare our 1280 ms). Time between
masker presentations was 2 seconds. Thresholds for detection of a 2c/deg Gabor patch
with a duration of 33 ms at different times after the removal of the masker are presented
in their Fig. 4. As we do, they find that thresholds decrease rapidly at first and then more
slowly. For the 2000 ms masker, thresholds are elevated about 120 % at 80 ms after the
masker (compare our 90 % averaged for the three observers) and 60 % at 640 ms after the
masker (compare our 40 %). These slightly higher elevations may be caused by the
longer 'on' period of the masker (2000 vs. 1280 ms), or other features of masker and test
(e.g. spatial or temporal frequency). Despite the fairly large differences in stimuli, the
time-course of recovery after cessation of contrast is quite similar the time-course we
find.

Comparison with Wolfson & Graham

Wolfson & Graham (1999) have performed similar experiments to those presented here
and in Poot et al. (1999). They measured thresholds for a small decremental probe at
eight phases during a sinusoidally flickering background (with a temporal frequency of 1
and 8 Hz, spatially homogeneous). Thresholds were always measured during one full
cycle of flicker starting at a phase of 0 or 180 degrees, but the 'history' and 'future' of this
cycle was either a constant luminance level or flicker. The presence (or absence) of
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flicker after the probed modulation cycle had little effect on thresholds during flicker.
The presence of flicker before the probed cycle caused no significant difference for the 1
Hz flicker, but a lowering of thresholds at 0 and 16 ms after onset for the 8 Hz stimulus.
Thresholds return to the level for continuous flicker within 32 ms. The time-course of
adaptation after onset of flicker is therefore consistent to our finding that adaptation is
very fast after onset of a 25 Hz flickering stimulus.

Comparison with Wu et al.

In the psychophysical study by Wu et al. (1997) detection thresholds were measured for
a 2 ms test flash superimposed on a 30 Hz sinusoidally flickering background. This
background had a modulation depth which was gradually varied in time (from 0 to 100
%), following a Gaussian envelope with a full width at half maximum of 176.6 ms. In
Experiment 1 thresholds were measured at 8 phases of the sinusoid, at 100 % modulation
depth. From the results in their Fig. 2 we estimate that the dc-level was elevated about a
factor of 2.9, a somewhat lower value than our 5.1 (averaged for the three observers).
This difference could be caused by the difference in temporal frequency between the
two studies (see Chapter 2). In Experiment 3 of Wu et al., test pulses were presented only
at the positive zero-crossings of each cycle of the sinusoid. In their Fig. 9, the gradual
build-up and decline of thresholds during variation of the modulation depth is shown.
The maximum threshold elevation found there is 2.9 as well, which indicates that
threshold at the positive zero crossing is a good measure for the dc-elevation. The dc-
elevation follows the temporal profile of the Gaussian envelope with no significant delay.
No asymmetry in thresholds during increasing and decreasing contrast is observable.
The following two reasons may cause this: Firstly, contrast changes gradually and not
abruptly, as in the present experiments. This may lead to a different behavior of contrast
gain control. Secondly, the total duration of the flickering stimulus is about 400 ms (of
which only about 200 ms with a relatively high contrast), which may be too short for the
slow contrast gain component to build up. Preliminary experiments we performed
indicate that the duration of the flicker period has a large influence on threshold
elevations during the 'off' period of the stimulus. So even if there are no measurable
effects on thresholds measured during flicker, there must be a slow adaptation process
during this period, which only affects thresholds when flicker is switched off. This is in
agreement with the findings of Foley and Boynton (1993, Fig. 3), who tested two
durations of 15 Hz flicker (200 and 2000 ms). Thresholds do not become higher with
longer duration during flicker, but they do remain high for a longer period of time after
flicker has stopped.

Wu et al. argue that the observed dc-elevation cannot be caused by contrast gain
control, since temporal integration would be required to obtain a contrast estimate. This
would then cause a delay of thresholds with respect to the Gaussian envelope, which
was not found. This delay is however not necessary, as is explained in Chapter 2. Our
model contains a contrast gain control module that gives an instantaneous estimate of
contrast. Therefore, the experiments reported by Wu et al. are consistent with a fast
contrast gain control.
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Comparison with Wilson & Kim

Wilson & Kim (1998) find that thresholds for detection of a sixth derivative of a spatial
Gaussian (D6 pattern) of 30 ms duration are elevated strongly just after onset of a
masker, which consisted of a 3 c/deg cosine grating with 50 % spatial contrast.
Thresholds at later times after onset start to decline with a time constant of about 50 ms.
We find here that thresholds remain at the same level after onset of contrast. This
difference is most likely caused by the fact that the stimulus used by Wilson generates
only a brief moment of temporal contrast, which probably only leads to a transient
threshold elevation. When the masker is flickered continuously after onset temporal
contrast remains high, which may lead to sustained threshold elevations. This
hypothesis was tested by Snowdon (1999); thresholds were measured using the same
paradigm, but the masker was flickered with a temporal frequency of 16 Hz. Snowdon
finds that in this case thresholds are equal throughout the duration of the masker, which
accords with the present experiments.

Why is adaptation slower after cessation of contrast?

We find here that adaptation is slower after cessation than after onset of flicker. We
attribute the elevation of the dc-component of the threshold curve to a contrast gain
control. If this is the case, we can give a possible functional explanation for its
asymmetrical behavior to positive and negative contrast steps. In an irregularly
fluctuating or natural luminance stimulus, contrast is not as easy to define as in a
sinusoidally flickering stimulus. Therefore, the variance of such a signal is often used as
a measure for its contrast. DeWeese and Zador (1998) present a mathematical proof that
the best way to estimate the variance of a randomly fluctuating signal (not necessarily a
luminance signal) leads to an asymmetrical temporal behavior after positive and negative
variance steps. They show that an optimal variance estimate results in a more readily
detectable increase in variance than a decrease. This can be understood intuitively with
the following argument: when variance is small, a sudden input value that lies outside of
the previous distribution of input values with a small variance will lead to the immediate
conclusion that variance has increased. It is obviously highly unlikely that this input
value belongs to the distribution with the small variance. But if variance is large,
decreasing the variance will yield inputs that are still probable given the previous
variance. It is then still likely that the input value belongs to the previous distribution
with the large variance, because it is close to the average of the distribution (when we
assume that both distributions have equal averages). Thus more data are needed before
it can be decided that a new variance has occurred. It may therefore be good strategy to
make contrast gain control slower after cessation of contrast, because making it faster
would only result in too many mistakes in the estimation of contrast, and unnecessary
adjustments of contrast gain. We estimate from Fig. 2 in DeWeese & Zador that for a
jump in variance by a factor of 4, it takes about 3 times longer to reach 67 % of steady
state level after a downward switch, than after an upward switch. The asymmetry in the
present results is of the same order of magnitude; a factor of about 4 (for larger contrast
steps). Preliminary results from psychophysical experiments with randomly flickering
stimuli (as analyzed by DeWeese & Zador) with equal contrast as the sinusoidal flicker
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show an asymmetry in time-course after onset and cessation which is slightly more
pronounced. This indicates that the effect does not strongly depend on the type of
stimulus, but mostly on its variance or contrast. Although the mathematical predictions
by DeWeese & Zador are obviously more abstract than the actual adaptation processes
in the retina, it may well give the underlying functional reason why contrast gain control
should have an asymmetrical behavior.
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 Chapter 4

Adaptation to natural time series of intensities

ABSTRACT

In natural conditions, an organism copes with the large variations of the luminance input
to the eyes by means of adaptation. Here, we investigate the luminance and contrast
adaptation mechanisms under natural conditions, using a time series of intensities
representative of what a photoreceptor would encounter while moving in a natural
environment. We measured psychophysical detection thresholds for 1-second
luminance increments relative to the natural time series, in comparison to stimuli with
different dynamics. For the natural time series we found a threshold that is elevated
about 20% above steady-state level. Thresholds for various stimuli vary approximately
linearly with stimulus contrast, and are consistent with mediation by the parvocellular
pathway. Detection thresholds increase with decreasing test duration, depending on
stimulus type.

INTRODUCTION

When an organism moves around in a natural environment, the luminance input to the
eyes changes continually. The input luminance range is much larger than the (linear)
dynamic range of photoreceptors and subsequent neurons (e.g., van Hateren, 1997). The
visual system copes with this problem by means of luminance and contrast adaptation.
These adaptation mechanisms have been studied extensively, both psychophysically
(e.g., Hayhoe et al., 1992; Foley & Boynton, 1993; Kortum & Geisler, 1995; Hood et al.,
1997; Pokorny & Smith, 1997; Poot et al., 1997) and physiologically (e.g., Donner et al.,
1990; Lankheet et al., 1993; Wu & Burns, 1996; Yeh et al., 1996; Shapley, 1997; Victor et
al., 1997). Although these studies are giving an increasingly detailed view of early
processes of luminance and contrast adaptation, it is not clear how these processes act
in concert under natural luminance conditions.

Here we study how the human visual system handles natural luminance and contrast
variations through adaptation, by performing psychophysical experiments using a
natural time series of intensities (NTSI). As described in the section 'Natural time series
of intensities', and by van Hateren (1997), NTSIs were measured with a light detector
carried on the head by a freely walking person.  In the present study, we probe the
sensitivity of the visual system during presentation of the NTSI by measuring detection
thresholds for small luminance increments relative to the NTSI. This experiment gives

                                                                
Based on: L. Poot, J.H. van Hateren & H.P. Snippe. Adaptation to natural time series of
intensities . In preparation
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information on how well sensitivity is retained during the rapid luminance fluctuations of
the NTSI, and to what extent the early processing channels are saturated. Furthermore,
detection of small luminance increments is a relevant task for natural vision, since
detection of, for example, the shape or motion of objects depends on the ability to
discriminate small luminance differences.

For the psychophysical experiments we made several simplifying choices. First, the NTSI
was presented in a large, spatially homogeneous way, in order to produce a well-defined
adaptation condition, which is not compromised by eye movements. This stimulus
probably produces sensitivity changes reasonably close to those in natural
circumstances, since at least luminance adaptation occurs locally in the retina, possibly
at the scale of a cone's receptive field (Chaparro et al., 1995; He & MacLeod, 1998).
Second, a relatively long test duration was chosen to integrate the statistics of the
natural time series, and thus to reduce the total measuring time for the experiment. Also
the recording of the NTSIs was subject to simplifying choices. Most importantly, eye
movements were not taken into account, and a choice had to be made for the task of the
person wearing the light detector during recording. This is discussed further in the
section 'Relevance for natural vision'.

Given these simplifications, the present article should be considered as a first approach
towards studying luminance and contrast adaptation during normal behaviour in natural
luminance conditions. Eventually, a full spatio-temporal study should be performed once
calibrated spatio-temporal stimuli and display equipment of sufficient dynamic range
become available.

NATURAL TIME SERIES OF INTENSITIES

Recording method

A more complete and detailed description of the method for recording NTSIs can be
found in van Hateren (1997). Here, we will briefly summarize this method. To measure
luminances we constructed a small detector, consisting of a lens, colour filters, a pinhole
in front of a light guide, and at the other end of the light guide a photomultiplier with a
linear intensity-response characteristic. This detector has spatial and spectral properties
similar to those of (para)foveal human cones: its spectral sensitivity is not very different
from the photopic sensitivity of the human eye and it has an angular resolution of a few
arcminutes. Signals from the photomultiplier were stored on a portable DAT-recorder,
and off-line reduced to either 1200 samples/s (Fig. 1 and Table 1) or 400 samples/s
(psychophysical experiments), both by block averaging.

The detector was mounted on a head-band, which was worn by a freely walking person
during recording. The device followed the direction of gaze of the head, thus eye
movements are not accounted for. Also accounting for eye movements during free
walking would be technically very demanding. To avoid gross mismatches between the
gaze directions of the eyes and the detector, the subjects wore marked glasses, and were
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instructed to keep the markers at a fixed position in the visual field, i.e. relative to the
retina. Gaze was thus mostly shifted by moving the head instead of the eyes. Although
this is obviously only a crude way to obtain time series of intensities relevant for small
groups of photoreceptors, we believe the statistics of the time series is not too strongly
dependent on the method of recording. As a control, we recorded a time series while
carrying the system in hand and shifting its pointing direction regularly; this gave similar
results as the head-based measurements. Although one might presume that precise
stabilization of the eyes’ gaze should influence the results strongly, this can at most be
the case for the very central parts of the visual field: during free walking, most of the
visual field is not stabilized at all.

Time series properties

Six different subjects measured a total of 12 NTSIs during 45-minute walks through
various mixed environments of meadows and woods. Weather conditions ranged from
sunny to foggy. In this section we will present some of the characteristic properties of
these NTSIs (Table 1). Results from two NTSIs obtained with quite different weather
conditions are further presented in Fig. 1.

Figure 1. Properties of two natural time series of intensities. Number 2 was recorded on a sunny
day, number 8 on a foggy day. A: Intensity distributions for these two time series. B:
Distributions of  contrast in the frequency range 0.6-100 Hz. C: Power spectra on a log-log scale,
in the frequency range 0.6-600 Hz. D: Power spectra in the frequency range 0.009-600 Hz.
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Time
series

number

contrast
0.6-100 Hz

contrast
0.009-100 Hz

β
0.6-100 Hz

β
0.009-100 Hz

weather

1 0.41 ± 0.21 0.72 ± 0.23 0.96 ± 0.01 0.98 ± 0.02 sunny
2 0.39 ± 0.20 0.82 ± 0.54 1.21 ± 0.01 0.57 ± 0.03 sunny, slightly hazy
3 0.41 ± 0.28 0.94 ± 0.44 1.16 ± 0.01 0.45 ± 0.02 sunny, scattered clouds
4 0.56 ± 0.37 1.01 ± 0.43 1.36 ± 0.01 0.82 ± 0.03 sunny, scattered clouds
5 0.49 ± 0.37 1.64 ± 0.97 1.05 ± 0.01 0.64 ± 0.03 sunny, scattered clouds
6 0.26 ± 0.16 0.65 ± 0.69 1.18 ± 0.01 0.47 ± 0.03 sunny, scattered clouds
7 0.34 ± 0.21 0.87 ± 0.45 1.20 ± 0.01 0.94 ± 0.03 foggy
8 0.23 ± 0.12 0.49 ± 0.20 1.00 ± 0.01 0.92 ± 0.04 foggy
9 0.27 ± 0.19 0.80 ± 0.82 1.45 ± 0.02 0.78 ± 0.03 clouded
10 0.29 ± 0.27 0.62 ± 0.43 1.26 ± 0.01 0.68 ± 0.03 clouded, later diffuse sun
11 0.41 ± 0.29 1.42 ± 0.65 1.33 ± 0.01 0.71 ± 0.03 clouded, hazy, grey
12 0.29 ± 0.16 0.76 ± 0.67 1.14 ± 0.01 0.69 ± 0.04 clouded, hazy, grey

Table 1 Properties of a number of NTSIs measured in mixed environments with mixed weather
conditions.

In Fig. 1 A, the probability density of intensity for both time series is shown. Note that
the roughly symmetrical distribution on a log scale means that the distribution is very
skew on a linear scale: most intensities are low, but there is a long tail containing high
intensity peaks. The distribution of intensities is quite broad: values typically occupy a
range of about 2.5-3 log units.

In the second and third columns of Table 1, the calculated contrast for each of the time
series is shown, for two different temporal bandwidths (0.6-100 Hz and 0.09-100 Hz).
Contrast was calculated for consecutive stretches of the NTSI, by calculating the power
spectrum (see Figs 1 C and D) of each stretch and subsequently integrating the power
contained within the chosen bandwidth. The square root of this value was then divided
by the dc-term (the average of each stretch). The contrast value given in the table is the
average (± the standard deviation) of all stretches of an NTSI. Histograms of these
values (of 0.6-100 Hz bandwidth) are shown in Fig. 1 B. Contrast averages of the 12
NTSIs range between 0.23 and 0.56 for the 0.6-100 Hz bandwidth, and between 0.49 and
1.64 for the 0.009-100 Hz bandwidth. As can be expected, foggy and cloudy weather in
general lead to smaller contrasts than sunny weather, although Table 1 also shows an
appreciable variation. In Figure 1 B it can be seen that the distribution of contrast values
for time series number 2 (sunny) is shifted to higher contrasts than time series number 8
(foggy). The distribution for number 2 is also broader than for number 8, which means
that there is more variation in contrast. Comparing the contrasts for the two different
bandwidths in Table 1, we see that a larger bandwidth leads to higher contrast. This is
caused by the fact that low-frequency fluctuations also add to the contrast of the 0.009-
100 Hz bandwidth.
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Figures 1 C and D show power spectra for two of the NTSIs, at two different bandwidths
(C: 0.6-600 Hz; D: 0.09-600 Hz). Spectra were calculated from consecutive stretches (of 1.7
s for the small bandwidth, and 110 s for the large bandwidth) of the complete time series,
and subsequently averaged. The power spectra approximately follow a more or less
straight line on a log-log scale, which means that they behave as 1/ ft

β, with ft the temporal
frequency and β a constant. Columns 4 and 5 of Table 1 show the values of β obtained
from fits to the spectra up to 100 Hz; β is roughly 1. This approximate 1/ft behaviour of
natural time series can be shown to be consistent with the approximate 1/ fs

2 behaviour of
the spatial power spectrum of natural images, as was explained earlier by van Hateren
(1997). For frequencies higher than about 100 Hz, the power spectrum starts to deviate
from a straight line, because the spatial aperture of the light detector has low-pass
filtering characteristics as the subject carrying the detector produces limited angular
velocities. For frequencies below about 0.5 Hz the power spectrum flattens which results
in a lower value of β for the higher bandwidth. This flattening of the spectrum indicates a
breakdown of scale-invariance for very low spatio-temporal frequencies. The spectrum of
time series number 2 lies above that of time series number 8 for the complete frequency
range. This means that the spectrum contains more power, which is consistent with the
fact that time series number 2 has a higher contrast (Fig. 1 B).

We performed the psychophysical experiments with a time stretch of one minute chosen
from time series number 1. This minute contains a typical variation in intensity and
contrast and is therefore representative for NTSIs in general.

RELEVANCE FOR NATURAL VISION

After having described the properties of the NTSI, the question remains how
representative this time series is for the dynamics of the visual input under natural
circumstances. First, the recording equipment of the NTSI follows the head movements,
but not the eye movements of the person wearing the headband. The dynamics of these
movements are rather different. The eyes make short, rapid saccades (eye velocity up to
700 deg/s) and try to stabilize the retinal image in between saccades (Carpenter, 1977),
whereas head movements are slower (up to 100 deg/s) and more continuous (Kowler et
al., 1992; Grasso et al., 1998). In our opinion this is not a major concern. Since the person
wearing the headband navigated through an outdoors environment, the luminance input
for each photoreceptor changed continuously. Even when the fovea is fixating on a
certain object, there still are luminance fluctuations on most photoreceptors due to the
optic flow generated by moving through an environment with depth structure
(Koenderink, 1986; Cornilleau-Pérès & Gielen, 1996). Furthermore, it is not known how
well the eyes actually stabilize an image on the retina in between saccades, when a
person is moving around naturally. Even when a person is sitting down, and is only
allowed to move the upper body, stabilization is far from perfect (Epelboim, 1998). This
was particularly the case when a task was performed which involved movements of the
arms, where retinal image velocities of up to 5 deg/s were found. During a navigation
task the retinal image velocity might even be higher. We can thus say that although time
series with and without eye movements must be different, this difference is probably not
as large during navigation as it may seem at first glance.
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This conclusion leads to another important question: how does the task performed by
the person carrying the recording equipment influence the measured time series and how
would this influence our results? For these psychophysical experiments we chose to
record an NTSI during a navigation task, because this is one of the important activities
that have shaped our visual system. Another possible task could be one where a better
visual accuracy is needed, for instance using tools or reading. These tasks will result in a
different NTSI, the main difference coming from the fact that body motions are rather
small during these tasks, and eye movements are then producing the majority of changes
in the retinal image. Combined with the fact that the environment does not usually
change in such tasks, we can expect an NTSI with longer periods of roughly stable
intensity, with rapid transitions between them during saccades. This is also interesting
to investigate, but it would need a recording method for the time series that does follow
eye movements. The specific psychophysical results presented here may not be
generally applicable to these kinds of tasks. But we can say that, when studying
adaptation, the outdoors navigation task is more demanding for the adaptation
processes in the early visual system, since in that case large luminance fluctuations
continuously occur. Thus, if we find that the adaptation mechanism is able to handle the
navigation NTSI, it will probably also be able to handle NTSIs recorded during other
tasks.

The psychophysical task in these experiments was not designed to be naturalistic as
such, but had the main purpose of probing the adaptation state of the visual system at
various times during presentation of a naturalistic stimulus.  To start with, we chose a
test duration of 1 second, for the following reason: it enabled us to measure thresholds
at all positions during a section of an NTSI within a reasonable amount of time. The
psychophysical task has implications for natural vision, because it is important to be
able to discriminate small luminance differences. On this long time-scale we can think of,
for example, detecting the texture and form of objects. On shorter time scales, as studied
in Experiment 3, luminance discrimination is important for, for example, motion detection.

PSYCHOPHYSICAL METHODS

Apparatus

Stimuli were presented with a two-channel Maxwellian-view system (Poot et al., 1997).
One channel provided the adaptation stimulus (a circular, spatially homogeneous field of
6 deg diameter), onto which the other channel superimposed the test stimulus (a circular
field of 20 arcmin diameter). Four fixation dots surrounded the test field. The green LEDs
(563 nm, Toshiba TLGD190P) used as light sources were linearized by a photodiode
feedback circuit (Watanabe et al., 1992) and were driven at a rate of 400 Hz by a 12-bit
D/A-converter. We estimated retinal illuminance by the method described by
Westheimer (1966). The maximum retinal illuminance that could be obtained was 22.000
Td. Observers' heads were fixated using a headrest.
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Figure 2. Temporal and spatial structure of the adaptation and test stimuli. The adaptation
stimulus (upper row) had a duration of 1 minute, and was shown continuously in the circular
adaptation field (diameter 6 deg). Every 3 seconds a test stimulus was shown in the 20-arcmin test
field, which was added onto the adaptation field (lower row). The test had luminance dynamics
equal to the adaptation stimulus. Test luminance was a fraction p of the adaptation luminance, as
shown in the middle row. Test duration was 1 second, with smooth 400 ms on- and offset
following a cosine taper. The resulting test amplitude (lower row, right column) is drawn here 5
times magnified for clarity. Four fixation dots surrounded the test field.

Psychophysical procedure

As adaptation stimuli we used one minute of an NTSI (van Hateren, 1997), modified
versions of the NTSI, and series of pulses. Test stimuli were presented every 3 seconds.
The dynamics of the test stimulus was identical to the dynamics of the adaptation
stimulus on which it was superimposed; thus during test presentation the test signal was
an attenuated copy (a fraction p) of the adaptation stimulus (see Fig. 2). The attenuation
fraction p was varied randomly from presentation to presentation (within a range that
was determined by pilot experiments). Above detection threshold, the observer
perceived the test stimulus as a homogeneous disc appearing and disappearing
smoothly, following the multiplication time-window as can be seen in the middle row in
Fig. 2. Observers were asked to assign one of five categories to the visibility of each test
presentation (4: perfectly visible, 3: temporally perfectly visible, but spatially blurred, 2:
visible, but spatially blurred and temporally fragmented, 1: barely visible, possibly not
present, 0: not visible).

In the first experiment, test duration was one second, with on- and offset via a smooth
400 ms cosine taper (i.e. 400 ms onset, 600 ms constant fraction p, 400 ms offset). The
adaptation stimulus was the NTSI in this experiment. We used 21 test fractions evenly
spaced between 0 and 0.2, test fractions were presented randomly with equal probability.
In a series of three consecutive runs, with the test window series time-shifted 1 second

adaptation stimulus

0.0
0.1
0.2

x
test fraction p

adaptation stimulus

=
test stimulus+

1 s 2 s

1 deg



Chapter 4

80

in each run, responses (0-4) from each second of the NTSI were collected. These three
runs were duplicated five times (5 responses for each second to one test fraction were
collected), responses from these five duplications were averaged. As a result we then
have for each second an average response value, to a different test fraction. To be able
to collect responses to a large range of test fractions for each second, the complete
procedure was repeated 20 times. Each repetition provided responses for each second to
a different test fraction.

 In the second experiment we determined thresholds for several other adaptation stimuli.
We pooled responses from different seconds to form one threshold for the complete 1-
minute adaptation stimulus. We duplicated each run 3-5 times to give a total of 180-300
responses for each threshold. During each session a range of 8-20 values of test
fractions was presented, which were distributed widely and roughly symmetrically
around the expected threshold value expected from pilot runs. The experiment was
repeated 2-5 times, to obtain higher accuracy.

In the third experiment the same procedure as in the second experiment was followed, but
the duration of the test stimulus was decreased (250, 100, 50 and 10 ms). The proportion
of the duration of the cosine taper and the duration of the constant period of the test
window was kept constant, e.g. a test duration of 100 ms corresponds to a 40 ms cosine
taper at onset, a constant period of 60 ms, and a 40 ms cosine taper at offset. In a control
experiment we also tested the effect of the steepness of the slope at on- and offset of the
test. We determined thresholds for tests with abrupt on- and offset (no cosine taper; a
constant test fraction for the complete test duration).

To determine a threshold from the measured responses, a psychometrical curve was
fitted to the averaged responses Rav as a function of test fraction p, with the following
form:
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Threshold pth was defined as the test fraction for which the fit yields response category 2
(erf(0.477) = 0.5); β determines the steepness of the psychometrical curve. In the case
were responses were pooled, we also determined this parameter β.

Observers

Five observers (age 25-39 years; 3 male, 2 female) took part in this study. All observers
were aware of the goal of this study and had experience with psychophysical
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experiments. Two observers had good acuity, three were corrected to normal for
refractive errors.

RESULTS

Experiment 1

In a first experiment, two observers measured thresholds for each second of the NTSI
separately. Thresholds for two observers are shown in Fig. 3. The distribution of
thresholds is quite narrow (standard deviation 12% of the mean), and there was virtually
no correlation between the observers (r = -0.002). Therefore, we decided not to measure
thresholds for each second separately in further experiments, but to pool responses from
different seconds in order to calculate one threshold for the complete 1-minute. In this
way we obtained thresholds for three additional observers. Threshold for the NTSI (pth =
0.087, average of five observers), was elevated only about 30% above the threshold for a
steady, non-modulated adaptation stimulus (pth = 0.067). We can therefore conclude that
the visual system handles this stimulus very well, and does not seem to become
saturated by large intensity fluctuations.

Experiment 2

In order to compare threshold for the NTSI with thresholds for stimuli with different
dynamics, we measured thresholds for the NTSI raised to various powers (0, 0.5, 1.5,
1.75, 2). Examples of a single second of these stimuli are shown in Fig. 4A. These time
series range from completely constant (for power 0) to sharply peaked, while all have
equal average luminance (1400 Td). With increasing power, both stimulus contrast and
slow luminance variations increase in magnitude.

Thresholds to these stimuli vary approximately linearly with power coefficient
(correlation r = 0.99). This is also the case if thresholds are plotted as a function of
contrast (Fig. 4B, filled circles). As a measure for the contrast in the stimuli we here use
average rms-contrast, Cav. This is calculated per second by first low-pass filtering the
signal with a 3 dB cut-off frequency fc = 24 Hz, and then dividing the standard deviation
of each second by its mean. The cut-off frequency is based on the results of Kelly
(1961). This procedure gives Cav = 0.41 ± 0.20 (s.d.) for the NTSI.

The thresholds reported in Fig. 4B are the geometric means of all the individual
determinations collected for all the observers (using the arithmetic mean does not affect
our conclusions):
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with N = 8 - 37, depending on the condition. The errors in the thresholds plotted were
estimated as follows: we determined the standard deviation of a set of 14 thresholds
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measured by one observer (LP) for one stimulus condition. This value was 10.4 % of
threshold. The error bars in Fig. 4B are SEMs based upon this estimate:

N
p

SEM th⋅
=

104.0
. (4)

We used this method of error estimation (instead of basing the error estimation on the
standard deviation of the distribution of all thresholds measured by the different
observers for each stimulus condition) because in this way we rule out systematic
differences in the sensitivity of the different observers. The standard deviation of Weber
fractions for our five observers is about 20 percent of the mean. This value is quite large
relative to the random errors shown in Fig. 4 B (2-4%).

The increase of threshold with contrast as shown in Fig. 4 B suggests that it is the
contrast of the stimulus that mainly determines the threshold. However, it is also
possible that the threshold is mainly determined by the size of luminance steps, which
also increases with the power coefficient (see Fig. 4 A). In earlier experiments with step-
like stimuli (Poot et al., 1997), we found large threshold elevations both due to the initial
contrast of the flank and due to the plateau luminance of positive luminance steps.

In order to investigate separately the role of luminance and contrast mechanisms, we
designed:

1. LPF: an NTSI low-pass filtered at 1.2 Hz, with diminished contrast (Cav = 0.20 ± 0.14),
but slow luminance variations intact (Fig. 4 A).

2. SHUF: a time series with all 10 ms segments of the NTSI shuffled in random order,
with contrast slightly larger (Cav = 0.44 ± 0.05) than that of the NTSI, but with
negligible slow luminance variations.

3. BIP: a 6.25 Hz bipolar pulse series (average luminance identical to that of the NTSI,
with each pulse consisting of a positive lobe of 25 ms at twice that luminance,
immediately followed by a negative lobe of 25 ms at zero luminance), with contrast
slightly larger than that of the NTSI (Cav = 0.44), but with minimal slow luminance
variations.

The results for these stimuli (Fig. 4 B, crosses) are fully consistent with the results of the
power-transformed NTSIs, when plotted as a function of contrast. Thresholds for BIP
and SHUF are elevated, in accordance with the hypothesis that this is caused by their
contrast, and not by large luminance steps (which are absent in the BIP and SHUF).
Threshold for the LPF series is almost equal to that of the series with power coefficient
0.5, with both stimuli having equal contrast, but the LPF series having considerably
larger slow luminance variations. Threshold for the LPF series is, however, not
statistically significantly different from that for the NTSI, the value that it would have
when slow luminance variations would cause threshold elevation. From the first control
experiments with BIP and SHUF we conclude that contrast adaptation is a limiting factor
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in this experiment, but luminance adaptation is not. Threshold for the LPF series further
substantiates this conclusion.

Experiment 3

The purpose of Experiment 3 was to test if and how the relation between threshold and
contrast is influenced by the duration of the test window. Thresholds for test durations τ
of 10, 50, 100, 250 and 1000 ms were measured. Results for one observer are shown in Fig.
5. A second observer measured thresholds for a selection of the stimulus conditions
shown in Fig. 5; results were similar. Thresholds are plotted as a function of power
coefficient, since determining a correct value of stimulus contrast becomes increasingly
difficult when the test window becomes shorter. The previously used values do no
longer apply, since local contrast can change within a period of 1 second, and the exact
placement of the shorter test within this period becomes important. But when we
calculate contrast for shorter test windows, low-frequency fluctuations do not contribute
to contrast any longer. For the 1-minute natural time series filtered at 24 Hz this causes a
decrease in contrast by a factor of 7.6 between average rms-contrast calculated from
stretches of 1 s and that calculated from stretches of 10 ms. The difference between
contrast for the complete 1-minute time series and the average contrast from stretches of
1 second is less dramatic; it is only a factor of 1.5.

The lines drawn in Fig. 5 are linear least-squares fits to the data. The increase in the
slope of the curves with shorter test times can clearly be seen; we estimate a difference
in slope between the curve for 10 ms tests and 1-s tests of about a factor of 3.
Thresholds increase with decreasing test duration, and the rate with which this happens
depends on the power coefficient (which is correlated with contrast). The effect of test
duration is smallest for power coefficient 0 (a constant adaptation stimulus), and
increases with increasing power coefficient (contrast). The 10 ms threshold curve is
raised considerably as a whole as would be expected from Bloch's law.

In a control experiment we tested whether or not the cosine-taper at the on- and offset of
the test window influences thresholds. For this we compared the thresholds obtained for
the cosine-tapered test windows with thresholds measured for an abrupt on-and offset
(rectangular test window). Test durations in this experiment were 10, 50, 100 and 1000 ms.
The test with a cosine taper and that with abrupt on- and offset gave similar thresholds
for the 3 stimulus conditions measured (power 0, 1 and 2). The observer was only able to
determine which kind of test was presented in the low-contrast stimulus condition
(power 0).

As a second control we estimated the variability of thresholds at different moments in
the adaptation stimulus. Since we do not have enough responses to calculate a
threshold for each test position separately, we used an indirect method. The slope β of
the fitted psychometrical curve gives an indication of this variability. Variation of
threshold with test position will cause the slope of the psychometrical curve to decline,
when data are pooled over different test positions, as in the present experiment (Hallet,
1969). We calculated average values of β for all stimulus conditions at each test duration.
This value did not decline substantially with declining test durations ((τ, β) = (1000,2.7),
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(250,2.6), (100,2.5), (50,2.8), (10,2.0)). For test durations τ ≥ 50 ms, we can thus infer that
thresholds at shorter test durations do not vary more than the longest (1000 ms) test
duration reported in Fig. 3.

Figure 3. Thresholds pth (filled circles) for observer, LP and HS for each second of the 1-minute
NTSI. The open circles show the thresholds (mean ± s.d.) calculated from the pooled responses
from all different seconds. The dotted lines show thresholds for a steady background (Weber
level). In the top, the NTSI intensity is shown on the same time-scale. Thresholds for the NTSI
are elevated only slightly above Weber level. There is no clear correlation between thresholds and
NTSI.

DISCUSSION

The main results of the first two experiments of this study are, first, that thresholds for
natural time series of intensities are elevated only little above steady-state level; second,
that for these and other adaptation stimuli tested, threshold varies approximately linearly
with stimulus contrast; and third, that the particular luminance dynamics of adaptation
stimuli with identical contrast does not appear to influence threshold.

These results are consistent with the neural processing expected from the spatio-
temporal characteristics of the test stimulus. Contrast detection is mediated by separate
processing pathways in the visual system, namely the parvocellular (PC) and
magnocellular (MC) pathways, which are tuned to different spatial and temporal
characteristics (Derrington & Lennie, 1984; Purpura et al., 1990). In Experiments 1 and 2,
the PC pathway can be expected to mediate detection of the test stimulus, since this
pathway is tuned to low temporal frequencies and high spatial frequencies, and the test
has smooth on- and offset, a long duration, and a sharp spatial edge. The analysis below
suggests that detection of the test stimulus is most likely mediated by the PC pathway.
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Recently, Pokorny and Smith (1997) developed a model for psychophysical contrast
discrimination, which is based on the physiological data for neurons in the PC and MC
pathway (their Eq. 3). In his comment to the Pokorny & Smith paper, Snippe (1998)
deduced a model with fewer parameters (his Eqs. 3 and 4), which described their data
equally well. In this model, the slope of the threshold curve depends only on the
neuronal half-saturating contrast Csat, whereas the vertical placement of the curve
depends on the contrast gain Rmax / Csat (Rmax is the maximum neuronal firing rate).
Expressing Snippe's Eq. (4) in the present parameters yields
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where pth,0 is the threshold for zero stimulus contrast. A fit of Eq. 5 to our data is shown
in Fig. 4 B with Csat =  3.1 (an error analysis yields an estimate Csat = 3.1 ± 0.2). Although
this value is larger than the value that Kaplan & Shapley (1986) deduce from their
physiological measurements of parvocellular LGN cells in macaque (1.23 in terms of rms-
contrast), our value is in fact consistent with their data. We found that various pairs of
Csat and Rmax  (e.g., {1.23, 45}, {2,70}, {3.1, 105}, and {4, 130}) provide good fits to their
measurements. All these maximum spike rates, Rmax, are within a physiologically plausible
range (Hicks et al., 1983; Sclar et al., 1990; Berry & Meister, 1998; Burkhardt et al., 1998).
Furthermore, the value of Rmax is a value that will probably not be reached when using
sinusoidally flickering stimuli for stimulation of parvocellular cells, since the contrast
peaks of a sinusoid are too low to stimulate the cells maximally.

(A) (B)

Figure 4. (A) Examples of 1-second segments of several adaptation stimuli. The four
upper graphs are the NTSI raised to various powers (0.5, 1, 1.5, 2). Power 1 shows the
original time series. The two bottom graphs show a time series of randomly shuffled 10
ms segments of the natural time series (SHUF), and a low-pass filtered NTSI (LPF). (B)
Thresholds for the different adaptation stimuli, plotted as a function of stimulus rms-
contrast. Filled circles are thresholds, pth, for the time series raised to various powers (0,
0.5, 1, 1.5, 1.75, 2), crosses are thresholds for the three other adaptation stimuli (LPF,
SHUF, BIP). BIP is a series of bipolar pulses; see text for details. Error bars indicate SEM
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for 4-5 observers. The line is a fit to the data using the model developed by Pokorny and
Smith (1997) for psychophysical contrast discrimination, following Eq. (4) of Snippe
(1998).
Our data are more difficult to describe by a model of the MC-pathway, since saturation in
that pathway already occurs at contrasts as low as about 0.1 (Kaplan & Shapley, 1986,
Sclar et al., 1990). We then would have found a large increase in threshold already at
small contrasts. Even for a 12.5 Hz pulse series with high contrast (pulses of duration 15
ms and illuminance 7950 Td and illuminance 0 between pulses; Cav = 1.46), thresholds did
not indicate saturation of the pathway mediating detection (pth = 0.114 ± 0.006). This
value differs significantly from the curve fitted in Fig. 4 B, which is probably caused by
the fact that, for this stimulus, the estimation of contrast depends strongly on the choice
of the cut-off frequency fc of the low-pass filter used in our definition of stimulus
contrast ({fc, Cav}= e.g.{5.8, 0.27}, {16, 1.19}, {24, 1.46}, and {200, 2.08}), whereas this
dependence is considerably less for the natural time series ({fc, Cav }= {5.8, 0.34}, {16,
0.39}, {24, 0.41}, and {200, 0.50}), and the transformed time series with power 2 (e.g. {fc,
Cav }= {5.8, 0.64}, {16, 0.76}, {24, 0.81}, and {200, 1.0}). The value of Csat estimated using
the power transformed natural time series is therefore only slightly influenced by the
choice of fc.

Pokorny & Smith (1997) estimate a Csat ≈ 1 (Weber contrast; rms-contrast ≈ 0.24) for the
results in their Fig. 4. A possible explanation for this appreciably lower value than we
find here lies in differences between stimulus paradigms. First, the paradigms are
temporally quite different: we use a continuously present adaptation stimulus, while
theirs (1 raised cosine cycle) is only present for 1.5 seconds, simultaneously with the
test. This could result in a steeper contrast-threshold curve because of transients due to
the sudden onset of contrast. Second, there are considerable differences in the spatial
layout and size of the test and adaptation fields.

The results from our first two experiments suggest that for long (1 s) test stimuli, test
detection during natural luminance and contrast variations is mediated by the PC
pathway. In the third experiment the test duration was decreased. The results in Fig. 5
show an increase in the slope of the threshold curves with shorter test durations.
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Figure 5. Thresholds pth of observer LP for the power-transformed NTSIs plotted as a function
of power (0, 0.5, 1.0, 1.5 and 2.0). The different symbols denote the different test durations (10,
50, 100, 250 and 1000 ms) as indicated in the legend. The drawn lines are linear least squares fits
of the plotted data.
Surprisingly, the increase is rather small. This might indicate that test detection is still
mostly mediated by the PC pathway also for these shorter test durations. However, we
have not fitted these data with the contrast model used in Experiment 2 (Fig. 4 B) for two
reasons. First, as mentioned earlier, it is not possible to unambiguously assign a contrast
to each stimulus at shorter test durations, and thus it is not possible to calculate a
reliable value of Csat for these curves. Second, we are not certain that these curves can be
fitted with only one model curve. It is not known if and how the MC pathway takes over
from the PC pathway at shorter test durations. We can expect that with shorter test
durations the situation becomes more and more advantageous for the MC pathway
because of its tuning to higher temporal frequencies (Derrington, 1984). It is possible,
however, that for high-contrast stimuli the PC pathway mediates detection down to
shorter test durations than it does for low-contrast stimuli. This is expected from the fact
that the MC pathway saturates at lower contrasts than the PC pathway. This would
mean a transition from one pathway to the other within one threshold curve. Since we do
not see a clear transition within one curve, the two pathways possibly link up smoothly.
More extensive experiments are needed to elucidate the role of the PC and MC pathway
in the psychophysical detection experiments.

Finally, we discuss here the way in which the NTSI is presented during the
psychophysical experiments, and the implications for the interpretation of the results
presented. The NTSI is presented in a spatially homogeneous way, which is clearly not
the natural situation. As mentioned in the Introduction, we present the NTSI in this way
for two reasons. First, to obtain a well-defined adaptation condition for each
photoreceptor in an appreciable part of the visual field, such that the adaptation does
not depend on possible eye-movements during the experiment. Second, spatial display
equipment which can handle the full dynamic range of the NTSI is not yet available, thus
this is the only practical stimulus we can present. How does this affect the
psychophysical results presented in this paper? Each separate photoreceptor does
receive the correct input, but the spatio-temporal correlations between photoreceptor
inputs are not as they are in natural circumstances. In the following we discuss to what
extent this difference would affect the adaptation condition of the visual system beyond
the photoreceptor inputs. Traditionally, luminance adaptation has been separated into
divisive (or multiplicative) and subtractive components (Hayhoe et al., 1987).
Psychophysical evidence indicates that divisive luminance adaptation occurs locally in
the retina. Divisive gain control is performed very locally, close to the scale of a cone's
receptive field (Chaparro et al., 1995; He & MacLeod, 1998). Thus we expect that the
divisive component of luminance adaptation remains natural also for our spatially
homogeneous presentation. Furthermore, anatomical data show that in the retina the
parvocellular pathway remains spatially very localized (Dacey, 1993; Lee, 1996). Each PC
ganglion cell receives direct input from only one midget bipolar cell, which, in turn,
receives direct input from only one photoreceptor.
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An important mechanism mediating subtractive luminance adaptation is due to the
center-surround structure of the spatial receptive fields of bipolar and ganglion cells
(Hayhoe, 1990; Werblin, 1974; Enroth-Cugell & Lennie, 1975). The size of the surround
field is larger than the center size, due to pooling of receptor inputs. However, for the
surround it does not make a large difference if the background is homogeneous or not, if
only the average luminance over the surround field is about the same in both conditions.
In natural images, there is a large spatial correlation between luminance values of pixels
and their neighbours, and this correlation only slowly decreases with larger distances
(Ruderman, 1997). It is therefore not unreasonable to assume a roughly even luminance
for the small area of a typical PC cell surround field (Lee, 1996). Thus the use of a
homogeneous background, instead of a fully naturalistic spatio-temporal input, may
have only a limited effect on luminance adaptation in the PC pathway.

For the magnocellular pathway the situation is less clear. MC ganglion cells have
receptive fields larger than PC ganglion cells, and they receive direct input from several
parasol bipolar cells, which in turn receive input from multiple cones (Perry et al., 1984).
Therefore, effects of the spatial structure of the background on luminance adaptation in
the MC pathway can be expected to be larger than in the PC pathway. A further
important process is contrast gain control, which affects MC ganglion cells, but not PC
ganglion cells (Benardete et al., 1992; Lee et al., 1994). Insofar that contrast gain is
driven by spatial contrast, in addition to temporal contrast, further effects of the spatial
structure of the stimulus can be expected for the MC pathway. To describe these effects,
more detailed information about the contrast gain control is needed.

In the present discussion we argue that detection of the 1-second test is most likely
mediated by the PC pathway. If this is the case, the influence of the absence of spatial
structure in our experiments may be limited. For shorter test durations we expect a larger
contribution of the MC pathway, and thus more influence from the spatial structure of
the background. Eventually, it is therefore necessary to perform experiments with spatio-
temporal paradigms, if we want to draw conclusions about the role of the MC pathway in
natural vision.
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 Chapter 5

A psychophysical signature of a simple cell’s  receptive
field

ABSTRACT

Here we show that stimuli that have the same spatiotemporal structure as the receptive
fields of simple cells in primary visual cortex elicit a strong visual illusion. The envelope
of the pattern appears to move over considerable distances, whereas it remains at a fixed
position in reality. The illusion can be understood by assuming that simple cells code
elements in visual scenes that differ in spatiotemporal structure from the receptive fields
themselves, but correspond to independent components of the scenes. For natural
scenes these components resemble moving edges and bars. Excitation of a simple cell is
then interpreted by the visual system as signifying the presence of such a component.

INTRODUCTION

The spatiotemporal receptive fields of simple cells in primary visual cortex (DeAngelis et
al., 1993) resemble so-called moving Gabors with a fixed envelope (below such a pattern
will be called FMG = Fixed Moving Gabor). Figure 1a shows an example of an FMG: it
consists of a moving sinusoid running beneath a spatial Gaussian envelope, with its
contrast modulated by a temporal Gaussian envelope. For the receptive fields of simple
cells (DeAngelis et al., 1993) one finds a similar spatiotemporal sequence of excitatory
and inhibitory response bands. This produces the basic properties of these cells: they
are band-pass in spatial and temporal frequency, localized in space and time, and have
preferences for spatial orientation and for orientation in space-time (velocity, Adelson &
Bergen, 1985).

When a stimulus is given that matches the receptive field of a (visual) neuron, this
neuron will generally be strongly or even optimally excited. Thus stimulating a simple
cell with an FMG as the stimulus will vigorously excite the cell. Nevertheless, it is
generally assumed that the normal adequate stimuli for simple cells are not FMG-like
patterns, but rather elementary patterns like moving edges and bars (Hubel & Wiesel,
1968). FMGs are stimuli that are unlikely to occur with significant frequency in natural
scenes. Thus although FMGs are expected to excite simple cells strongly, such an
excitation is more likely to signify the presence of a moving edge or bar than to signify
the presence of an FMG. A recent computational analysis of spatiotemporal image
                                                                
Based on: L. Poot, J.H. van Hateren & H.P. Snippe. A psychophysical signature of a
simple cell’s receptive field. Submitted for publication
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sequences (van Hateren & Ruderman, 1998) suggests that FMG-like receptive fields are
well suited for decomposing such sequences into components that have statistical
properties (sparseness and independence) beneficial for further information processing.
Whereas the filters needed to extract the components look like FMGs, the components
themselves look more like moving edges and bars (van Hateren & Ruderman, 1998).

If the above hypothesis on how responses of the simple cells are interpreted by the
visual system is correct, presenting an FMG to the visual system may be expected to
make the visual system believe it is viewing a real moving object, rather than a fixed
envelope with movement within. Then this will lead to a visual illusion. Here we perform
experiments designed to test this hypothesis.

METHODS

Stimuli were produced by calculating short movies, loading these into the framestore
memory of a VSG2/3-interface card (Cambridge Research Systems), and playing them
back at a rate of 200 frames per second on a Joyce DM4 monitor (AE type fast
phosphor). The monitor was viewed monocularly via an optical system that produced,
via a half-mirror and accessory optics, a homogeneous optical surround of 13.5 degree
diameter. Average luminance of monitor and surround was set at 10 cd/m2. In control
experiments with direct viewing of the monitor, but without surround, we found at a
luminance of 100 cd/m2 identical results as for Fig. 2 below, both for monocular and
binocular viewing. The angular distance between neighbouring pixels on the monitor
was 0.42 arcminutes.

The FMGs and SMGs (= Shifting Moving Gabors, see Results) of the experiments of
Figs 1, 2, and 4 are described by an intensity profile I, as a function of horizontal visual
angle x, vertical visual angle y, and time t
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with I0 the average luminance, x0 , y0, and t0 constants determining the position of the
pattern in space and time, the envelope velocity ve = 0 for FMGs and ve = vs = ft /fs for
SMGs, with vs the velocity of the sinusoid, a a constant that gives the instantaneous
FWHM (Full Width at Half Maximum) of the Gaussian of 6.67 arcmin along the axis of
the movement of the sinusoid, b a constant that gives a FWHM of 8.34 arcmin in the
perpendicular direction (i.e., the aspect ratio is 1.25), and c a constant that gives a
temporal FWHM of 80 ms. The spatial frequency is fs = 9 cycles/deg (corresponding to
one cycle per FWHM), and the default temporal frequency is ft = 10 Hz. This
corresponds to vs = 1.11 deg/s.
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Figure 1. a. Cross-sections of an FMG (= Fixed Moving Gabor), consisting of a fixed Gaussian
envelope (broken lines) modulated with a temporal Gaussian (5 panels shown at consecutive
times), beneath which a sinusoid moves. Arrows indicate a corresponding peak. Spatial scale in
arcminutes. b. Cross-sections of an SMG (= Shifting Moving Gabor), similar to a, but now with
the Gaussian envelope moving along with the sinusoid. c. Fraction of presentations for which a
moving Gaussian was perceived faster than an FMG (filled circles) or faster than an SMG
(crosses), as a function of the velocity of the Gaussian. Average and s.e.m. of data from 4
subjects. See text for further explanation.

The stimulus of Fig. 1 consisted of an FMG or SMG, with the phase ϕ in Eq. (1) chosen
to be zero; in control experiments no influence of the phase on the results was found.
The FMG or SMG was followed after 400 ms by a moving Gaussian (temporal FWHM 80
ms, spatial FWHM 7.5 arcmin) with velocities ranging from 0.2 to 1.8 times vs. This
stimulus pair was repeated twice, with 700 ms between presentations. Subsequently, the
subject had to push a button to indicate whether the first or the second stimulus of the
pair was faster. The entire procedure was repeated, each time with a randomly chosen
velocity of the Gaussian, every 5.5 s. Each velocity of the Gaussian was presented 30-40
times.
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Figure 2. Fraction of perceiving a reference stimulus, consisting of a row of FMGs that switch on
consecutively giving an apparent velocity va equal to the velocity of the FMG sinusoid vs, as
more smoothly than similar rows of FMGs with va different from vs. Average and s.e.m. of data
from 5 subjects. See text for further explanation.

The stimulus of Fig. 2 consisted of four FMGs at a horizontal spatial distance (in the
direction of movement) of 13.3 arcmin and a time between them of 200 ms, producing an
apparent motion of 1.11 deg/s. For each FMG, the phase ϕ (see Eq. 1) was chosen
randomly, fs = 9 cycles/deg, and ft was varied to obtain different velocities vs.

The stimulus of Fig. 3 consisted of 8 FMGs with random phase ϕ, rotated and arranged
as shown in the figure. The radius of the circle was 25 arcmin, and the parameters of the
FMGs were as described above. The stimulus consisted of first an outward movement of
the sinusoids of the FMGs (with the FMGs centered in a display episode of 200 ms),
immediately followed by inward FMGs (also centered in 200 ms) produced by showing
the stimulus in reverse. This pattern was then repeated. The resulting oscillation thus
had a frequency of 2.5 Hz. After two cycles of this oscillation, the pattern was swapped
for two cycles of a circle (consisting of a line with a Gaussian luminance profile with
FWHM 1.7 arcmin) with an outward and inward uniform velocity of 1.04 deg/s. In a
control experiment the velocity was 0.52 deg/s, which gave similar results. The inner and
outer limits of the circle diameter could be adjusted on-line by the subject, such that they
would match the inner and outer limits of the movement trajectory of the ring of FMGs.
The FMGs and circle were interchanged indefinitely until the subject indicated that a
satisfactory match had been obtained. At the center of the circles a small fixation point
was present.

The stimulus for Fig. 4 was similar to that of Fig. 1, but now the temporal FWHM of the
FMG was varied between 20 and 400 ms. After 400 ms, a moving Gaussian was shown
(with a fixed temporal FWHM of 160 ms). The velocity of this Gaussian could be
adjusted by the subject. FMG and Gaussian were interchanged until the subject
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indicated that the FMG and the Gaussian had identical perceived velocity. Velocity
judgment was facilitated by a small, fixed dot at 21 arcmin below the FMG and

Figure 3. The ring of 8 FMGs is switching between inward and outward movement of the
sinuoid. The stimulus produces a strong visual illusion of an expanding and contracting circle
travelling over a considerable distance. The circles show the perceived inner and outer limits of
this movement (average; width of the circles shows s.e.m., 7 subjects).

Gaussian. Interspersed there were trials with an FMG with zero velocity of the sinusoid.
The setpoint of the Gaussians for these trials is a measure of a possible velocity bias of
the subject, and this was used to correct the setpoints for moving FMGs. This bias was
small enough for all subjects (between 0.0 and 0.2 in terms of the ordinate of Fig. 4) to
not significantly affect the shape of Fig. 4.

RESULTS

The hypothesis to be tested in this article is whether an FMG is interpreted by the visual
system as a stimulus that is moving as a whole, thus including its envelope, rather than a
stimulus which has a moving part (the sinusoid) but remains essentially at the same
position because its envelope is fixed there. The first experiment is a simple attempt to
test this.

Subjects were asked to estimate the velocity of the envelope of an FMG, and decide
whether that was smaller or larger than the velocity of a moving Gaussian pattern shown
subsequently. The latter had the same size as the envelope of the FMG, and its velocity
was different from trial to trial. For comparison, the same experiment was also performed
with an SMG rather than an FMG. An SMG (= Shifting Moving Gabor) is similar to an
FMG, but with the envelope moving along with the sinusoid instead of remaining at a
fixed position. As a result, an SMG does not change in shape, and moves as a whole
(see Fig. 1b).

Although the results of Fig. 1c are suggestive, they are not conclusive. It may be that
the subjects, even when trying to match the perceived velocity of the envelope of the
FMG, in reality use the velocity of the constituent sinusoid, which is indeed moving at
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relative velocity 1. This is a problem with experiments on a single FMG: how can we be
sure that it is the apparent movement of the envelope that is perceived and used for the
task, and not the moving sinusoid? In order to clarify this point further, we designed two
more

Figure 4. Perceived velocity of the FMG envelope as a function of the temporal full width at half
maximum of the FMG. Average and s.e.m. of data from 6 subjects.

experiments. These experiments use composite patterns of FMGs that contain higher
order structure, and we seek to test whether this leads to percepts that are consistent
with apparent movement of the FMG envelope, but that are more difficult to reconcile
with just the perception of a moving sinusoid.

Figure 1c shows the fraction of presentations for which the Gaussian was perceived
faster than the FMG (filled circles) or faster than the SMG (crosses), as a function of the
velocity of the Gaussian relative to the velocity of the sinusoids of the FMG and SMG.
As can be seen, both curves cross the 0.5 level not far from a relative velocity of 1.
Whereas this can be expected for the SMG, where the envelope is really moving at that
velocity, this is not the case for the FMG. There the envelope is steady, yet the results
indicate that it is perceived to be moving just as much as the SMG envelope. Indeed, a
similar experiment where an FMG had to be compared with SMGs of different velocities
produced a similar curve as in Fig. 1c.

The first compound pattern consists of four FMGs in a row (in the direction of the
moving sinusoid) that are switched on and off one after the other. This leads to the
perception of apparent motion (e.g., Cavanagh & Mather, 1989), with a velocity
determined by the angular distance ∆A between neighbouring FMGs, and their time
difference ∆T. The resulting apparent velocity, va = ∆A/∆T, was kept fixed (∆A = 13.3
arcmin, ∆T = 200 ms, va = 1.11 deg/s). The sinusoids constituing the FMGs had the same
velocity, vs, for all four FMGs, but their spatial phases were chosen randomly for each
FMG. The subject was shown two consecutive panels, each with the entire display of
four FMGs, where one panel had vs /va = 1, and the other had vs /va chosen from a range
of values between 0.2 and 1.8. The subject had to choose which of the two panels
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(presented in random order) gave the percept of smoother, more uniform global motion.
The display gives indeed the percept of global motion, i.e., the entire FMG pattern
appears to be propagated along the row of FMGs. Figure 2b shows how the smoothness
of this global motion depends on vs /va. The closer vs /va is to unity, the more the motion
is perceived as smooth and uniform. This is consistent with the idea that for vs /va ≈ 1
the perceived local object velocity (the apparent velocity of each FMG, including its
envelope) is the same as the global apparent motion. If vs is very different from va , the
motion is generally perceived as jittery and non-uniform.

Figure 3 shows the second compound pattern to test FMG envelope movement with the
help of a more global percept. The pattern consists of a circle of 8 FMGs with random
spatial phases. The sinusoids of the FMGs move intermittently outward and inward.
Although the envelopes of the FMGs do not move, the display gives a particularly
vigorous percept of an expanding and contracting circle. The amplitude of this
oscillation was estimated by interchanging the pattern repeatedly with a pattern
consisting of a circle performing a real expansion and contraction. The inner and outer
limits of this movement could be adjusted by the subject, whilst fixating a small spot in
the center of both the ring of FMGs and the circle. The subject was asked to adjust the
limits such that the trajectory of the circle matched the trajectory of the ring of FMGs.
Because the FMGs are close to the resolution limit of the brain for these patterns, the
ring of FMGs was in fact also perceived as a thin circle, be it slightly irregular along its
circumference. The thin lines in Fig. 3 show the average inner and outer settings as
produced by 7 subjects, where the width of the circles denotes the s.e.m. of the settings.
Similar results were obtained with a reference pattern consisting of an expanding and
contracting ring of 8 Gaussians (same size as the FMG envelopes) rather than a circle.
As Fig. 3 shows, the FMGs are perceived to move, as a whole, over a considerable
distance.

Up till now, the parameters of the FMG were kept fixed. Spatial frequency (9 cycles/deg),
temporal frequency (10 Hz), spatial FWHM (6.67 arcmin in the direction of the wave
vector, and 1.25 times that in the perpendicular direction), and temporal FWHM (80 ms),
are all in the range of the parameters of cells measured at or close to the foveal visual
field in macaque primary cortex (DeValois et al., 1982a,b; Parker & Hawken, 1988). Most
of the parameters vary appreciably within the population of simple cells (DeValois et al.,
1982a,b; Parker & Hawken, 1988; see also van Hateren & van der Schaaf, 1998), and
consistently we find that the basic phenomena of Figs 1-3 can be observed over an
appreciable range of parameter settings. There is one parameter, however, which appears
to be quite critical, and that is the temporal FWHM, ∆t. We tested this by varying ∆t
from 20 ms to 400 ms, and having subjects match the perceived velocity of the FMG
envelope with a subsequently presented moving Gaussian (of fixed duration), of which
the velocity could be adjusted by the subject. Figure 4 shows the thus matched
velocities relative to the velocity of the sinusoid. For very short ∆t, the stimulus is
perceived as a short flash at a fixed position. For very long ∆t, the envelope is again
seen to be steady, even though containing the moving sinusoid. For intermediate ∆t,
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however, there is a strong percept of movement of the entire pattern, with a peak at
approximately 60-80 ms.
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DISCUSSION

We have shown here that stimuli resembling the receptive field of simple cells in primary
visual cortex produce a strong visual movement illusion. The envelope of these stimuli
appears to move at approximately the same velocity as the sinusoid of the patterns,
whereas in reality it does not move at all.

Previously, DeValois & DeValois (1991) used FMGs with a temporal FWHM ∆t ≈ 2 s as a
stimulus, and showed that these appear shifted relative to their actual position, in the
direction of the movement of the sinusoid. We could confirm this, in a sequential
position matching task, also for shorter ∆t. For ∆t between 40 ms and 400 ms we found
shifts of 1-2 arcmin, not very different from the 2 arcmin reported for foveal vision by
DeValois & DeValois (1991). Although it is possible that such shifts are a side effect of
the apparent movement of the FMG envelope reported above, an other explanation was
recently proposed by Berry et al. (1999). They show that a combination of
spatiotemporal band-pass filtering and contrast gain control, can explain, at least partly,
a range of similar shift-related phenomena in human visual perception. However, as the
total movement of the envelope perceived in our experiments is much larger than 1-2
arcmin (e.g., 10.8 ± 0.7 arcmin in Fig. 3), it appears unlikely that band-pass filtering and
contrast gain control can explain the phenomena we report here. The apparent positional
shift of the FMG may well have a retinal origin (Berry et al., 1999), whereas the apparent
velocity of the FMG we report here may have a cortical origin.

The temporal FWHM, ∆t, that is the most effective in eliciting a movement illusion (60-80
ms, see Fig. 4) appears to be closely matched to the typical ∆t found for simple cells.
DeAngelis et al. (1993) report this to be approximately 117 ms (FWHM corresponding to
a 1/e-halfwidth of 140 ms) in the cat. Such direct measurements in monkey are not known
to us, but using measurements of temporal tuning curves of cells in area V1 measured by
Geisler & Albrecht (1997), we estimate ∆t ≈ 70 ms for the macaque. This estimate was
obtained by fitting the amplitude spectrum of a biphasic impulse response (difference of

two shifted functions τ/5 tet − ) to the temporal frequency response as described in Table
1 of Geisler & Albrecht (1997), and subsequently determining the FWHM of the
envelope of the corresponding impulse response. Matching the FMG duration to the
typical duration of the receptive field (i.e., the typical length of the impulse response in
various parts of the spatiotemporal receptive field) maximizes the confusion of the FMG
with a really moving stimulus. If the FMG is shorter, it is more like a single short flash,
and it will not be very selective in stimulating a particular simple cell. If, on the other
hand, the FMG is longer than the receptive field duration, it will strongly excite the
targeted simple cell, but at the same time it would be easy to tell from the cell’s response
and the responses of surrounding simple cells that the stimulus is not a real moving
object. Only the FMG of intermediate, matched duration is strongly confusing, and,
according to Fig. 4, optimally so for ∆t = 60-80 ms.

The results above are consistent with a theoretical interpretation recently obtained by
performing an independent component analysis on natural image sequences (van
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Hateren & Ruderman, 1998). There it was shown that filters resembling FMGs can
transform moving images such that the sparseness (Olshausen & Field, 1996) and
independence (Bell & Sejnowski, 1997) of the resulting responses is increased; this is a
potential benefit for information processing (Barlow, 1989; Field, 1994). The components
of the image sequences that these FMGs code for, however, look more like moving
edges and bars, similar to SMGs (van Hateren & Ruderman, 1998). These components
(which together form the building blocks of the image sequences) move as a whole, with
sinusoid and envelope moving at the same velocity. Thus if cortical simple cells are
considered as analogons of the filters produced by the independent component
analysis, it follows that strong excitation of these filters (by a matched stimulus) is
interpreted by the visual system as signifying the presence of the corresponding
component, which is an object moving as a whole.
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Samenvatting

In dit proefschrift wordt onderzocht hoe het menselijk visueel systeem zich aanpast aan
veranderende lichtomstandigheden (lichtadaptatie). Deze meet- en regelprocessen, die
voornamelijk in het netvlies plaatsvinden, zijn hier onderzocht door proefpersonen
lichtstimuli te laten beoordelen. Naast experimenten met lichtstappen en sinusvormig
gemoduleerde lichtstimuli zijn er ook experimenten gedaan met stimuli opgemeten in de
natuurlijke omgeving. Dit is interessant op grond van de hypothese dat visuele
informatieverwerking geoptimaliseerd is voor de visuele omgeving waarin de mens zich
normaliter bevindt.

In de experimenten beschreven in hoofdstuk 1 wordt de gevoeligheidsverandering van
het visueel systeem gemeten bij een abrupte toe- of afname van de lichtintensiteit. Dit
wordt gedaan door een proefpersoon te vragen of een lichtflitsje van 10 milliseconden,
dat wordt gepresenteerd op een bepaald tijdstip gedurende de veranderende
achtergrondverlichting, wordt waargenomen of niet. De intensiteit van het flitsje die net
kan worden waargenomen is een maat voor de gevoeligheid van het systeem op dat
moment. De achtergrondverlichting heeft een hoge intensiteit die vergelijkbaar is met
daglicht. Bij deze hoge intensiteiten blijkt de aanpassing na een plotselinge toename in
de intensiteit langer te duren dan na een afname. Rond de intensiteitsverandering wordt
de gevoeligheid bepaald door het contrast van de overgang, maar enige tijd na de
verandering wordt deze bepaald door de snelheid van adaptatie aan de veranderde
lichtintensiteit zelf.

In hoofdstuk 2 wordt een aantal nieuwe experimenten gepresenteerd met in de tijd
sinusvormig gemoduleerde achtergrondverlichting, waarbij de frequentie van de sinus
over een groot bereik is gevarieerd. Tevens wordt een model gepresenteerd dat de
resultaten van deze experimenten, evenals die uit hoofdstuk 1, kan beschrijven. Naast de
meer conventionele onderdelen van een model voor lichtadaptatie, namelijk een
multiplicatieve en een subtractieve module, wordt een derde module geïntroduceerd
waarin de versterkingsregeling afhankelijk is van het contrast van het signaal. Deze
contrastafhankelijke regeling verklaart de frequentieafhankelijke
gevoeligheidsverandering die gevonden wordt bij de experimenten met sinusvormige
modulatie. Dit werd door eerdere modellen uit de literatuur niet goed beschreven.

In hoofdstuk 3 worden experimenten uitgevoerd om meer informatie te verkrijgen over
het tijdsverloop van de globale gevoeligheidsverandering die optreedt bij het aan- en
uitzetten van een sinusvormig gemoduleerde achtergrond. Na het uitzetten van de
modulatie duurt het langer tot de gevoeligheid op het uiteindelijke niveau is
aangekomen dan na het aanzetten. Een verklaring voor deze asymmetrie ligt mogelijk in
de aanname dat deze gevoeligheidsverandering het gevolg is van een contrastgestuurde
versterkingsregeling. De asymmetrie volgt dan uit een recent gepubliceerde theorie
waaruit blijkt dat een optimale schatter van het contrast na een contrasttoename sneller
mee verandert dan na een afname.
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Bij de tot nu toe beschreven experimenten is alleen het lichtniveau, maar niet het
tijdsverloop van de stimuli vergelijkbaar met wat normaliter het menselijk oog
binnenkomt. In hoofdstuk 4 zijn daarom experimenten uitgevoerd met een reeks van
lichtintensiteiten die buiten is opgenomen, en een aantal gemanipuleerde versies
daarvan. Daarnaast wordt een aantal eigenschappen van natuurlijke lichtreeksen
beschreven, zoals het vermogensspectrum, de intensiteitskansdichtheid en het contrast.
De gevoeligheid van het systeem voor het detecteren van testflitsen met een duur van 1
seconde, aangeboden tijdens een tijdreeks, blijkt weinig verminderd ten opzichte van de
gevoeligheid bij een constante verlichting. De gevoeligheid verandert ongeveer lineair
met het contrast van de stimulus, en de specifieke vorm van de fluctuaties heeft geen
invloed op de gevoeligheid.

In hoofdstuk 5 verlaten we de lichtadaptatie, en gaan we een stapje hoger in het visueel
systeem. Er wordt gekeken naar informatieverwerking zoals uitgevoerd door cellen in
de eerste lagen van de visuele cortex. We onderzoeken de theorie dat deze zogenaamde
'simple cells' natuurlijke beelden ontleden in kleine bewegende componenten. Daartoe
laten we proefpersonen patronen zien waarvoor deze cellen het meest gevoelig zijn
(receptieve velden). Het blijkt dat deze patronen een sterke illusie van beweging in één
geheel opwekken, terwijl in werkelijkheid de patronen weliswaar bewegende delen
bevatten, maar als geheel stilstaan. Dit is consistent met het idee dat de betrokken cellen
elementen uit visuele scènes halen die verschillen van hun receptieve velden. Voor
natuurlijke scènes zijn dat bewegende randen en lijnen.
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Stellingen

1. In een model voor lichtadaptatie mag contrastadaptatie niet ontbreken.
Wilson, H.R. (1997) Visual Neuroscience 14, 403-423

2. In het visueel onderzoek met natuurlijke stimuli wordt meestal het
tijdsdomein ten onrechte over het hoofd gezien.

3. Psychofysica is een van de weinige vakgebieden waar het gebruikelijk is
dat de wetenschapper tevens proefkonijn is.

4. Het Spaanse woord ‘ordenador’ geeft een betere beschrijving dan het
woord ‘computer’ voor de functie die dit apparaat voor veel mensen
heeft.

5. Meisjes die geen broers hebben kiezen vaker exact.

6. Lichamelijke inspanning leidt tot geestelijke ontspanning, geestelijke
inspanning helaas niet tot lichamelijke ontspanning.

7. In tegenstelling tot wat de naam suggereert leidt veel televisie juist tot
kortzichtigheid.

8. Het feit dat de verder hoog ontwikkelde Inca’s geen schrift kenden
suggereert een geschiedenis van zeer langdurige isolatie van de rest van
de wereldbevolking.

9. Zonder tegenwind gaat geen vlieger op.


