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Visual Perception: Lightness in a High-Dynamic-Range
World
How the visual system detects surface reflectance — lightness — has puzzled
researchers for centuries. A new study of contexts that capture the
characteristic luminance range of natural scenes rules out a long-standing
theory of lightness perception.
Daniel J. Graham

The sun’s daily blast of visible
wavelength photons makes vision
possible, but it also poses challenges
for visual systems. In natural scenes,
the ratio of the highest to lowest light
intensity — the dynamic range of
luminance — is often 1000:1 or more,
due mostly to variations in the
illumination of surfaces (Figure 1A,B).
Neurons respond over a far smaller
range, necessitating a variety of
adaptation mechanisms. Beyond the
challenges they pose for neural coding,
variations in illumination raise deep
questions about visual perception,
especially in terms of lightness — the
judgment of surface reflectance.
Reflectance itself — a physical
property of materials — is not directly
accessible, since the eye can only
measure luminance, but detecting
reflectance is thought to be essential
for object recognition. The lightness
of a surface is roughly constant in
the face of huge variation in the
luminance reaching our eyes
(for example, see [1]).

The question of how humans
perceive lightness has puzzled
scientists for centuries [2]. A
long-standing theory —Wallach’s ratio
rule [3]— has been challenged [4] but is
still considered ‘‘almost axiomatic’’ [5].
Wallach’s ratio rule holds that when
a surface S1 of reflectance R1 is
compared to a background surface S2

of reflectance R2, S1 will appear to be
the same lightness as long as the ratio
of the luminances for those surfaces,
L1 / L2, remains the same. That is, two
luminances that differ by a fixed ratio
(L1 = k*L2) should be perceived to
match two reflectances that differ by
the same ratio (R1 = k*R2). In this case,
the ‘mapping function’ relating
luminance to lightness is linear and has
a slope of one on a log–log scale, as
functions of the form y = kx have
a slope of one on log–log axes. If
the mapping function has a slope
different from one, the function is
nonlinear — because the slope of a
function that is linear on log–log scales
corresponds to its exponent — and the
ratio rule would not hold. Following
Wallach, much evidence has supported
the ratio rule, and it has been extended
to more complex arrays [6].

In this issue of Current Biology,
Radonjic et al. [7] report findings that
call for a reevaluation of the ratio rule.
They present a study of lightness
perception in contexts that
approximate the high dynamic range
of luminance characteristic of natural
scenes. Radonjic et al. [7] show that
luminance-to-lightness mappings in
such contexts rule out ratio-based
explanations. They demonstrate
that humans perceive an orderly
progression of lightness over the
entire range of luminances, and that
the brain can perform massive
nonlinear compression in judging
lightness.

While it has long been possible to
sequentially present luminances that
span a high dynamic range [8], the
technical innovation introduced by
Radonjic et al. [7] is to present test
luminances in a spatial context that
itself spans this range. This paradigm
has not previously been implemented,
because it has not been possible to
display a context comprising both high
and low intensities in the laboratory.
Cathode ray tube displays can produce
low intensities, as each pixel can be
selectively turned ‘off’, but high
intensities damage the phosphors and
produce x-rays. Liquid crystal displays
can safely produce high intensities, but
because the illumination behind the
liquid crystal is uniform, striking both
‘white’ and ‘black’ pixels, significant
amounts of light leak through pixels
that should be fully ‘black’. Both types
of conventional display are limited to
ranges of around 300:1 [9].
Engineers have devised a way to

radically expand dynamic range with
liquid crystal arrays: exchange uniform
illumination for selective illumination
[10]. In practice, this means projecting
a high-intensity illumination image
through a standard array. In this way,
‘black’ pixels can be truly black, while
‘white’ pixels can emit high luminance.
The device Radonjic et al. [7] built,
which used a commercial digital
projector for illumination, displayed
images spanning four log10 units of
luminance.
Radonjic et al. [7] presented a

checkerboard of luminances to
observers (Figure 1C). A test luminance
was shown in the central square while
the other squares provided the high
dynamic range ‘context’, giving the
observer a sense of how each test
luminance related to the full dynamic
range. The test luminance was
randomly varied among the values
defining the context. Subjects
compared test luminances to a
separate chamber housing a
reflectance palette lighted by a diffuse
illuminator and reported the best
perceptual match (Figure 1D).
Even for a 5905:1 range, the visual

system was found to map these
luminances to reflectances spanning
a 100:1 range (90% to 0.9%
reflectance). This represents massive
compression of a kind that has not
previously been demonstrated using
psychophysics. It is striking that
lightness judgments can be made over
this range of luminances since the
reflectances the visual system
presumably seeks to recover cannot
vary to such an extent.
Theempirical luminance-to-lightness

mapping function derived by Radonjic
et al. [7] displays a compressive
nonlinearity — a slope considerably
less than one on log–log axes
(Figure 1E). This result directly
undermines the ratio rule, and the
lack of agreement was shown in three
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Figure 1. The high dynamic range of luminances in natural scenes is captured in a laboratory
display, allowing measurement of perceptual luminance-to-lightness mappings.

(A,B) The luminance range in natural scenes is often 1,000:1 or more. As most objects reflect
between 4% and 80% of incident light, illumination plays the dominant role in generating the
high dynamic range. Luminances are given in candelas per meter squared, as measured with
a photometer. (C) A high dynamic range display is used to present a context image with
a 10,000:1 dynamic range in [7]. Observers judged the lightness of the central test square and
compared it to apalette of chipswith known reflectance (D). (E) The empirical luminance-to-light-
ness mapping function found in [7] shows a compressive nonlinearity (slope < 1), thus ruling
out a ratio rule explanation.
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further conditions: varying the
luminance range holding maximum
luminance constant; varying the
maximum luminance holding range
constant; and varying the luminance
distribution holding maximum and
minimumconstant.Moreover, Radonjic
et al. [7] demonstrated that presenting
the test square on a uniform
background, as in Wallach’s
experiments, produced results that
do conform to the ratio rule.

Thus, displaying a naturalistic range
of luminances all at once — even in the
absence of meaningful image content
or segmentation — has profound
effects on lightness perception. This is
further implied by Radonjic et al.’s [7]
nonlinear model of their data, which is
based on the Naka-Rushton equation
describing neural adaptation [11].
The model treats perceptual
judgment — the best-match
reflectance for a given test
luminance — as the response over
which adaptation occurs, taking
account of the context luminances.
The model fits the data well under all
conditions tested, thereby suggesting
an efficient — perhaps optimal — use
of the response range in the face of
varying luminance ranges. However,
the model leaves out some important
factors influencing evolved efficient
processing strategies, such as the
distribution of natural luminances
[12,13] and reflectances [14], and the
role of noise, so a more complete
model may be needed to demonstrate
evolved optimality. Even so, the model
is insightful.

While this experiment captures the
characteristic dynamic range of natural
scenes, a checkerboard does not fully
approximate natural images. As the
authors suggest, there may be
one-to-one luminance-to-lightness
mappings within each separately
illuminated portion of a real scene.
Such effects can—and surely will— be
studied with high-dynamic-range
displays; however, some properties of
natural scenes may be difficult to
reproduce with such displays. The
absolute luminances tested — and the
maximum luminance possible with
these displays [9] — are considerably
lower than those found in natural
scenes in sunlight. The question of
whether absolute luminance
contributes to lightness perception has
long been debated [15] but barring
technological advances, potential
effects arising at high absolute
luminance may not be accessible
with these displays.

Can one measure lightness
perception directly in natural scenes?
Although maintaining controlled
conditions is difficult, the task shares
similarities with that of capturing a high
dynamic range scene in a painting.
Unlike a camera, the painter can
choose the best perceptual match
reflectance (pigment) for each
luminance in the scene given its
context. While stylistic imperatives
may push a given painting away from
the ‘best match’ criterion, recognizable
representations may on average
possess luminance-mapping
strategies [16] like those observed
in the present study.
Radonjic et al. [7] have demonstrated

that high-dynamic-range displays
are a powerful tool for studying
lightness perception, one that can
reveal fundamental effects not
apparent under less naturalistic
conditions. Iterating towards more
and more natural conditions is a
worthy goal for future research; this
will propel efforts to devise
comprehensive models of lightness
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perception that invoke notions of
evolved efficient processing.
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Cellular Mechanotransduction:
Filamin A Strains to Regulate Motility
A new study suggests that mechanical strain through the actin-binding protein
filamin A leads to increased linkage between the extracellular matrix and
cytoskeleton and decreased actin dynamics.
Christopher D. Lynch1

and Michael P. Sheetz1,2

Cellular mechanotransduction is the
process by which cells detect external
and internal mechanical signals and
convert them into chemical responses.
In the context of cell adhesion to
a substrate, externally applied forces
produce similar effects to internally
generated forces [1]. Focal adhesions,
the multi-molecular structures that
connect the cell to a surrounding
extracellular matrix, grow and mature,
while motile velocity decreases [2].
How does the cell coordinate these
responses at the molecular level? A
new study published recently in Nature
from Ehrlicher et al. [3] suggests that
mechanical strain in a network of
actin filaments crosslinked by the
actin-binding protein filamin A alters
important interactions between the
network and the cell. Two critical
aspects of cellular mechanics are
addressed by this study— cytoskeletal
network linkage to the extracellular
matrix, and the dynamics of actin in the
cytoskeleton. Both aspects could be
responsive to strain on filamin A.
Filamin A is a large, rod-like protein
composed of an amino-terminal
actin-binding domain and 24
immunoglobulin G (IgG)-like domains
that can bind numerous proteins. The
first 15 IgG-like domains are referred
to as rod 1. These domains interact
end-to-end to produce an elongated
structure that binds actin filaments
along its length.Domains16–23makeup
rod2 [4], amorecompact region inwhich
domains interact in complex ways to
result in cryptic binding sites that are
only exposed when the molecule is
under tension [5]. The carboxy-terminal
IgG-like domain allows the protein to
homodimerize. Each subunit of a filamin
A dimer is capable of binding lengthwise
along an actin filament via interactions
mediated by rod 1, thereby orthogonally
crosslinking two actin filaments and
creating a network of actin filaments.
Although a filamin-crosslinked
network is capable of transmitting
forces over long distances [6],
cohesive propagation of forces in cells
between adhesions depends upon
myosin contractility [7,8].

In cells, the loss of filamins results
in the loss of normal focal adhesions
and reduced linkage between
cytoskeletal compartments [9,10].
However, the filamin network can
have other roles than just crosslinking.
As a mechanotransducer, strain
generated within this network
(internally or externally) can strain
the filamin A dimer at its crosslinks.
Oneway to explain the effects of filamin
A on many cell activities is that strain
exerted on filamin could alter its
binding affinity for other components,
as has been shown for cell
cytoskeletons in general [11].
Ehrlicher et al. [3] tested this

hypothesis using a novel technique
known as fluorescence loss after
photoconversion (FLAC). Conceptually
similar to fluorescence recovery after
photobleaching (FRAP) [12], a given
protein’s binding partner is tagged
with a photoactivatable fluorophore
that does not fluoresce until excited
by a pulse of high-energy light.
Once fluorescent, unbound proteins
rapidly diffuse away from the site of
excitation, while proteins bound to
the actin–filamin A network must first
release. The result is typically a
two-component exponential decay
in fluorescence intensity (a very rapid,
unbound component and a slow,
bound component). Although a high
density of filamin A can result in
rebinding and multiple release steps,
small activation volumes and excess
binding protein reduce this possibility.
Thus, the slow decay component can
beameasureof theoff-rate constant for
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