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Distinctness of perceived three-dimensional form
induced by modulated illumination:

Effects of certain display and
modulation conditions

STEN STURE BERGSTROM, KARL-ARNE GUSTAFSSON, and TORBJORN JAKOBSSON
University of Umed, Umed, Sweden

The present study concerns the distinctness of the 3-D shape induced on flat displays by space
modulated illumination ("shape from shading"). The displays that we used varied in structure,
hue contrast, lightness contrast, and in the number of reflectance edges present. The modula
tions of the illumination were a square-wave grating, a gradual modulation (a blurred grating),
and an "O'Brien modulation," which combines an edge and a gradient. The displays were com
pared, using the paired comparison method, as to the distinctness of the perceived 3-D form. The
results showed that the structure and chromatic color of the display were important factors facilitat
ing the distinctness of the induced 3-D shape under all the modulation conditions. The results
are discussed in relation to the "vector model" for color constancy, proposed in earlier papers.

The effect of shading on perceived three-dimensional
(3-D) shape has intrigued perceptionists for a long time.
The concave-convex shift when turning a photo of the
moon craters upside down is just one example, but it is
an interesting one. The first observations of this phenom
enon seem to have been made "live" by astronomers who
used a new type of telescope that gave an upside-down
image of the moon. They complained that the craters
looked like bumps, and not craters; a chief astronomer
may have been the first to report systematic observations
of the phenomenon (Rittenhouse, 1786).

These past observations, which led to the assumption
that illumination comes from' 'above," prompted a major
discussion of whether the assumption is inherited or ac
quired, and some very interesting experiments resulted.
Best known are perhaps those by Hess (1950, 1961) and
Herschberger (1970). Bergstrom, Gustafsson, and Putaan
suu (1984) reported a clear observer preference for per
ceiving illumination as originating from above by using
a Mondrian display illuminated by a square-wave modu
lated illumination and by comparing the horizontal and
vertical orientation of the grating.

In some of the experiments on the effect of the direc
tion of illumination, extra information about depth has
been present, for example, that of geometric shape or oc
clusion, making the conclusions doubtful (see Howard,
1983). In a recent study, Howard, Bergstrom, and Ohrni
(1990) have shown that illumination "from above" should
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rather be described as "from overhead," because the
preferred direction of perceived illumination varies with
the orientation of the head; for example, with the head
upside down, the preferred direction of illumination is,
gravitationally, from below.

A number of highly illustrative demonstrations and ex
periments with shape from shading have been reported
lately (e.g., Ramachandran, 1988; Todd & MingoUa,
1983), especially in the fields of artificial intelligence and
neural networks. Grossberg (1987a, 1987b) has presented
a visual-processing theory to explain the synthesizing of
3-D form, color, and brightness perception.

In a series of experiments, Bergstrom (1982) and Berg
strom et al. (1984) have studied the effect of display vari
ables on the perceived depth induced by space-modulated
illumination. The displays used in those studies were flat,
and the illumination was square-wave modulated. The
dark phases of the square-wave grating simulated attached
shadows, and their observers often reported that the dis
play looked three-dimensionally pleated, like a venetian
blind, or even separated in depth at high grating contrasts.
Those studies were made within a theoretical frame of
reference that stressed the color-eonstancy aspect of the
phenomenon. Perceived (induced) shape from shading
means, of course, that the darker areas are perceived as
shaded, and not as having a darker color. The perceived
depth was considered to be an indication of color con
stancy.

It has been suggested by. one of the present authors
(Bergstrom, 1977, 1982) that Johansson's (1950, 1964)
perceptual vector analysis of motion could also be applied
to reflected light. It is assumed that reflected light is auto
matically analyzed into a common component correspond
ing to illumination and relative components corresponding
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to reflectances (in the case of perceived reflectance edges),
and/or to the orientations and positions of the reflecting
surfaces in space (in the case of perceived illumination
edges). It should be stressed here that we are referring
to perceivedillumination, perceivedreflectances, and per
ceived orientations and positions. This idea is easily un
derstood when applied to chromatic color constancy. If
a display consisting of adjacent red and green fields is
illuminated by yellow light instead of white, the reflected
light from the fields has a common yellowish component
that is perceptually connected to the illumination, and the
residual components make the fields look red and green
instead of orange and yellow-green. The present experi
ments address the problem of shading, however, and not
that of chromatic color constancy. Here, the application
of vector analysis is not that simple, and we certainly don't
have an algorithm for it.

There are other studies that examine the idea that the
retinal image is analyzed into components such as an
illumination image (or shading image), a reflectance im
age, and a 3-D shape (e.g., Barrow & Tennenbaum,
1978). Gilchrist, Delman, and Jacobsen (1983) discuss
an analysis of the retinal image into two component im
ages, one for surface color and one for the pattern of il
lumination. They also refer to the perception of trans
parency as another example requiring such an analysis.
Adelson and Pentland (1990) introduced a marvelous
metaphor, the workshop metaphor, for this type of per
ceptual analysis.

Bergstrom et al. (1984) predicted, from the model, that
a homogeneous gray display would appear less distinctly
pleated than a structured Mondrian display would under
the same square-wave space-modulated illumination.
Their results are clearly in line with the prediction. Ob
serve that, according to traditional theories on depth per
ception, the prediction would have been in the opposite
direction, because all the geometrical information from
the structured Mondrian is about its flatness. The depth
information from the modulation of the illumination, how
ever, overrides the contradictory geometrical information.
This is contrary to Marr's (1982, p. 248) opinion about
the relation between shading and other cues. But why does
the homogeneous display not appear pleated as frequently
as the Mondrian? According to our model, the reason is
that in the homogeneous display there is nothing present
to reveal the common component characteristics of the
modulated illumination. The very same edges that geo
metrically inform about the flatness of the display simul
taneously reveal the commonality that is the typical char
acteristic of illumination. It takes variation to reveal
invariance!

Our assumption that illumination is a common compo
nent has been used by Ramachandran and Rogers (1988),
and a very interesting parallel is the assumption of a com
mon component in a model for perceived transparency
by Gerbino, Stultiens, Troost, and de Weert (1990). Wal
raven's (1976) data on the disregarding of background
can also be interpreted as an example of such an analysis.

We do not know whether the observed effects of dis
play structure depend on the presence of chromatic color,
on lightness or color contrast, or on the presence of color
edges. What we do know from control experiments is that
a line grating drawn on the homogeneous gray display
does not help. Certain effects of edges on color percep
tion have been demonstrated by Krauskopf (1963) and by
Yarbus (1967), who made the color border between a cen
tral disk and a surrounding ring stationary on the retina.
The effect was that the central disk was filled in by the
color of the surrounding, indicating that the color of a
surface is determined by the edges of the surface. O'Brien
(1958) assumed that "perhaps the visual mental appara
tus gets the clue from the edge and applies it to the whole
area" (p. 116). Land and McCann (1971) introduced the
retinex theory, which proposes that the information at the
edges of a surface is used to give color constancy, but
they disregarded the perception of illumination. Gilchrist
et al. (1983) discuss the difference between lightness edges
and illumination edges and also the need for an integra
tion of information at the edges (cf. Arend, 1973), in line
with the retinex theory, but unlike Land and McCann they
stress the fact that illumination is perceived.

In the earliest description of our approach to color con
stancy (Bergstrom, 1977), a functional difference between
stepwise and gradual luminance changes in space was as
sumed. The luminance steps were typically assumed to
inform about color borders, whereas luminance gradients
were assumed to correspond to shadows (i.e., 3-D form).
Stepwise illumination edges do of course exist in our en
vironment, and they are sometimes mistaken for reflec
tance edges. Crossings between illumination edges and
reflectance edges help reveal this characteristic. The above
assumption about the functional difference between steps
and gradients is not a basic assumption in our model, but
was originally made just to explain the perceptual phe
nomena called Craik-Cornsweet-O'Brien effects (see,
e.g., Cornsweet, 1970, chap. 9; O'Brien, 1958). Figure
1 illustrates the way to produce such a phenomenon by
rotating a black and white circular disk; the luminance
distribution is determined by the form of the black and
white halves of the disk.

According to the above assumption, the explanation for
the O'Brien phenomenon is that the gradual increase in

-
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Figure 1. The type of black and white disk that, when rotated,

gives the luminance distribution illustrated by the diagram to the
right. The dotted line illustrates the perceived luminance.
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luminance inside the step cannot compensate for the de
crease at the step, because they have different functions.
The luminance step informs about a cliff in depth, pro
vided that its characteristic as an illumination edge is re
vealed. If not, it informs about a reflectance border. The
gradient definitely informs about a 3-D form. This means
that the darker central disk should not be perceived as be
ing blacker than the ring, but as being curved in depth
and either concave or convex. And if so, the same dis
play variables that helped reveal the illumination charac
teristics of our square-wave grating should be effective
even here in giving the central disk a distinctly perceived
3-D (convex or concave) form, rather thana lower bright
ness. In her paper, O'Brien (1958) even mentions "a
somewhat three-dimensional effect of an inner body sit
ting in front of the larger outer body" (p.1l5).

Problems
In the present paper, four experiments studying per

ceived depth induced by modulated illumination are re
ported. The purpose of the experiments was to study the
effect of certain display conditions and certain modula
tion conditions on the distinctness of the induced 3-D
shape. The displays were varied in structure, color, and
contrast, and in the number of reflectance/color edges.
According to the theoretical model, intersections between
illumination edges and reflectance edges should reveal the
common component characteristics of the illumination
edges. This will result in color constancy and in induced
3-D shape. Earlier observations lead us to assume that
the contradictory information from the projection of the
reflectance edges will be overruled by the information
about depth that is inherent in the modulated illumination.

Problem 1. What is the effect of display structure in
the form of chromatic color and lightness contrast on the
distinctness of the perceived 3-D shape induced by modu
lated illumination? This problem is addressed in Experi
ments 1 and 2 by using square Mondrian displays and
square-wave space-modulated illumination (Experi
ment 1), and circular displays and an "O'Brien illumi
nation" (Experiment 2). The different modulations will
be explained in more detail below.

Problem 2. Is there any effect of the number of reflec
tance edges in the display (crossed by or parallel to the
illumination edges) on the distinctness of the perceived
3-D shape? This problem is addressed by Experiments 3
and 4 by using square Mondrian displays and a square
wave modulated illumination (Experiment 3), and circu
lar displays and an O'Brien illumination (Experiment 4).

Problem 3. Do the same display factors that facilitate
the induction of 3-D shape under the sharp grating illu
mination (illumination edges) also work under a gradient
illumination (i.e., a blurred grating, Experiment 1) and
under the combination of a sharp edge and a gradient (i.e.,
'an O'Brien illumination, Experiments 2 and 4)?

Illuminations
The spatial modulations of the illuminations used were

the following. In Experiment 1, a square-wave space-

modulated illumination and a gradient illumination were
used. The gradient illumination was produced by simply
defocusing a square-wave grating. In Experiment 3, the
same sharp square-wave grating was used as in Experi
ment 1. Its spatial frequency was 2.2 c/deg in both ex
periments. We know from earlier studies that a blurred
grating often induces a more compelling 3-D shape than
a sharp one does (Bergstrom, 1982, p. 373), probably be
cause a gradual modulation of the illumination (and con
sequently of the luminance) is less inclined to be mistaken
for a reflectance edge than is a stepwise modulation (cf.
the famous ringed shadow experiment by Hering, 1907/
1964, p. 8).

In Experiments 2 and 4, the modulation of the illumi
nation was very special. It was designed to give an
O'Brien phenomenon (O'Brien, 1958), which means that
the inner disk ofa circular display appears darker (blacker)
than the outer ring having the same physical luminance.
The phenomenon is accounted for by the luminance pro
file of the edge between the ring and the disk being a com
bination of a step and a gradient.

GENERAL METHOD

In Experiments 1 and 3, Mondrian-type displays were illuminated
by square-wave modulated illuminations, and the distinctness of
the perceived 3-D shape was studied using displays varying in color,
structure, and number of reflectance edges.

In Experiments 2 and 4, circular displays were illuminated by
a projector giving an O'Brien illumination, that is, the projector
had a black/white slide that was a positive photo of a spinning disk,
giving the distribution of illumination that is typically used to dem
onstrate the O'Brien effect (see Figure 1).

The square Mondrian displays in Experiments 1 and 3 varied as
to color, lightness contrasts, and number of reflectance edges, as
did the circular displays in Experiments 2 and 4.

The experimental method used in all the experiments was a paired
comparison method comparing different displays with regard to the
distinctnessofthe perceived 3-D shape induced by the modulated
illuminations. Perceived 3-D shape means that the square Mondrian
displays with the superimposed gratings appear pleated in depth,
and the central disk of the circular displays with the superimposed
O'Brien illumination appears concave or convex.

Apparatus and Procedure
The stimulus displays were presented two at a time to the sub

jects, and were illuminated by one oftwo projectors. The first pro
jector contained a slide of a photographically produced square-wave
grating (Experiments 1 and 3) or a slide of two identical O'Brien
disks (Experiments 2 and 4). The second projector illuminated the
two displays evenly during the pauses (about 10 sec) between the
4-sec exposures of the grating. Thus, the flat displays were always
visible to the subjects and the exposures merely meant that the even
illumination was replaced for 4 sec by the square-wave or O'Brien
illumination. The experimental room was darkened, except for the
illuminated stimulus displays. The walls of the room were painted
black in order to minimize the amount of scattered light.

In order to minimize the effect of inexact aiming of the projec
tors, each cardboard display was fixed to the end of a rod sticking
out from a background of black velvet. The length of the rods, and
thus the distance between the displays and the background, was
80 em, The rods were not visible to the observer.

Both projectors were hooked to a voltage stabilizer and to vari
able transformers to make it possible to match the illumination level
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during the pauses to that of the exposures. The luminance levels
were adjusted by variable transformers and Wratten ND filters, and
were checked by a Spectra Pritchard photometer. The mean lu
minance of the stimulus display with the superimposed grating was
approximately 8.6 cd/m ' in Experiment I, and 3.0 cd/m' in Ex
periment 3. In Experiments 2 and 4, the luminance of the disk and
ring was 13.1 cd/rrr', and that of the dark edge was 12.7 cd/m",
as measured on the photometer.

The two displays in each pair were presented side by side. All
the possible pairs of displays (i.e., 15 pairs in Experiments I and
2, and 10 pairs in Experiments 3 and 4) were used in the experi
ment. Each pair was presented twice per condition to each subject.
The order of presentation was counterbalanced, and the right/left
positions of the displays in each pair was different for the two pre
sentations.

The square Mondrian displays in Experiments I and 3 had a size
of25 x 25 emcorresponding to 3.2 0 x 3.2 0 of visual angle. The
circular displays in Experiments 2 and 4 had a diameter of 27 cm
corresponding to 3.9 0 of visual angle. The displays were made from
NCS color samples, and will be specified in this study by their NCS
values (Swedish Standard Institution, 1979a, I 979b). The square
Mondrian displays will be identified by capital letters (A, B, ... )
and the circular displays by Roman numerals (I, Il, ... ). The viewing
distances were 450 cm in Experiments I and 3, and 400 ern in Ex
periments 2 and 4. The subjects were seated, and binocular view
ing was allowed.

Subjects
Six subjects served in Experiments I and 2, and 5 served in Ex

periments 3 and 4. All of them had normal color vision (Ishihara)
and normal visual acuity, with or without correction.

Instructions
In all the experiments, the subjects were instructed to choose the

display in each pair that had the most distinct 3-D shape. The in
structions were based on evidence from pilot studies showing that
subjects often report the perceived 3-D pleated fonn of the display
as more or less distinct under different conditions. Each experimental
session started with a demonstration of a typical display, and the
subject was asked to describe what he/she saw. All the subjects
spontaneously described 3-D percepts. After this introduction, the
subject received the instructions, and a demonstration with 3-D dum
mies was given to make sure that the experimenter and the subject
agreed on the task. It was stressed by the experimenter that there
were no right or wrong percepts.

EXPERIMENT 1

The purpose of Experiment 1 was to compare different
flat displays with respect to the distinctness of the 3-D
form induced by two different modulations of the illumi-

®

Figure 2. The displays used in Experiment 1: The layout of Dis
plays A, B, C, and D (a), and the layout of Displays E and F (b).

nation. The first type of modulation was the optimal
square-wave modulation for "pleated" responses, accord
ing to earlier studies. The second modulation was a cyclic
gradual modulation produced by defocusing a high-contrast
square-wave grating. The defocusing was brought about
by adding a convex lens to the perfectly focused lens of
the projector.

Method
Apparatus and Procedure. The apparatus and the procedure are

described in the General Method section. Two gratings were used.
One of them had a contrast of 0.355, which is optimal for inducing
perceived pleated 3-D form, according to the results of earlier ex
periments. It was used in the "sharp" condition. The other grat
ing, with a contrast of 0.933, was blurred by adding a +0.30 lens
to the focused lens of the projector. The blurring gave a cyclic
gradual grating that roughly resembled a sine-wave modulation.
The two conditions will hereinafter be called the sharp and the
blurred conditions.

The two displays in each pair were presented side by side, in
the same (sharp or blurred) modulated illumination.

Displays. Six square 25 x 25 cm Mondrian displays were used;
the main layout of the displays is illustrated in Figure 2. "The dis
plays were compared under both the sharp and blurred conditions.
They are specified below with their NCS color coordinates in paren
theses.

Display A: A checkered Mondrian display, consisting of 25
squares (5 x 5 ern) of three different colors (the NCS values of
the color samples were 1030-R90B, 1070-R, and 404O-Y).

Display B: A checkered Mondrian display, consisting of 25
squares of three different colors with minimized lightness contrast
(2050-R30B, 4040-Y, and 3040-G).

Display C: A checkered Mondrian display, consisting of 25
squares with three different shades of the same red/purple hue, which
were chosen to approximately match the lightness contrasts of Dis
play A (3030-R30B, 2050-R30B, and 3050-R30B).

Table 1
Preference Ratios for the Displays in the Top Row Compared With Those in the Left Column
as to the Distinctness of Perceived 3-D Shape for 6 Subjects With Two Judgments Per Pair

in the Sharp Condition of Experiment 1

Display

Display A B C D E F

A 5112 9/12 4112 4/12 3/12
B 7/12 7/12 4/12 3/12 4/12
C 3/12 5112 2/12 2/12 2/12
D 8/12 8/12 10/12 5/12 3/12
E 8112 9/12 10/12 7112 3/12
F 9/12 8/12 10112 9/12 9/12

Totals 35/60 35/60 46/60 26/60 23/60 15/60
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Figure 3. Proportions of preferences for the six displays in the
sharp condition of Experiment 1.

Figure 4. Proportions of preferences for the six displays in the
blurred condition of Experiment 1.

Display D: A checkered Mondrian display, consisting of 25
squares with three different shades of gray, giving approximately
the same contrasts between squares as in Display A (2502-8,
4502-8, and 5502-8).

Display E: A homogeneous red/purple display; the same reddish
color as that of the center square of Display C (2050-R308).

Display F: A plain gray display; the same gray as that of the center
square of Display D (4502-8).

Results and Discussion
The preferences of displays in the sharp condition are

presented in Table I, indicating the distinctnessof the per
ceived 3-D form of the displays. The sums of each column
give a rank order among the displays. The displays are
compared with regard to first choices in Figure 3; Dis
play C is given the highest ranking, and Display F the
lowest.

The corresponding data for the blurred condition are
presented in Table 2 and Figure 4. Here, Displays E and
F show the lowest rankings, whereas Display C is in the
high-ranking group.

When converting the obtained proportions to a scale of
distinctness, using Thurstone's law of comparative judg
ments, we arrive at the scales illustrated in Figure 5. It
is obvious from the results that Displays F, E, and D give
the lowest perceived distinctness of the induced 3-D form
in the sharp as well as in the blurred condition. In the
blurred condition, though, the induced depth is so dis
tinct that the scale becomes more compressed, and Dis
play D is grouped with Displays B, C, and A. Only the
homogeneous displays, F and E, are low in distinctness.
In the sharp condition, the scale is a bit more stretched
and the displays are more widely distributed along the
scale, probably because the sharp condition is more am
biguous and the display factors (like chromatic color and
lightness contrast) are more important. The blurred con
dition simulates attached shadows in a more unequivocal
way than the sharp condition does. This observation can
be compared with the still more compelling perception
of motion in depth caused by simultaneous modulation
of the illumination in space and time, as reported by Berg
strom (1982).

Table 2
Preference Ratios for the Displays in the Top Row Compared With 1bose in the Left Column
as to the Distinctness of Perceived 3-D Shape for 6 Subjects With Two JUdgments Per Pair

in the Blurred Condition of Experiment 1

Display

Display A B C D E F

A 6/12 4/12 5112 4/12 2112
B 6/12 6/12 7/12 3/12 2/12
C 8/12 6/12 6/12 1/12 2/12
D 7/12 5/12 6/12 2/12 4/12
E 8/12 9/12 11112 10/12 6/12
F 10/12 10112 10/12 8/12 6/12

Totals 39/60 36/60 37/60 36/60 16/60 16/60
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sharp EXPERIMENT 2
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Results and Discussion
The preference ratios are given in Table 3 and Figure 8.

The highest ratio is for Display IV (89/120), followed by
Display VI. This means that the two displays with two
chromatic colors presented the most distinct 3-D impres
sion under our special O'Brien illumination. We obtained
the lowest ratios for Display II, which is the homogeneous
gray display, followed by Display ill with two shades of
gray. Display I, the homogeneous red one, was preferred
to the gray ones. As in our earlier Mondrian studies, in
duced 3-D form is facilitated by chromatic color (see
Gustafsson, 1987). The preference ratios have been trans
ferred not only to rank order between displays, but also
to a scale of distinctness using Thurstone's law of com
parative judgments, Case V (Torgerson, 1958). The scale
is illustrated in Figure 9.

Method
Displays. In this experiment, flat circular displays were illumi

nated by an O'Brien illumination. The displays varied in color and
lightness contrast in the same way that the Mondrian displays did
in Experiment I. The diameter of the displays was 27 ern. The fol
lowing displays are shown in Figure 6.

Display I: A homogeneous, monochromatic red display (0050-R).
Display l/: A homogeneous gray display (3500).
Display ll/: An eight-sector display, two shades of gray (2500,

4000).
Display W: An eight-sector display with two chromatic colors,

red and blue (2040-R, OO4O-R90B).
Display V: An eight-sector display of different lightnesses, but

with the same red color (104O-R, 2040-R).
Display VI: An eight-sector display, red and blue, with minimum

lightness contrast, that is, the lowest contrast we could achieve using
the NCS color samples (0050-R, 104O-R90B).

Procedure. The procedure was as described previously. Before
starting the comparisons, there was an instruction session in which
displays with the O'Brien illumination were presented to the sub
ject and he/she was asked to report his/her impressions of the dis
plays. As soon as the subject spontaneously reported perceiving
a 3-D form, he/she was asked to compare the distinctness of the
perceived 3-D form of the two displays. Three-dimensional models
of circular concave and convex objects were used to clarify the task.
Figure 7 shows the 3-D forms decribed by our subjects.

c•

distinctness

1.00.5

E 0• •, I

®

)

o

F•I

blurred

F 0=E. CA• • - •I I I
0 0.5 1.0

Figure 5. The six displays of Experiment 1 plotted on scales of
the distinctness of their perceived 3-D shape for the sharp and blurred
conditions.

FJgure 7. The perceived convexor concave 3-D shape of the O'Brien
disk, as described by our subjects.

Figure 6. The layout of the displays used in Experiment 2: The
homogeneous displays, I and D (a), and the eight-sector displays,
m-VI (b).

Table 3
Preference Ratios for the Displays in the Top Row Compared With Those in the Left Column
as to the Distinctness of Perceived 3-D Shape for 6 Subjects With Four Judgments Per Pair

in Experiment 2

Display

Display II ill IV V VI

I 9/24 12/24 17/24 7124 15/24
II 15/24 13124 18/24 17/24 19/24
ill 12/24 11124 23/24 12/24 17/24
IV 7124 6/24 1/24 5/24 12/24
V 17/24 7124 12/24 19/24 17/24
VI 9124 5/24 7/24 12/24 7124

Totals 60/120 38/120 45/120 89/120 48/120 80/120
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1.0 EXPERIMENT 3

Figure 9. The six displays of Experiment 2 plotted on a scale of
the distinctness of their perceived 3-0 shape.

displays

Figure 8. The preference ratios for the six displays of Experi
ment 2. Paired comparison data for 6 subjects.
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The purpose of Experiment 3 was to study the role
played by color borders in inducing an apparent 3-D
pleated form on a flat display. Equally sized displays with
zero, one, and three reflectance edges, showing cross
ings or parallelism in relation to the horizontally oriented
square-wave modulated illumination, were compared with
regardto the distinctness ofthe induced3-D pleatedform.

Method
Displays. The following displays were used (see Figure 10).
Display G: A homogeneously colored (pink) square (2040-R).
Display H:A square, divided vertically into two rectangular halves

of different colors (pink and blue, 2040-R, OO4O-R90B). One reflec
tance border is crossed by the horizontal illumination borders of
the grating.

DisplayJ: The same two-field display as in Display H, but with
the reflectance border horizontally oriented. The reflectance border
is parallel to the grating.

Display K: A square, vertically divided into four fields of equal
size, with the two colors (2040-R and OO4O-R90B) alternating. The
reflectance borders are crossed by the illumination borders of the
grating.

DisplayL: The same four-field display as in Display K, but with
a horizontal orientation. The three reflectance borders are parallel
to the illumination borders.

Procedure. The experimental procedure was the same as that used
in Experiment l. We chose grating contrast 0.355 as the optimal
one for inducing perceived pleated 3-D form, according to the re
sults from earlier experiments.

Results and Discussion
The preference ratios for the displays are tabulated in

Table 4; summing the columns gives a rank order of first
choices between the displays. The proportions of first
choices are shown in Figure 11. The two displays with
reflectance borders crossed by the illumination borders
of the grating (H and K) show the highest proportions of
first choices, and Display K, with three reflectance
borders crossed by the illumination borders, shows the
very highest proportion.

Thurstone's law ofcomparative judgments makes it pos
sible to convert our proportions to a scale of distinctness
of the induced 3-D form. Using the technique for incom
plete matrices (with proportions 0.0 and 1.0) proposed
by Torgerson (1958), we obtained the scale illustrated in
Figure 12.

H

K

G

Figure 10. The five displays used in Experiment 3. Display G was
pink; the others were pink and blue. The superimposed square-wave
grating (illumination) was horizontally oriented.

Table 4
Preference Ratios for the Displays in the Top Row Compared With Those in the Left Column

as to the Distinctness of Perceived 3-0 Shape for 5 Subjects With Two Judgments
per Pair in Experiment 3

Display

Display G H J K L

G
H
J
K
L

Totals

1110
1110
0/10
0/10

2/40

9/10

8/10
2/10
8/10

27/40

9110
2/10

0/10
2/10

13/40

10/10
8110

10/10

9110

37/40

10/10
2/10
8/10
1110

21140
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an O'Brien illumination. The purpose of the experiment was to test
the hypothesis that the distinctness of the 3-D impression induced
by the modulated illumination will increase with the number of
reflectance edges intersected by the circular illumination edge. Thus,
the number of radial reflectance edges in the display was varied,
giving a varied number of sectors within the circular displays. All
the displays had chromatic colors; they are described below and
are shown in Figure 13.

Display I: A monochromatic red circular display (2040-R); the
same display as Display I in Experiment 2.

Display VII: A bipartite display, red and blue (2040-R and
OO4O-R90B).

Display Vll/: A four-sector circular display, with every other sec
tor red and blue.

Display W: An eight-sector circular display, red and blue; the
same display as Display IV in Experiment 2.

Display IX: A 16-sector circular display, red and blue.

VIIIVII

Results
The preference ratios are given in Table 5 and are il

lustrated in Figure 14. They are clearly in line with our
predictions, because the perceived 3-D shape of the flat
circular displays increases with the number of intersect
ing reflectance edges.

The only exception is a small decrease for Display IX
compared with Display IV. This difference might be a
chance difference, but it might also indicate a tendency
toward some sort of optimum regarding number of reflec
tance edges and size of sectors. The very small sectors,
of course, mean shorter length of the illumination edge,
the characteristics of which should be revealed by the in
tersections. For the multisector displays, especially Dis
play IX, our observers sometimes reported a special depth
effect-adjacent sectors formed an angle in depth, making
the display look like a multiblade propeller. This depth
effect may have decreased the perceived distinctness of
the concavity/convexity of the central disk of the display.

As in the earlier experiments, the preference ratios have
been transferred to a distinctness scale using Thurstone's
law of comparative judgments, Case V. This scale is il
lustrated in Figure 15.

distinctness

L

K
•

K

H
•

displays

H J

L
•

G

J
•

o

G
•I

Figure 11. Proportions of preferences for the five displays of Ex
periment 3.

EXPERIMENT 4

Figure 12. The five displays of Experiment 3 plotted on a scale
of the perceived distinctness of their 3-D shape (Thurstone's law of
comparative judgments, Case V).

It is obvious from the results that the number of borders
between fields of different colors are of great importance
for the distinctness of the induced 3-D form of the dis
plays. The crossings between the illumination borders and
reflectance borders in Displays Hand K give the varia
tion that is needed to reveal the common component
characteristics of the grating. According to our own im
pressions and spontaneous reports from all our subjects,
the dark phases of the grating become shadows attached
to a pleated object, whereas the light phases appear to be
directly illuminated parts of the same object. This is in
accordance with our hypotheses based on our theoretical
model. It is also obvious that even the number of reflec
tance borders running parallel to the grating is of some
importance, because Display L was preferred to J, which
was preferred to G. Here there is no variation of color
along any single illumination border, but apparently the
variation across the whole grating reveals the invariant
characteristics of a common illumination, although not
as compellingly as the crossed reflectance borders.

IV IX

Method
Displays. In Experiment 4, five circular displays were compared Figure 13. The five displays compared in Experiment 4. The colors

as to their tendency to appear concave or convex (i.e., 3-D) under were red and blue.
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Table 5
Preference Ratios for the Displays in the Top Row Compared With Those in the Left Column
as to tbe Distinctness of Perceived 3-D Shape for 6 Subjects With Four Judgments Per Pair

in Experiment 4.

Display

Display VII vm IV IX

I 19/24 23/24 21/24 19/24
VII 5/24 14/24 19/24 15/24
vm 1/24 10/24 17/24 17/24
IV 3/24 5/24 7/24 13/24
IX 5/24 9/24 7/24 11/24

Totals 14/96 43/% 51/96 68/96 64/96

1.0

VII VIII IV IX

displays

what higher rankings than the homogeneous gray ones.
This is in line with earlier results (Gustafsson, 1987).

Experiments 3 and 4 show an effect of the number of
reflectance edges crossed by the illumination edge(s) or
even parallel to them. It is also obvious that the same dis
play factors that influenced the distinctness of the 3-D
form in the sharp grating condition were also effective
when the illumination border(s) were gradients (Experi
ment 1) or a combination of an edge and a gradient (the
O'Brien illuminations of Experiments 2 and 4).

The results confirm earlier observations that the per
ceived 3-D shape induced by spatial modulation of the
illumination of a flat display is much more distinct for
structured than for homogeneous displays (Bergstrom
et al., 1984). According to traditional theories of depth
perception, the geometric projection of the structure of
the displays (e.g., the straight and parallel reflectance
edges) should inform about their flatness. The homoge
neous displays should be more vulnerable to the shape
inducing effect of shading. Both our present and earlier
observations contrast with this. They are in line, how
ever, with our theoretical model, which assumes that spa
tial modulation of illumination always informs about the
3-D layout, provided that the modulation is not mistaken
for a reflectance gradient. And the very structure of the
display, the projection of which should inform about its
flatness, is what reveals the illumination characteristics
of our illumination gradient. That is why structure in
creases the distinctness of the induced depth.

But why, then, is there an effect of increasing degree
of structure (e.g., number of reflectances, reflectance
edges, etc.)? The reason, probably, is that increasing
reflectance variation within the display increases the range
of conditions under which the characteristics of the illu
mination edges are invariant. Again, it takes variation to
reveal invariances. The same might not hold for the con
flicting information from the geometric projection, that
is, the information about the flatness of our displays. The
lack of divergence and convergence in the projection of
the distally parallel lines in our Mondrian displays does
not necessarily become stronger or more effective just be
cause the lines themselves are more distinct. But bigger
differences between the quadrangles of the Mondrian do
increase the variation within which the contrasts of our

distinctness

IX IV
• •VIII•

1.0

VI•
0.5

GENERAL DISCUSSION

The results of Experiments 1 and 2 clearly show an ef
fect of display structure on the perceived distinctness of
the induced 3-D form. The homogeneous displays (E and
F) of Experiment 1 were given the lowest ranking in both
the sharp and the blurred conditions. In Experiment 2,
the eight-sector, two-color displays (IV and VI) had the
highest rankings, and the gray and monochromatic ones
had the lowest. Even in displays with no structure, the
presence of a chromatic color seems to facilitate induced
depth; the homogeneous red displays were given some-

o

Figure 14. The preference ratios for the five displays of Experi
ment 4, using paired comparison data.

Figure 15. The five displays of Experiment 4 plotted on a scale
of the distinctness of their perceived 3-D shape.

o

I•I
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illumination edges are invariant. So, increasing the degree
of structure of the display increases the chances of reveal
ing the invariances of the illumination edges without
simultaneously increasing the geometric information about
flatness.

The same explanation might also hold for the effect of
the number of reflectance edges. Even when parallel to
the illumination edges of the grating, the number of reflec
tance edges is important. They do not increase the varia
tion along any single illumination edge, but the invari
ance of the grating is repeated over the different surface
colors of the display. Thus, the effect of number of reflec
tance edges, even if not crossed by illumination edges,
strongly supports our assumption that the proximal stim
ulus is analyzed into common and specific components,
and that commonality is the feature that makes it possible
for our perceptual system to distinguish spatial variation
of illumination from that of reflectance. And this possi
bility is, of course, a prerequisite for color constancy. Our
results on the O'Brien effect also support the assumption
that there is a functional difference between edges and
gradients (cf. Gilchrist et al. 's 1983 "edge classification").
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