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According to Koffka (1935), the lightness of a target surface is determined by the relationship between
the target and the illumination frame of reference to which it belongs. However, each scene contains
numerous illumination frames, and judging each one separately would lead to an enormous amount of
computing. Grouping those frames that are in the same illumination would simplify the computation.We
report a series of experiments demonstrating that nonadjacent regions of the visual field under the same
illumination level are perceptually grouped together and function, to some extent, as a single framework.
A small coplanar group of patches under its own illumination exhibits compression of perceived range
of gray shades. We obtained the reduction in compression in the presence of an identically illuminated
25-patch Mondrian tableau mounted nearby the coplanar group. The influence of the Mondrian display
was reduced when it was (a) moved laterally away from the test display, (b) moved farther back in depth
from the test display, or (c) rotated to a different orientation.
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The central problem in lightness perception stems from the fact
that the amount of light (called luminance) reaching the eye from
a target surface depends, not only on the percentage of light the
target surface reflects (the physical counterpart of lightness), but
also on the intensity of illumination on the surface. As a result, the
luminance of the target is completely ambiguous with respect to its
lightness: a surface of any shade of gray can reflect any luminance
value. Helmholtz (1866) suggested that the intensity of illumina-
tion is unconsciously taken into account. But it has never been
clear how this can be done. Wallach (1948) proposed that the
lightness of a target surface is determined by the luminance ratio
between the target and its retinally adjacent neighbor. But his
formula puts lightness too much at the mercy of the region that just
happens to neighbor the target. Empirical evidence (Land &
McCann, 1971; Cataliotti & Gilchrist, 1995) has shown that, in a
group of adjacent, coplanar patches, the lightness of a target patch

is primarily determined by its relationship to the highest luminance
in the group, regardless of its adjacency to the target.

But this does not mean that any remote surface in the visual field
has an equal influence on the target, even if its luminance is higher
than the target, or indeed, even if it is the highest luminance in the
entire visual field. A remote surface exerts a strong influence on
the target only if it lies within the same field of illumination.
Koffka (1935) refers to a group of surfaces that are perceived to lie
within the same field of illumination as a frame of reference for
lightness. Just as the perceived motion of an object is determined
by the frame of reference to which it appears to belong, so the
lightness of a surface is determined (primarily) by the highest
luminance within the illumination frame of reference to which it
appears to belong.

Kardos (1934) proposed a friendly amendment to Koffka’s
framework concept, noting that regions outside the relevant frame-
work, which he called the foreign field, also exert an (weaker)
influence on the target. This is his doctrine of codetermination, and
it constitutes a theory of failures of lightness constancy. The
influence of the foreign field usually pushes the target away from
veridicality.

The work we report here, however, deals with a different kind of
remote influence. Surfaces under the same level of illumination are
not always retinally adjacent. For instance, when looking at a
house from outside, two separate windows might reveal different
parts of a uniformly illuminated living room. Logically then, the
two frameworks represented by the two windows should be com-
bined into a single functional framework.

The earlier literature demonstrates these same principles, even
though those experiments were mostly done for different theoret-
ical purposes (usually to support a lateral inhibition interpretation).
Many experiments have shown that when the two surfaces are
separated (with no intervening coplanar surfaces between them),
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the darker one begins to get lighter (Cole & Diamond, 1971; Dunn
& Leibowitz, 1961; Fry & Alpern, 1953; and Leibowitz, Mote &
Thurlow, 1953). Other experiments have shown that the same
phenomenon happens as the two surfaces are separated in the
depth (Gogel, & Mershon, 1969). It has also been shown that when
the darker surface is gradually rotated out of the plane of the
brighter surface, similar results are obtained (Wishart, Frisby, &
Buckley, 1997).

However, all of these experiments were done using simple
displays. Our experiments were conducted with more complex
displays, in real scenes. Nevertheless, the same transformations
produced analogous results in our study.

Staircase Gelb Effect

We first found evidence for the grouping of illumination frame-
works in an earlier study (Zdravković, Economou, & Gilchrist,
2006) of the staircase Gelb phenomenon. Cataliotti and Gilchrist
(1995) had found that when a coplanar row of 5 squares, ranging
in reflectance from black to white, is suspended in midair and
illuminated by a spotlight 30 times higher than the ambient illu-
mination, a strong compression of the range of perceived grays,
called gamut compression, is produced. Although the white rect-
angle appears fully white, the black rectangle actually appears as
a light middle gray, with the other three shades distributed pro-
portionally between these values. The search for an explanation for
this gamut compression led to the anchoring theory of lightness.
According to this theory (Gilchrist et al., 1999; Gilchrist, 2006),
the compression results from a weighted average between the
lightness values computed for each of the squares within the
spotlight (local framework) and the values computed in relation to
the entire room (global framework). Although the lightness values
computed within the local framework are veridical, the values
computed relative to the global framework are the same for all 5
squares and equal to white because each square has a luminance
that is at least equal to the highest luminance in the global frame-
work. Averaging these equal values together with the veridical
local values produces the gamut compression. The perceived white
point functions like a pivot, with the other perceived shades
rotating around it, this pattern constituting the form of the gamut
compression (the effect also observed in the present study, e.g., see
Figure 4).

In a further exploration of this phenomenon (Zdravković,
Economou, & Gilchrist, 2006), we had occasion to project an
annular shadow onto a row of 5 gray rectangles. This shadow fell
only on the row of rectangles (not on the background wall). It
covered the whole row of rectangles except for a middle rectan-
gular area, which remained in room illumination. This center
region was correctly seen to be a part of the room illumination,
although it was segregated from the rest of the room both in (a)
depth (the display was over 1 m away from other surfaces like
back wall, floor, and ceiling) and (b) illumination (due to the
shadow we projected). Most importantly, the lightness values in
that center region did not exhibit such gamut compression
(Cataliotti & Gilchrist, 1995), even though considering merely the
row of rectangles this center, unshadowed region was equivalent to
a spotlight (that is, a relatively small region completely surrounded
by a lower illumination). Based on the physical arrangement, the
center region should have exhibited the gamut compression pre-

viously found for surfaces in a spotlight. The lack of compression
implies that the center region (inside the shadow) was perceptually
grouped with the rest of the room (the region outside the shadow),
despite the lack of adjacency.

To systematically explore the idea that separate fields of illu-
mination can be perceptually grouped together, we exploited an
earlier finding concerning the role of articulation in the staircase
Gelb effect. Gilchrist et al. (1999) reported that the amount of
gamut compression depends on the number of separate patches in
the display. This factor, first studied by David Katz (1935), is
known as articulation. Katz showed that the degree of lightness
constancy in an asymmetric matching experiment is directly re-
lated to the number of separate patches within a field of illumina-
tion. Katz’s principle has been modified in anchoring theory to
mean that the strength of a framework, in the weighted averaging,
depends on its degree of articulation. Thus, in the staircase Gelb
effect, as more surfaces are added to the display, the local frame-
work, with its veridical values, gets increased weight, leading to
reduced compression. This effect can be seen in Figure 1. The
compression or decompression shows up in this plot as a rotation
of the curve about white.

We used the effect of articulation on compression to measure,
indirectly, the influence of regions that, while sharing the same
illumination level as the immediate framework to which the
target belongs, are not retinally adjacent to that framework. A
Mondrian display, illuminated by an identical spotlight, was
added to the scene at some distance (laterally) from the five-
rectangle display, though in the same frontal plane. If these two
equally illuminated regions are functionally grouped together
by the visual system, then the addition of the Mondrian display
should result in a reduction of the gamut compression in the
five-rectangle display, even though the two displays are not
adjacent. That is, instead of adding more surfaces to the five-
rectangle display itself, it should be possible to create a similar
outcome by adding surfaces to a second framework that is not
adjacent to the five-rectangle display.

Figure 1. Results from Gilchrist et al. (1999) showing the effect of
articulation (reproduced with permission).
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Experiments

Experiment 1: Grouping of Illumination Fields

Participants. The participants were 20 undergraduate stu-
dents at Rutgers University who volunteered in order to satisfy a
course requirement. All of the participants had normal or corrected
to normal vision.

Displays. There were two displays: the staircase Gelb test
display and the Mondrian induction display (see Figure 2). Each
rectangle in the staircase Gelb display measured 22 cm in height
and 11 cm in width. The rectangles were mounted next to each
other on cardboard, creating a 55 cm by 22 cm display. The
rectangles were made of matte Color-Aid paper and arranged in
order of increasing reflectance (3%, 7%, 16.4%, 43%, and 90%)
from black to white.

The induction display was a Mondrian-type pattern, 63-cm wide
by 47-cm high, composed of 25 pseudorandomly distributed rec-
tilinear patches, ranging from white to black, cut from neutral
matte Color-Aid paper (see Figure 3) and mounted on cardboard.

Each of the two displays was suspended in midair 78 cm in front
of the back wall and supported by an aluminum rod that extended
from the back wall but was hidden from the observer’s view by the
display itself. The two displays were coplanar but separated by 45
cm. The upper borders of the displays were located 148 cm above
the floor.

Although the experiment was done in the lab, the whole scene
was ecologically valid (for lightness purposes) as it contained a
full range of shades in several illumination levels. The back wall
was textured and made of tan cement blocks. The floor was gray.
There were other random objects scattered around the laboratory
masking each other, casting shadows (hence creating multiple
illumination levels). All of this was placed in a spacious room (6 !
5 m) producing a visually rich and fairly natural environment.

Illumination. There was no overall room illumination but
each of the two displays was illuminated by a separate 575 W
Source Four ellipsoidal spotlight, mounted on the lab ceiling 325

cm from the corresponding display. The spotlight beam covered
slightly more than the whole display to avoid casting a penumbra
on the edge of the display. The excess light was hardly noticed by
the observer because it struck the black top surface of a lab bench,
which was roughly at eye level for the seated observer (see Figure
2). Although the rest of the laboratory was not illuminated, there

Figure 2. The experimental setting with the 5-rectangle target display (on
the right) and induction Mondrian (on the left), each illuminated with its
own spotlight.

Figure 4. Results for the two conditions of Experiment 1. On the x axis
are the reflectance values of the 5 targets and on the y axis are the perceived
reflectance (both axes are log). The thin line (Actual) represents 100%
constancy and stands here as a baseline. The two data lines represent two
conditions (without Mondrian and with Mondrian), they are obtained from
the two groups of observers and each data point represents the average
value for 10 observers for each of the five shades. Error bars are standard
error of mean.

Figure 3. Spatial layout of the patches on the Mondrian display used in
the experiments. Luminance values (in cd/m2) for each patch are given.
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was enough scattered light to make the rest of the visually rich
scene visible; most importantly, observers were able to correctly
perceive (at any time) the spatial arrangement of the displays.

The luminance values for the Mondrian display are presented on
Figure 3. The displays had highest luminance 158.65 cd/m2, av-
erage luminance 54.24 cd/m2, and luminance range 154.11 cd/m2

(min 4.45 cd/m2, i.e. 34.6:1).
Laboratory arrangement. The lighting conditions were set

before the subject arrived. The subject was seated facing the test
display at a viewing distance of 390 cm. The visual angle of the
test display was 8.1° in width by 3.2° in height and of the induction
display 8.8° in width and 6.6° in height.

Measuring scale. A Munsell chart, 33 cm by 10 cm, was used
for lightness matches. It consisted of 16 chips spanning the range
from black through different shades of gray to white, in percep-
tually equal steps. Each shade was labeled with a number (from 2
to 9.5). The scale was placed on a table in front of the observer (at
reading distance, about 40 cm from the eyes), in a metal box that
was open on the front side. The box had its own constant illumi-
nation. The luminance of the white chip was 317 cd/m2.

Design. A separate group of 10 observers served in each of
two conditions. In the first condition, both displays were presented
as described, but Munsell matches were taken only for the
5-rectangle display. The observer’s attention was not drawn to the
Mondrian display; it was merely present in the lab. In the second
condition, the Mondrian display was removed and the second
group of 10 observers made Munsell matches for the 5-rectangle
display. Therefore, the only difference was the presence of the
Mondrian in the scene.

The whole laboratory (illumination, scale, display[s]) was ar-
ranged prior to the subject’s arrival, and remained constant during
the whole session. Consequently, the test display (and Mondrian
tableau in the appropriate condition) was fully visible for the
whole duration of testing. It is important to emphasize that nothing
in the laboratory set up was hidden from the observer, and each
participant should have been able to correctly describe the exper-
imental conditions (illumination, display[s], position of the scale
and his or her relation to other objects in the room).

The order in which the targets were matched was counterbal-
anced. However, the order and the orientation of the shades on the
two displays were not changed throughout the experiment (for
order effects see Gilchrist et al., 1999).

Analysis. The obtained Munsell matches were transformed
into corresponding reflectance values, then log transformed and
the data were analyzed using SPSS General Linear Model. Two
independent variables were analyzed.

The first independent variable became a repeated measure factor
(Shade), and had 5 levels, which corresponded to 5 gray shades of
the test display. That this factor came out significant simply meant
that the observers were able to distinguish the various gray shades
from each other. By default it was expected that this factor would
reach significance, which it did in all of the conditions (in addition
sphericity was checked and Mauchly’s W was always " 0.01,
proving that the 5 levels were independent). It will be always
reported but not further discussed, as it has no particular theoretical
importance.

Results. The results for both conditions (Mondrian present
vs. Mondrian absent) are shown in Figure 4.

The factor Shade was significant, F(4, 72) # 131.00, p $ .0001,
mean squared error (MSE) # 0.011.

When the induction Mondrian display was present, each of the
rectangles on the test display, except white, appeared significantly
darker, F(1, 18) # 23.16, p $ .0001, MSE # 0.037, and the
Scheffé posttests were significant. The matched values also be-
came much closer to the actual reflectance values of the rectangles,
meaning that constancy was improved.

The interaction between the two factors (Shade and Mondrian)
was also significant, F(4, 72) # 14.2, p $ .001, and when tested
separately, all of the shades but white showed significance, F black
(1,18) # 18.61, p $ .0001, F dark gray (1,18) # 18.45, p $ .0001,
F mid gray (1,18) # 12.90, p $ .005, F light gray (1,18) # 18.29,
p $ .0001, F white (1,18) # 3.875, p # .065. This interaction
implies that the induction Mondrian exerted a darkening effect that
was proportional to target reflectance, with the greatest effect on
the black target and no effect on the white target. The same pattern
of differential darkening was found by Cataliotti and Gilchrist
(1995).

Discussion. In the Gelb (1929) effect, a piece of black paper
appears white when it is suspended in midair and illuminated by a
spotlight. When a real piece of white paper is placed next to the
black paper in the spotlight, the black paper appears much darker.
We also obtained a darkening effect for the black target in the test
display by adding the Mondrian display. However, our induction
Mondrian display (a) was not adjacent to the black target, and
consequently (b) it was not in the same spotlight as the black
target. (c) In Gelb’s demonstration, this effect is obtained when the
visual system is confused (by the coincidence of an illumination
edge and an occlusion edge) into perceiving the isolated black
target as white. In our case, that target is already part of a full
reflectance range framework that includes a white.

Our results are consistent with our hypothesis that the frame-
works produced by the two spotlights are perceptually grouped
together. Cataliotti and Gilchrist (1995) showed that target dark-
ening in the form of curve rotation (white serves as a pivot, and the
function of obtained results “rotates” around this pivot) is pro-
duced when additional patches are added to the test display itself.
Here we have shown that adding the remote induction Mondrian to
the scene produces, qualitatively, a similar darkening (i.e., curve
rotation around white). Not surprisingly, of course, the curve
rotation produced by adding the remote 25-patch Mondrian is
weaker than if the 25 patches were added to the test display itself.
Indeed, comparing our results with those of Cataliotti and Gil-
christ, we can estimate that the effect of adding the 25 patches in
the form of the remote Mondrian is about 57% as strong as adding
the 25 patches directly to the test display.

The gamut compression, which is expressed in our plot as a
rotation of the curve, is a signature of the failure of lightness
constancy (Gilchrist, 2006). If the effect of introducing the non-
adjacent mondrian were a conventional instance of brightness
induction, one would expect all of the patches in the test display to
darken by the same amount, rather than the differential darkening
effect we obtained, in the form of a rotation around the white pivot
point.

In our opinion it seems unlikely that brightness models like
oriented difference-of-Gaussians (ODOG) (Blakeslee & McCourt,
2004) would be able to account for our results. In essence,
brightness-based models are “blind” to illumination and therefore
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it seems highly unlikely that the ODOG model could produce such
different results simply due to the presence of the inducing Mon-
drian in its remote location. Furthermore, the manipulations used
in the following experiments would prove even more difficult for
the low level explanations.

The present results lead to a next obvious question: What is the
basis for the grouping of the two frameworks? Within the test
display, as within the Mondrian, we can assume that the grouping
that creates the framework is based mainly on proximity and
coplanarity, which are geometric factors. But what about the
grouping between the two frameworks? They are coplanar, but not
adjacent. Phenomenally the two frameworks appear equally illu-
minated, but can we make this more concrete?

The limited literature on the perception of illumination level
offers some clues. Helmholtz (1866), Hering (1874), Mach (1922),
and Katz (1935) all proposed mean luminance as the cue for
illumination level. Later, empirical findings from Beck (1959),
Kozaki (1973), and Noguchi and Masuda (1971) indicated that
perceived illumination depends on the highest luminance, not the
average luminance. Finally, a logical analysis of the physical
parameters of the scene reveals a third factor to consider: the
luminance range within a framework. In Experiment 1, the test
display and the induction Mondrian had the same highest lumi-
nance, the same average luminance, and the same luminance
range. Which (if any) of these is critical?

Experiment 2: Equal Average Luminance Only

Experiment 2 was identical to Experiment 1 except for two
changes. First, all the white and light gray patches in the induction
Mondrian were replaced with dark gray or black patches so that the
25 patches now spanned a range only from black to middle gray.
Second, the intensity of the illumination on the target display was
reduced, so that the two displays had the same average luminance
but a different highest luminance, different luminance range, and
different actual illumination level. If the classical authors were
correct regarding average luminance, the results in this experiment
would not deviate from the results of Experiment 1.

After running the experiment with Mondrian present versus
Mondrian absent, we obtained the data shown in Figure 5.

The factor Shade was significant, F(4, 72) # 81, p $ .0001,
MSE # 0.017.

The difference between the two conditions (Mondrian present
vs. Mondrian absent) did not reach statistical significance, F(1,
18) # 0.55 p # .469, MSE # 0.085, meaning that the presence of
the induction Mondrian did not alter the appearance of the targets
(when tested separately, not even the two darkest surfaces reached
significance). This suggests that equal average luminance is not a
signal for the visual system to treat the two remote frameworks as
a single, more articulated illumination framework. There was no
significant interaction either, F(4, 72) # 0.81, p # .52.

This is in accord with the empirical findings (Beck, 1959;
Kozaki, 1973; and Noguchi & Masuda, 1971). According to An-
choring model (Gilchrist et al., 1999), highest luminance as an
illumination level cue would be an efficient solution given that the
visual system already needs to establish highest luminance in each
framework for purposes of lightness computation, since each sur-
face is assigned a lightness value based on its relation to the
highest luminance. It would be very economical for the system to

use this same information to determine whether the two frame-
works share a common illumination level.

The previous empirical work tested the role of the highest
luminance as an illumination cue for different purposes and in an
altogether different set up. Naturally, we wanted to test the highest
luminance in experimental conditions comparable with those in
which we both established the grouping and rejected average
luminance as a cue. This was done in the next experiment.

Experiment 3: Equal Highest Luminance Only

Experiment 3 was identical to Experiment 2 except that we
increased the intensity of the spotlight on the truncated range (dark
patches only) induction Mondrian so that the highest luminance in
the Mondrian (actually middle gray) was equal to the highest
luminance (actually white) in the test display. Now the Mondrian
and test display had the same highest luminance but different
average luminance, different luminance range, and different actual
illumination level.

If the previous empirical research is applicable to our experi-
mental set up, the results in this experiment should not deviate
from the results of Experiment 1. However, if the highest lumi-
nance also fails to signal illumination level to the visual system,
the results would be similar to those obtained in Experiment 2.

After running the experiment with both Mondrian present and
Mondrian absent, we obtained the data shown in Figure 6. Even a
superficial inspection of the graph reveals that the obtained data
diverge from the results of the previous two experiments. Statis-
tical analysis reveals the specific differences.

The factor Shade was significant, F(4, 72) # 119.66, p $ .0001,
MSE # 0.011.

Similar to Experiment 2, there was no overall significant dif-
ference between the two conditions, F(1, 18) # 3.27 p # .087,
MSE # 0.036. However, unlike in Experiment 2 there was a
significant interaction, F(4, 2) # 3.94 p # .006. As can be
observed in Figure 6, the presence of the induction display is

Figure 5. Results for Experiment 2.

5GROUPING ILLUMINATION FRAMEWORKS



noticeable on the lower reflectance values. When tested separately,
the two darkest surfaces were significantly darker when the induc-
tion mondrian was present, for black F(1, 18) # 4.12, p # .05; for
dark gray F(1, 18) # 3.91, p # .06.

Experiment 3 demonstrates that the highest luminance plays a
role in illumination grouping, consistent with the previous empir-
ical finding that the highest luminance signals illumination level.
However, geometric factors must also be considered.

By analogy, geometric factors might contribute to the illumina-
tion grouping effect much as the depth cues contribute to the sense
of 3 dimensional space (Surdick, Davis, King, & Hodges, 1997).
Some depth cues produce measurable effects only if the observed
distance is in a certain range (Hochberg, 1971; and Cutting &
Vishton, 1995) or only in certain situations (Wallach & O’Leary,
1982; and Marshall et al., 1996), or only when other cues are
absent (Coltheart, 1971) and some are even weighted differently in
different scenes (Bülthoff & Mallot, 1988; and Vidaković &
Zdravković, 2010). It would not be surprising to find depth cues
playing a role in the domain of illumination level perception.
Experiment 4 explores these geometric factors in three spatial
dimensions.

Experiment 4: Geometric Grouping Factors

We selected and investigated the role of three geometric factors.
We suggest that, for computation of lightness, two homogeneous
surfaces depend on each other most strongly when they are adja-
cent and coplanar. The influence of each on the other weakens as
they are (a) separated in depth (Gogel & Mershon, 1969) while
remaining parallel, (b) separated laterally (Leibowitz, 1965) while
remaining in the same plane, or (c) one of them is rotated away
from the plane of the other while remaining adjacent (Gilchrist,
1977; Wishart et al., 1997). We hypothesized that the same might
be true of illumination frames of reference.

Experiment 4a: Depth Separation

The experimental arrangements were the same as in Experiment
1 except that the Mondrian display was moved 30 cm further in
depth, from the observer’s standpoint, to a parallel plane 48 cm
away from the back-wall. The visual angle was reduced to 8.4° in
width and 6.2° in height. To keep luminance values on the induc-
tion Mondrian constant despite its increased distance from the
spotlight, the intensity of the spotlight was increased slightly. We
expected that the depth separation would reduce the influence of
the Mondrian on the test display.

The factor Shade was significant, F(4, 72) # 84.51, p $ .0001,
MSE # 0.010.

The presence of the Mondrian in the deeper depth plane did not
make the five targets in the test display appear significantly darker,
F(1, 18) # 1.52, p # .23, MSE # 0.05. There was no significant
interaction either, F(4, 72) # 1.65, p # .334. In fact, an inspection
of Graphs 4 and 7 shows no significant difference between the
Mondrian present condition and the Mondrian absent condition.
This suggests that the two displays were no longer grouped into a
single framework.

Finally, in the Mondrian present condition of Experiment 1 the
test display values were significantly darker compared with the
Mondrian present condition in this experiment, F(1, 1) # 14.43,
p $ .001, as shown in Figure 7. These comparisons suggest that
the illumination grouping was weakened by the depth separation.

Experiment 4b: Lateral Separation

The experimental conditions were the same as in Experiment 1
except that the lateral distance between the two displays was
increased from 45 cm to 64 cm. It was expected that this increase
in distance would produce a decrease in grouping.

The factor Shade was significant, F(4, 72) # 104.86, p $ .0001,
MSE # 0.010.

Figure 7. Comparison of the results for Experiment 4a and Experiment 1.

Figure 6. Results for Experiment 3.
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The presence of the Mondrian at the greater lateral separation
did not make the five targets in the test display appear significantly
darker, F(1, 18) # 0.008, p # .93, MSE # 0.047. There was no
significant interaction either, F(4, 72) # 0.049, p # .995. And in
the Mondrian present condition of Experiment 1, the test display
values were significantly darker compared with the Mondrian
present condition in this experiment, F(1, 1) # 9.64, p $ .001, as
shown in Figure 8. These comparisons suggest that the illumina-
tion grouping was weakened by the lateral separation.

Apparently, the influence of the nonadjacent induction display is
a function of both depth separation and lateral separation. That is,
the greater the separation between the two displays, the smaller the
influence. We have tested only extreme points (measured influence
vs. no influence), but a parametric study might reveal an inverse
function between the gamut reduction and separation.

Experiment 4c: Tilted Mondrian

The conditions in this experiment were identical to Experiment
1 except that the induction Mondrian display was tilted 30 degrees
around the horizontal midline of the Mondrian (top tilted back),
while the target display remained perpendicular to the line of sight.

The factor Shade was significant, F(4, 72) # 73.661, p $ .0001,
MSE # 0.016.

The presence of the Mondrian in the tilted plane did not make
the five targets in the test display appear significantly darker, F(1,
18) # 0.34, p # .56, MSE # 0.061. There was no significant
interaction, F(4, 72) # 0.14, p # .97. And in the Mondrian present
condition of Experiment 1, the test display values were signifi-
cantly darker compared with the Mondrian present condition in
this experiment, F(1, 1) # 5.49, p $ .03, as shown in Figure 9.
These comparisons suggest that the illumination grouping was
weakened by the orientation difference between the test display
and the inducing display.

Discussion

The basic problem of lightness constancy remains unsolved
since any surface reflectance is confounded with illumination in
the retinal image. To this end, Helmholtz (1866) suggested that, to
compute lightness, the visual system must take into account the
level of illumination. But this intuitive idea remains in need of
greater operationalization. As Helmholtz suggested, there must be
an algorithm, which would enable the system to take the illumi-
nation into equation. But it seems to be a very difficult problem to
estimate the intensity of illumination on any surface. However, if
the visual system could group together surfaces in the image that
share the same level of illumination, the problem can be solved
without knowing the actual amount of illumination. Our work in
this study attempts to demonstrate how the visual system deter-
mines which surfaces are under the same illumination level.

Anchoring theory (1999) is not explicit about how the illumi-
nation level is taken into account, but a practical solution is
implicit in its concept of a framework. In effect a framework is a
group of surfaces within the image that are treated as having the
same illumination level. Such an approach brings an important
simplification because the actual illumination level does not have
to be determined. Rather, the visual system needs only to group
together those surfaces that share the same level of illumination,
whatever that level might be. According to the theory, the retinal
image is segmented into frameworks based on two main factors:
fuzzy boundaries (penumbrae) and depth boundaries (corners and
occlusion boundaries).

Due to accidents of viewpoint, it often happens that two or more
frameworks segmented in this way are not adjacent in the image
even though they may have the same illumination level. In such
cases it would be logical for the visual system to group these
frameworks together into a single functional framework. We ex-
plored the basis for this grouping in the four experiments described
here and we have uncovered both photometric and geometric
factors.Figure 8. Comparison of the results for Experiment 4b and Experiment 1.

Figure 9. Comparison of the results for Experiment 4c and Experiment 1.
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Our proposal is that two surfaces that are coplanar, adjacent, and
share a sharp boundary are maximally grouped for illumination.
That grouping gradually weakens as the surfaces are moved away
from each other (while still in the same plane), separated in depth
from each other (while still retinally adjacent), and one of the two
is rotated relative to the other (while remaining adjacent along one
edge). Much earlier literature shows that this is exactly what
happens. In relatively simple displays, when the two surfaces are
coplanar and adjacent, the darker one would be anchored by the
brighter one. That is, the brighter one will appear white (highest
luminance rule), and the lightness of the darker one will be given
by the ratio principle, according to the formula: Lightness # (L
target/Lhighest ! 90%), that requires only the luminance of the
target and the highest luminance. Lightness is defined as perceived
reflectance. In the present study we demonstrated that the same
kind of transformations produce the same kind of results even with
complex displays.

Experiment 1 established that frameworks are indeed function-
ally grouped. It was known (Cataliotti & Gilchrist, 1995) that
when the display made of 5 gray shades (staircase Gelb) is spe-
cially illuminated by a bright spotlight, the range of perceived
grays is dramatically compressed and this gamut compression is
inversely proportional to the number of separate patches in the
display. In Experiment 1 we found that the presence of a 25-patch
Mondrian display mounted near the five-patch staircase Gelb
display, and sharing both its planarity and level of illumination,
also reduces the gamut compression, though with only 57% of the
efficiency that would be observed if the 25 patches were added to
the staircase Gelb display itself.

In Experiments 2 and 3 we tried to find a measure of relative
luminance used by the visual system to indicate which parts of the
visual scene are under the same illumination level. We tested
propositions from the previous literature and added some other
logically plausible factors. Highest luminance alone seems to play
an important role as an illumination cue, just like some previous
empirical findings demonstrated (Beck, 1959; Kozaki, 1973; and
Noguchi & Masuda, 1971). Within the frame of Anchoring theory
(Gilchrist et al., 1999), this would produce a coherent solution.
Since the visual system uses highest luminance, within various
frames in the scene, for other lightness computations, use of the
highest luminance for yet another purpose would reduce the
amount of computation necessary to produce an ecologically op-
timal outcome.

The kind of perceptual grouping we are proposing here, that is,
grouping of illumination frameworks, should be distinguished
from the more traditional kind of perceptual grouping. Typically,
perceptual grouping refers to the process by which objects are
segregated within an image. In our experiments, the five rectangles
of different gray shades would group into a single object—the test
display, or 25 surfaces would group to form another object—the
induction Mondrian (see Figure 2). This is achieved equally well
in the homogeneously illuminated lab as well as when we intro-
duce our special bright spotlights for the experimental conditions.
We propose that once we introduce spotlights these two separate
displays are newly grouped based on illumination level.

Our claim that regions of equal illumination are perceptually
grouped together need not imply that the process is conscious.
Kardos (1934) pointed out that when you ask naı̈ve observers to
describe a visual scene, for example the top of the working desk,

they would invariably fail to mention cast shadows, no matter how
meticulously they could name each and every object upon the desk
surface.

The grouping that we speak of here is separate from, though
related to, the classic grouping used to segregate discrete objects
within an image. Here we are talking about grouping for illumi-
nation, not grouping for objects. Rather than talking about group-
ing retinal patches into a single object, we are talking about
grouping retinal patches into a region of common illumination.
Thus grouping of two frameworks is functionally equivalent to
treating them as having the same illumination level.

Still, many of the same grouping principles seem to apply to
both kinds of grouping (Gilchrist, 2006), above all the traditional
Gestalt laws, such as proximity, good continuation, closure, com-
mon fate, and similarity. When it comes to grouping of illumina-
tion frames, these principles of perceptual organization are equally
applicable in the photometric and geometric domains.

The geometric factors we found to be important in the grouping
of our test and induction patterns are strikingly analogous to those
found to be important in grouping of individual surfaces. This
seems to suggest that lightness computations need not depend on
an estimate of illumination level, but merely on a comparison of
visible surfaces and the encoding of luminance ratios among them.
The luminance ratio between any two surfaces will have the
maximum influence on their lightness values when the two sur-
faces are adjacent and coplanar. The influence will be reduced as
(a) the two surfaces are separated laterally (Cole & Diamond,
1971; Dunn & Leibowitz, 1961; Fry & Alpern, 1953; and Leibow-
itz, Mote & Thurlow, 1953), (b) the two surfaces are separated in
depth (Gogel & Mershon, 1969), and (c) one of the two is rotated
in 3D space (Gilchrist, 1977; Wishart et al., 1997).

We have found analogous results in the domain of illumination
frameworks grouping. Two frameworks will combine into one
stronger framework when they are coplanar and adjacent. In Ex-
periments 4a, 4b, and 4c, we found that the functional grouping of
the Mondrian with the staircase Gelb display weakens if the two
frameworks are separated laterally, separated in depth, or given
different orientations.

These results also bear consequences for Anchoring theory
(1999). Anchoring theory incorporates the earlier coplanar ratio
principle of Gilchrist (1977, 1980), but with an important change.
While Gilchrist’s original version viewed coplanarity as an all-or-
none affair, in the Anchoring theory, coplanarity is treated as a
graded variable. The results we obtained in Experiments 4a, 4b,
and 4c confirm this view.

As a final point, it might be noted that the experiments we have
reported here could not be done on computer monitors, serving as
a reminder that while the computer monitor is a very useful and
convenient tool of visual science, it can be used to address only a
limited set of questions.

Our results support the insight that the visual system, to compute
lightness, does not need to know the actual level of illumina-
tion—it only needs to know which surfaces are receiving the same
level of illumination. Thus our proposal that the visual system
performs a perceptual grouping of image patches according to
illumination level offers a more plausible process than the con-
ventional notion that the illumination level itself is estimated.
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