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Abstract 

This study investigated questions related to half-occlusion processing in human stereo-
scopic vision: (1) How does the depth location of a half-occluding figure affect the depth 
localization of adjacent monocular objects? (2) Is three-dimensional slant around vertical 
axis (geometric effect) affected by half-occlusion constraints? and (3) How the half-
occlusion constraints and surface formation processes are manifested in stereoscopic cap-
ture? 

Our results showed that the depth localization of binocular objects affects the depth lo-
calization of discrete monocular objects. We also showed that the visual system has a pref-
erence for a frontoparallel surface interpretation if the half-occlusion configuration allows 
multiple interpretation alternatives. When the surface formation was constrained by tex-
tures, our results showed that a process of rematching spreading determines the resulting 
perception and that the spreading can be limited by illusory contours that support the pres-
ence of binocularly unmatched figures. The unmatched figures could be present, if the 
inducing figures producing the illusory surface contained binocular image differences that 
provided cues for quantitative da Vinci stereopsis. These findings provide evidence of the 
significant role of half-occlusions in stereoscopic processing.  



 
 
 
 

Tiivistelmä 

Väitöskirjan tutkimukset käsittelevät puolipeittyneisyystietojenkäsittelyä ihmisen stereo-
näössä. Erityisesti keskityttiin seuraaviin kysymyksiin: (1) Kuinka puolipeittävän pinnan 
syvyyssijainti vaikuttaa monokulaaristen objektien syvyyssijaintiin? (2) Vaikuttavatko 
puolipeittyneisyysrajoitukset vertikaaliakselin ympäri kolmiulotteisesti kallistuneen pin-
nan havaitsemiseen eli niinkutsuttuun geometriseen efektiin? (3) Kuinka puolipeittynei-
syysrajoitukset ja pinnanmuodostusprosessit vaikuttavat stereoskooppisena syvyyssieppa-
uksena tunnettuun kolmiulotteisen pinnanmuodostuksen ilmiöön? 

Tulokset osoittivat, että binokulaarisen objektin syvyyssijainti vaikuttaa sen lähellä 
olevien, binokulaarisesta pinnasta erillaan olevien monokulaaristen objektien syvyyssijain-
tiin. Kokeet osoittivat myös, että näköjärjestelmä suosii frontoparalleelia syvyystulkintaa, 
jos puolipeittyneisyystilanne mahdollistaa useita erilaisia kolmiulotteisuustulkintoja. Kun 
pinnanmuodostusprossia rajoittavat pintakuvioinnit, havaintokokemus määräytyy stereo-
skooppisten uudelleensovitusten leviämisen kautta. Leviämistä ja sen lopputuloksena syn-
tyvää havaintotulkintaa rajoittavat sellaiset illusoriset rajaviivat, jotka mahdollistavat puo-
lipeittyneiden alueiden olemassaolon. Nämä alueet ovat tulkinnallisesti mahdollisia tilan-
teissa, joissa illusorista pintaa määrittelevät kuviot sisältävät sellaisia binokulaarisia nä-
kymäeroja, jotka toimivat syvyysvihjeinä kvantitatiiviselle puolipeittyneisyyslaskennalle. 
Yhteenvetona voidaan sanoa, että tulokset osoittivat puolipeittyneisyystietojenkäsittelyn 
olevan merkittävässä roolissa stereoskooppisen näkötiedonkäsittelyn eri mekanismeissa.  
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1. Introduction 

Stereo vision constructs a three-dimensional perception of the visual world by comparing 
the views of the left and right eye. In this comparison, the differences in location, texture 
type, size and form of objects determine the perceived three-dimensional structure. Thus it 
seems viable that one of the main tasks of vision is to determine which image in the left 
eye corresponds to a certain image in the right eye. After all, it would be difficult to talk 
about binocular correspondence if there would not be images in both retinas. This idea 
was already reflected in early research in which retinal correspondence was regarded as 
the basis of binocular single vision (Alhazen, 1038/1572; Aguilonius, 1613; Vieth, 1818; 
Müller, 1826)1. However, it was only after Charles Wheatstone discovered the signifi-
cance of disparate elements in stereoscopic vision that the correspondence problem be-
came one of the most important research topics of stereo vision research in over 150 years 
(Wheatstone, 1838).  

The emphasis on corresponding images contrasts with the operating environment of 
the visual system. In our daily visual world non-corresponding features are common, be-
cause near objects occlude distant objects to a different extent (Nakayama & Shimojo, 
1990) or because a near object and background which have the same coloring are aligned 
in a way which causes camouflage (Figures 1c and 1d; Kaye, 1978; Nakayama & Shimojo 
1990; Cook & Gillam, 2003). Monocular image patches occluded by nearer objects are 
called half-occlusions2 and in this thesis investigations of the half-occlusion processing in 
stereoscopic vision will be described. 

Half-occlusions were described already by Leonardo da Vinci (da Vinci, 1480-
1510/1989; see also Euclid, 300 BCE/1945; Galen 175)3 whose main contribution was the 
idea that we cannot produce a painting that is a faithful representation of the visual world 
because the two eyes perceive different views of the visual scene (Ono, Wade, & Lillakas, 
2002; Ono, Lillakas, Grove, & Suzuki, 2003). He demonstrated his idea with two exam-
ples. First, when we look at a small object, we can see around and behind the object (Fig-
ure 1a). Second, when we look through an aperture, both eyes together see a larger area 
than one eye does (Figure 1b). These observations clearly suggest that monocular areas are 
common in the visual world, but because da Vinci’s main interest was in producing a life-
like painting, not analyzing the visual processes behind the perceptual experience, these 
areas have not been systematically studied until recently.  

In some early investigations the relationship of monocular and binocular objects was 
conceptualized as depth cue integration, in which the reduced binocular depth cues forced 
the visual system to use pictorial cues in visualizing the three-dimensional structure of the  

 
                                                 
1 For detailed reviews of the history of stereo vision research see e.g. Wade (1985, 1987) and Gulick & 

Lawson (1976). 
2 The term half-occlusion was introduced by Belhumeur and Mumford (1992). 
3 Of historical interest is a comment by Wheatstone (1838) in which he states that had Leonardo da 

Vinci used cubes instead of spheres as demonstration objects in his diagrams, he would have noticed, in the 
15th century, the existence of stereopsis. 
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Figure 1. Half-occlusion and camouflage configurations. a) In da Vinci’s first demonstration he observed 
that when we look at a small object, we can see around and behind the object. He also emphasized that the 
areas A-B and C-D are visible to one eye only. b) In da Vinci’s second demonstration he observed that when 
looking through a hole, the two eyes can see a larger area than one eye, because each eye perceives a small 
monocular patch that is not visible to the other eye. c) The half-occluding configuration can be schematically 
presented as a situation in which the left eye sees two binocular surfaces but the right eye also sees a thin 
monocular patch adjacent to the binocular surface, because the near object prevents the left eye from seeing 
the patch. Thus the monocular area is half-occluded by the surface. d) In a monocular camouflage configura-
tion the right eye sees a black surface in front of a white background. The left eye also sees a black figure 
that is in front of the black surface. Because the black figure and the black surface have similar coloring, the 
figure is not visible to the right eye. 
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target objects (Judd, 1898; Ames, 1925) or to localize the monocular objects near the 
depth level of unambiguous binocular objects (Gogel, 1956). However, there were also 
early references to stereoscopic camouflage phenomena in the 1920s (Szily, 1921/1998). 
Later there were occasional reports on binocular-monocular interaction, like surface for-
mation by monocular objects (Lawson & Mount, 1967; Gulick & Lawson, 1976), silhou-
ette constraints (Kaye, 1978), “shadow stereopsis” (Puerta, 1989) and the role of half-
occlusions in fusional latency (Gillam & Borsting, 1988). Still, systematic investigation 
began only after the elegant studies by Nakayama and Shimojo, which clearly showed that 
half-occlusions are significant in the depth localization of monocular objects, illusory sur-
face formation and binocular rivalry (Nakayama & Shimojo, 1990; Shimojo & Nakayama, 
1990). This research paradigm has in recent years produced results indicating that da Vinci 
stereopsis is significant, for example, in determining the fusional latency of stereograms 
(Gillam & Borsting, 1988; Becker et al., 1999; Grove & Ono, 1999), in solving the corre-
spondence problem (Anderson & Nakayama, 1994; Shimojo & Nakayama, 1994), in illu-
sory surface perceptions (Anderson, 1994; Liu, Stevenson, & Schor, 1994; Anderson & 
Julesz, 1995; Gillam, Blackburn, & Nakayama, 1999; Gillam & Nakayama, 1999), in de-
termining surface properties (Anderson, 1997; Anderson, 1999), in surface integration 
behind occluding figures (Forte, Peirce, & Lennie, 2002), in processing the visual direc-
tion of a monocular object (Nakamizo, Shimono, Kondo, & Ono, 1994; Takeichi & Na-
kawaza, 1994; Erkelens & van Ee, 1997a; Erkelens & Van Ee, 1997b) and in producing 
the perception of three-dimensional volume (Idesawa, 1991, 1993; Idesawa, Iwamoto, 
Hara, & Sakaguchi, 1997; Idesawa & Zhang, 1997). 

In our research we wanted to study several questions related to half-occlusion process-
ing in stereoscopic vision. Specifically, we wanted to know: (1) How does the depth loca-
tion of a half-occluding figure affect the depth localization of monocular objects? (Study 
I) (2) Is three-dimensional slant around a vertical axis (geometric effect) affected by half-
occlusion constraints? (Study II) and (3) How are the half-occlusion con-straints and  sur-
face formation processes manifested in stereoscopic capture? (Studies III-IV). 
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2. General methods 

2.1. Subjects 

In Studies I-IV, 4 to 18 subjects participated in each experiment. The stereoscopic ability 
of each subject was tested before the experiments.  

2.2. Apparatus 

In Studies I and II the stimuli were presented on a 20 inch Eizo Flexscan 9500 monitor. In 
Study IV a 21-inch Nokia 445X Multigraph monitor was used. In Studies I, II and IV the 
stimuli were viewed through circular apertures (diameter 16 deg.) with a mirror stereo-
scope. The viewing distance was 100 cm. In Study III printed stimulus stereograms were 
shown with a prism stereoscope (Stereoptics, Earthings Corp.). The viewing distance was 
30 cm. 
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3. Studies I-IV: methods and results  

3.1. Half-occluder depth and localization of monocular object 
(Study I) 

In the introduction to their paper on da Vinci stereopsis Nakayama and Shimojo state that 
a monocular object visible to one eye is ambiguous in depth because it can theoretically lie 
anywhere in the corresponding visual direction (Nakayama & Shimojo, 1990). They pro-
posed a mechanism – da Vinci stereopsis – , which is a kind of neural inference process 
that the visual system uses to solve the localization ambiguity of monocular objects. Ac-
cording to their idea, the visual system utilizes the probability of typical occlusion rela-
tions between monocular and binocular areas to reduce the number of theoretically possi-
ble depth locations. The resulting visual geometry can be expressed in the form of a con-
straint – the depth constraint zone – which predicts that a monocular object in the vicinity 
of a binocular plane can have only a limited number of ecologically valid depth locations. 
For example, in Figure 2 the monocular point which is visible to the left eye only is most 
probably localized in the depth constraint zone indicated by the gray color. This is demon-
strated in Figure 3a in which the monocular line on the left side of the black binocular 
square is perceived as being further away in depth than the rectangle. The binocular-
monocular configurations that have a corresponding configuration in the normal visual 
world were termed ecologically valid configurations. The configurations that did not have 
a half-occlusion interpretation were termed ecologically invalid. Nakayama and Shimojo 
(1990) showed that the half-occlusion valid monocular objects were perceived in the 
depth-constraint zone and the half-occlusion invalid were perceived as equidistant to the 
surface (see also Ono, Shimono & Shibuta, 1992). 

 

Figure 2. Depth localization of a monocular object. The form of the half-occluded area for each eye is 
determined by the visual geometry of the situation. The resulting depth constraint zones are indicated by the 
gray color in the figure. The monocular object does not have an unambiguous depth interpretation and it 
could theoretically be located anywhere in the axis drawn between the retina and the background. If the 
visual system uses half-occlusion assumptions about the typical visual geometry of the visual world, the 
possible three-dimensional localizations of the monocular object can be limited to the depth constraint zone. 
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In Study I we wanted to test the significance of changing the depth of the half-occluding 
figure. Our hypothesis is related to an observation by Julesz in which he noticed that both 
half-images of a random-dot stereogram contain an uncorrelated area that is produced 
when the area seen in depth is moved horizontally. Julesz noted that this monocular area is 
always seen in the depth level of the background (Julesz, 1964; Julesz, 1971). In these 
observations the monocular surface was always adjacent to a binocular surface with an 
identical random-dot texture, so the visual system might have used the cues about mo-
nocular-binocular continuity in the localization of the monocular object.We wanted to 
know whether discrete monocular objects which cannot be perceived as a continuation of 
a binocular surface would be affected by this tendency to localize monocular objects in the 
background. If this were the case, the depth localization of the monocular objects should 
change according to the depth position of the half-occluding surface. To be specific, the 
depth localization curve of a monocular object should be locked to the background level in 
each experimental condition. To test this hypothesis, we conducted an experiment in 
which the depth of the occluding plane was changed. 

3.1.1. Methods 

The target stimulus (Figure 3b) consisted of four objects: a half-occluding plane, a refer-
ence plane, a movable depth probe, and a monocular dot. The measurement of perceived 
depth was accomplished using a binocular probe (Foley & Richards, 1972; Harris, 1973). 
The task of the subject was to position the probe to the apparent depth of a monocular dot 
which was located in one of ten different positions at 1.3 - 58.5 min arc laterally from the 
occluding rectangle. The dot could appear in either eye and on the left or right side of the 
rectangle. To test the effects of the disparity, the depth of the half-occluding rectangle was 
changed randomly in each stimulus. The rectangle could be at five different depth loca-
tions, which were either at the fixation plane or at a depth nearer to or further from the 
additional plane (13.1 or 39.2 min arc).  

3.1.2. Results 

The results from conditions in which dots with ecologically valid half-occlusion inter-
pretation were used are shown in Figure 4a. In the figure the apparent depth of a monocu-
lar dot is plotted as a function of its distance from the binocular edge. The curve at a 0 min 
arc configuration is similar to the original result of Nakayama and Shimojo (1990), i.e., 
the valid objects drop further away relative to the half-occluding rectangle. Some of our 
results are also different from those of Nakayama and Shimojo. In the original results the 
monocular objects are localized to the leading edge of the depth constraint zone but in our 
results the monocular objects drop further into the depth constraint zone. The significance 
of this finding is discussed in Section 4.1 of this thesis.  
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Figure 3. Stereogram demonstrating da Vinci stereopsis. All the stereograms in this thesis consist of three 
half-images, so the viewer can stereoscopically fuse either the left and middle half-image or the right and 
middle half-image. The leftmost image pair is intended for crossed fusion, as indicated by the cross between 
the half-images. The rightmost image pair is intended for uncrossed fusion, as indicated by the sign between 
the middle and right half-images. If the viewer is using stereoscopic glasses to view the images, the middle 
and right half-images should be fused. Unless otherwise specified,  the discussion and image descriptions in 
the text refer to the rightmost stereoscopic pair. In some stereograms both near and far versions of the 
stereogram are discussed. In such cases the signs indicating crossed and uncrossed fusion are removed. 
However, it is still assumed that the viewer uses the uncrossed fusion method. If the viewer uses the crossed 
viewing method, he/she should use the reverse stereopairs when reading the figure description. The purpose 
of the black rectangles below the stereograms is to aid the binocular fusion. a) The monocular line located 
on the left side of the binocular square is perceived to be further away in depth than the square, because it 
has an ecologically valid half-occlusion interpretation. The line on the right side of the binocular square is 
seen at the same depth as the plane or slightly nearer, because it does not have an ecologically valid half-
occlusion interpretation. b) Stereogram of Study I, in which we measured the depth localization of a mo-
nocular dot when the depth of the occluding rectangle was changed. In the stimulus stereogram there were a 
reference rectangle, which defined the background plane in the crossed disparity configurations (top rectan-
gle in this stereogram), a half-occluding rectangle which could have five different depth levels relative to the 
reference rectangle (larger rectangle in the middle of the stereogram), and a depth probe that could be moved 
in depth by the subject (small rectangle at the bottom of this stereogram). The right stereopair represents a 
near depth configuration and the left image pair is a far depth configuration. 
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Figure 4. The depth localization of monocular dots in Study I. The curves show mean depth settings as a 
function of the horizontal distance from the edge of the occluding plane. a) The localization of the half-
occlusion valid dots. b) The localization of the half-occlusion invalid dots. Each curve is the mean of five 
subjects and represents one disparity configuration. The error bar represents standard error. 
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Changing the depth of the half-occluding surface had a clear effect on the depth lo-
calization curves of the half-occlusion valid monocular dots (Figure 4a). When the half-
occluding plane was at near depth (13.1 min arc crossed and 39.3 min arc crossed condi-
tions), the curve bent clearly to the far direction and the localization function seemed to 
grow wider as the occluder’s near depth increased. When the half-occluding plane was at 
the 0 min arc depth, the monocular dot was localized inside the depth constraint zone for a 
horizontal distance of 10-15 min. If the half-occluding surface was farther than the refer-
ence plane (13.1 min arc uncrossed and 39.3 min arc uncrossed conditions) the matching 
curves were similar to the 0 min arc condition. The result seems to confirm our hypothesis 
that depth localization of a monocular object is affected by the depth position of the oc-
cluding surface.  

The half-occlusion invalid dots were mostly localized outside the depth constraint zone 
(Figure 4b), which confirms the findings of Nakayama and Shimojo (1990). The dots were 
perceived as equidistant to the adjacent surface or slightly nearer than in the uncrossed 
disparity configurations. In the 0 min arc configuration the dots were perceived as slightly 
farther away from the binocular surface. In the crossed disparity configurations the depth 
of the half-occluding surface changed the three-dimensional localization of the half-
occlusion invalid monocular dots, which were captured at a far depth. This result was 
slightly surprising, because dots without a valid half-occlusion interpretation should be 
localized approximately at the same depth level with the adjacent binocular surface (Na-
kayama & Shimojo, 1990).  

3.2. Occlusion constraints and stereoscopic slant (Study II) 

Horizontal magnification of an image in one eye leads to the perception of a vertically 
slanted surface. This phenomenon is called the geometric effect (Ogle, 1938; Ogle, 1950)  
and has been studied extensively since its finding (Wilde, 1950; Gillam, 1968; van der 
Meer, 1982b, 1982c, 1982a; Rogers & Graham, 1983; Gillam, Chambers, & Russo, 1988; 
Gillam & Ryan, 1992; Banks & Backus, 1998; Backus & Banks, 1999). The experiments 
in Study II were based on our observation that the interocular differences in horizontal size 
allow two interpretations. According to the classical interpretation the horizontal size dif-
ferences are caused the by three-dimensional slant around a vertical axis because in such a 
configuration the slanted plane appears horizontally narrower in one eye. However, there 
is another three-dimensional structure where the same binocular view is presented: a half-
occlusion configuration where one plane half-occludes another plane. If an object is par-
tially occluded, one eye sees a horizontally wider object than the other, which is exactly 
the same stimulus as in the geometric effect (Figure 5).  
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Figure 5. Ambiguity of three-dimensional slant near a binocular occluding figure. The slanted surface on 
the right side of the frontoparallel surface has multiple depth interpretations, because it can be half-occluded 
by the frontoparallel surface. The slanted surface on the left side of the frontoparallel surface does not have a 
half-occlusion interpretation and consequently its three-dimensional interpretation is unambiguous. 

If interocular differences in horizontal size can be interpreted in two ways, increasing the 
possibility of a half-occlusion interpretation might affect the perception of slant. For ex-
ample, if a binocular surface is placed in the immediate horizontal vicinity of a slanted 
surface, the possibility of an occlusion interpretation should significantly diminish the 
perceived slant. The hypothesis is represented schematically in Figure 5 in which the 
slanted plane on the right side of the middle surface cannot be distinguished from a less 
slanted or a frontoparallel surface, because the retinal images projected from each of these 
alternatives are identical. The purpose of study II was to determine how much the alterna-
tive interpretations affect the perceived slant. 

3.2.1. Methods 

The stimulus (Figure 6a) consisted of four objects: an occluding surface (1), a slanted tar-
get figure (2), an adjustable comparison plane (3), and an intermediate line (4). Subjects 
estimated the surface slant by adjusting the slant of the comparison plane (3).  

In the first experiment of Study II the perception of the slant of surface 2 was com-
pared in three conditions. In the first condition, surface 2 was slanted towards the far depth 
and the adjacent rectangle 1 created the possibility of a half-occlusion interpretation (right 
stereopair in Figure 6a). In the second configuration, surface 2 was slanted towards the 
near depth and thus a half-occlusion interpretation was not possible despite the adjacent 
rectangle 1 (left stereopair in Figure 6a). The third configuration was a control situation in 
which there was no adjacent rectangle that could be interpreted as occluded (Figure 6b). 
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The second experiment of Study II was similar to the first experiment, but the slanted sur-
face was horizontally displaced from the occluding surface in one eye (Figure 7a). 

3.2.2. Results 

The results confirmed our hypothesis that the perceived magnitude of slant would decrease 
when an occlusion interpretation was possible (squares in Figure 6c). When the slanted 
surface was on the other side of the middle rectangle and a half-occlusion interpretation 
was not possible, the slant was perceived according to the visual geometry (circles in Fig-
ure 6c). The same results also occurred in the control condition in which there was no oc-
cluding rectangle, i.e., the slant was perceived as predicted by geometry (diamonds in Fig-
ure 6c). The second experiment of Study II showed that a common binocular contour was 
not a necessary condition for the diminished slant effect (Figure 7b). Both results indicate 
that half-occlusion processing is an important part of the processing of three-dimensional 
slant. 

3.3. Stereoscopic capture (Studies III-IV) 

 
Nakayama and Shimojo (1990) described a phenomenon in which a monocular object lo-
cated adjacent to a group of binocular objects creates the perception of an illusory contour. 
This effect is shown in Figure 8a in which some of the white rectangles are visible to one 
eye only. Figure 8b illustrates a schematic version of the same figure. The figure shows 
that when two rectangles visible to the left eye only and two rectangles visible to the right 
eye only are properly located among binocular rectangles, two illusory contours are per-
ceived and an illusory surface is formed between them. The demonstrations indicate that 
the visual system can use half-occlusion information for surface formation. Later these 
results were expanded by Anderson (1994; Anderson & Nakayama, 1995; van Ee, Ander-
son & Farid, 2001; Malik, Anderson & Charowhas, 1999), by Lie et al (1994) and by Gil-
lam and Nakayama (1999) who  all showed that monocular information linked to binocu-
lar features can create complex surface perceptions. Liu et al. (1994) also introduced the 
term “phantom surface” to describe surface formation by monocular half-occlusions. The 
phantom surface presented by Lie et al. is shown in Figure 8c and the version of Gillam 
and Nakayama in Figure 8d.  

In Study IV we wanted to determine, whether a phantom surface has similar surface 
properties as an ordinary illusory figure. This was investigated with a stereoscopic capture 
effect in which a Kanizsa figure with disparity in the cutout sectors of the inducing figure 
is superimposed on a texture of repeating elements (Figure 9). When the resulting stereo-
gram is viewed stereoscopically, the texture bounded by the illusory contours is captured 
to the same depth plane as the illusory figure (Ramachandran, 1986; Ramachandran & 
Cavanagh, 1985). It seems that the same information that is used to construct the stereo- 
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Figure 6. Stimuli and results of the first experiment of Study II. a) A stereogram with ambiguous three-
dimensional slant that was used in Study II. The components of the stimulus are indicated by numbers: 1 = 
half-occluding plane, 2 = slanted plane, 3 = comparison plane which the subject could slant in depth and 4 = 
intermediate line. The right and middle half-images show an occlusion situation in which the three-
dimensional slant is ambiguous. The left and middle half-images show a situation in which the three-
dimensional slant is not ambiguous. Perceiving three-dimensional slant can be difficult for an untrained 
perceiver in Figures 6a and 6b. b) A stimulus stereogram without the half-occluding surface 1. This stimulus 
type was used as a control stimulus in the experiments. c) Results of the first experiment of Study II. The 
slant settings of subjects are plotted as a function of the geometric slant of the slanted surface (i.e. surface 2 
in Figures 6a and 6b). The diagonal line is a prediction based on figure geometry. Each graph plots averaged 
data for five subjects. The error bars represent the standard error. 
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Figure 7. Stimuli and results of the second experiment of Study II. a) A stereogram in which the ambigu-
ous three-dimensional surfaces are partially displaced from the occluding surface. The top slanted surface 
has a smaller displacement than the bottom slanted surface. b) Results of the second experiment of Study II. 
The slant settings from three lateral distances are plotted as a function of the geometric slant of the slanted 
surface. The diagonal line is a prediction based on figure geometry. Each graph plots averaged data for five 
subjects. The error bars represent the standard error. 

scopic illusory surface is also used to relocalize the texture dots in depth (Blomfield, 1973; 
Gregory & Harris, 1974; Lawson, Cowan, Gibbs, & Whitmore, 1974). In Study III we 
investigated some of the basic aspects of stereo capture and in Study IV we focused on 
stereoscopic capture by a phantom surface. 

3.3.1. Stereoscopic capture as a spreading of rematchings (Study III) 

Ramachandran and Cavanagh presented a hypothesis that stereo capture might be related 
to the interaction of small and large details in stereoscopic processing (Ramachandran & 
Cavanagh, 1985; Ramachandran, 1986a). Prazdny later proposed that the periodicity of the 
background texture might be an important factor in stereo capture, as a random and rival-
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rous texture is not captured (Prazdny, 1986). Despite this early discussion about the possi-
ble mechanism of stereo capture, the exact nature of the capture remained ambiguous. 
Three main theories were implicitly or explicitly defined in several papers: 1) Cognitive 
occlusion theories, which proposed that stereoscopic capture is a result of high-level oc-
clusion processing (Vallortigara & Bressan, 1994), 2) Stereoscopic interpolation theories, 
which linked stereoscopic capture to depth interpolation phenomena described by Mitchi-
son and McKee (Mitchison & McKee, 1985, 1987b, 1987a) and 3) Depth spreading theo-
ries, which conceptualized stereo capture as spreading of depth information (Mather, 
1989; Ishigushi & Wolfe, 1993). We consider the latter two alternatives in this thesis. 
Depth interpolation serves as a good starting point, because there are significant differ-
ences in the results obtained from the stereoscopic capture experiments and depth interpo-
lation experiments of Mitchison and McKee4 . 

Mitchison and McKee showed in their depth interpolation experiments that when a 
row of repeating dots was shown briefly, the endpoints of the row determined the per-
ceived depth of the middle points (Mitchison & McKee, 1985, 1987b, 1987a). This clearly 
resembles stereoscopic capture, because both use repeating textures and in both phenom-
ena the depth of the surrounding features affect the enclosed features. However, there is a 
curious discrepancy when the results of stereoscopic capture experiments and the results 
of depth interpolation experiments are compared. Mitchison and McKee showed that 
depth interpolation can occur even if the endpoints of a dot row have different depths. In 
such a stimulus configuration the perceived depth is based on the linear interpolation be-
tween the endpoints. This does not occur in stereoscopic capture: when a three-
dimensionally slanted illusory surface is superimposed on a texture, the texture is not cap-
tured at the surface of the slanted plane (Ramachandran, 1986a). An example of this kind 
of stereogram is presented in Figure 10a. This result has led some authors to conclude that 
three-dimensionally slanted illusory surfaces somehow prevent stereo capture (Yang & 
Blake, 1995). We wanted to investigate the reason for this discrepancy and at the same 
time find a way to characterize more accurately the processes that are involved in stereo 
capture. 

3.3.1.1. Methods 

Subjects viewed eight printed stereograms with a prism stereoscope (Stereoptics, 
Earthings Corp.) and verbally reported their observations. 

 
 
 

                                                 
4 The terms “interpolation”, “depth interpolation” and “stereo interpolation” refer to different phenom-

ena in different experimental contexts and research paradigms (See e.g. Kellman 1991; Würger, 1989; Yang 
& Blake 1995; Collett 1985). Because our purpose is the comparison of Mitchison’s and McKee’s results to 
stereo capture findings, we refer to the specific phenomenon presented by Mitchison and McKee when we 
use the term depth interpolation or stereo interpolation. 
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Figure 8. Phantom surface. a) The phantom surface by Nakayama and Shimojo (1990). The figure consists 
of small white rectangles which are randomly scattered around the stereogram. Four of the rectangles are 
monocular and they create the perception of an illusory surface in depth. b) A schematic version of the pre-
vious stereogram. The figure shows that the two monocular rectangles visible to the left eye and the two 
rectangles visible to the right eye induce the formation of an illusory surface. c) Phantom surface by Liu et al 
(1994). d) Phantom surface by Nakayama and Gillam (1999). 
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Figure 9. Stereoscopic capture (Ramachandran and Cavanagh 1985). Initially the repeating background 
texture is at the background level, but when a Kanizsa figure with horizontal disparity in the cut-out sectors 
of its inducing figures is superimposed on the texture, the illusory surface that comes forward from the back-
ground captures the texture elements located inside the surface at the same depth level with it. The bottom 
right schematic image describes the resulting perceptual experience. Stereoscopic capture is depth asymmet-
ric, so the perceptual experience with a far illusory surface is qualitatively different from a near illusory 
surface. The left and middle half-images contain the far version of the capture and the bottom left schematic 
image shows the resulting perceptual experience in which the perceiver sees only the corners of the far sur-
face through holes in the background. 
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Figure 10. Slanted capture. a) A stereogram in which the vertical cut-out sectors on the left have crossed 
disparity and vertical cut-out sectors on the right have no disparity (Study III). When viewed stereoscopi-
cally, a three-dimensionally slanted illusory surface is perceived. However, the background texture is not 
captured to the surface of the slanted plane. The texture is perceived frontoparallel either within the back-
ground or in front of the background.  b) A stereogram in which the right half-image is horizontally nar-
rower than the left half-image (Study III). When viewed stereoscopically, the whole figure is perceived as 
three-dimensionally slanted around a vertical axis. A clear and stable stereoscopic capture is also perceived.  
(c) A stereogram in which a frontoparallel texture at the fixation plane is captured to the surface of a three-
dimensionally slanted illusory surface (Study III). We created slanted capture geometry by changing the 
period of background texture inside the illusory figure. 
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3.3.1.2. Results 

The results indicate that stereo capture was always perceived when frontoparallel stereo-
scopic capture (Figure 9) was shown. When a three-dimensionally slanted illusory surface 
(Figure 10a) was superimposed on a dot texture, capture was never perceived. Participants 
perceived either no capture or an ambiguous alternating figure. These stereograms repli-
cated the earlier findings of Ramachandran and Cavanagh (1985) and Ramachandran 
(1986a). 

However, when the participants were shown capture stereogram in which one of the 
half-images was horizontally narrower than the other (Figure 10b), the whole image was 
seen as three-dimensionally slanted and stereoscopic capture was perceived. The result 
indicates that the three-dimensional slant itself does not prevent the stereo capture from 
occurring. 

The fact that we were able to produce a slanted stereoscopic capture with the stereo-
gram type shown in Figure 10b is related to the differences between depth interpolation 
and stereoscopic capture. Although depth interpolation resembles stereoscopic capture, 
i.e., the endpoints of a row of repeating texture elements determine the depth of the central 
dots, the depth interpolation actually consists of two different stages: early interpolation 
and late interpolation (Mitchison & McKee, 1985, 1987b, 1987a). At the first 500 ms of 
the processing the linear interpolation forms the surface percept without considering the 
discrete matching possibilities. At the late stages of interpolation (i.e. after 500 ms) the 
possible discrete matchings begin to affect the perception and the resulting perception is 
constrained by them. Although the visual system tries to apply the nearest disparity rule 
which means that matchings nearest the interpolated surface are used, the possible discrete 
matches determine the final matching solution. Early depth interpolation can thus be un-
derstood as an early surface segmentation phase that produces surface approximations 
which are then used to increase the efficiency of stereo matching. Stereoscopic capture 
should be compared to the later stage of depth interpolation, and the role of discrete 
matchings should be taken into account. 

If stereoscopic capture is constrained by discrete matching, the process of capture can 
be understood as changing the matchings of background texture dots. Figure 11 presents 
the stereoscopic matchings occurring in frontoparallel near capture. In Figure 11a are 
matchings that occur in the top two and bottom two rows inside the Kanizsa square in Fig-
ure 9. The figure shows that the dots between the inducing figures do not have other 
matching alternatives besides the near matching visible in the figure. On the other hand, 
the dots that are in the middle four rows of Figure 8 do have other matching alternatives. 
Initially the middle dots are in the fixation plane, as shown in Figure 11b. When the stereo 
capture occurs, the fixation plane matches of the texture dots are broken and new matches 
at near depth are formed, as shown in Figure 11c. If the rematching is limited to the cen-
tral area of the stereogram, the illusory contour inducing the capture must be able to sup-
port the unmatched dots adjacent to the illusory contours (dot 7 in the left eye’s view and 
dot 16 in the right eye’s view). 
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Figure 11. The stereoscopic matching of background dots in stereoscopic capture. The letters L and R refer 
to the half-images visible to the left and right eye, the black circles represent background dots in a single row 
of a stereo capture stereogram, the lines connecting the circles are stereoscopic matches, the gray rectangles 
are the parts of the inducing figures that occlude the background dots, and the white circles represent back-
ground dots without a binocular match. If a line connecting the matched circles is oriented so that its top end 
is more at the right than the bottom end, the correspondence indicates near depth. A line oriented in the op-
posite direction indicates far depth. A straight vertical line indicates a binocular match without disparity. a) 
The top row of dots inside the Kanizsa surface in an ordinary stereoscopic capture (Figure 9) when the mid-
dle and right half-images are fused. b) Middle rows of dots (rows 3-6 inside the illusory surface) inside the 
Kanizsa figure when stereoscopic capture has not occurred. c) Middle rows of dots (rows 3-6 inside the 
illusory surface) inside the Kanizsa figure when stereoscopic capture has occurred. 

If stereo capture is understood as a rematching of the texture elements, the lack of capture 
in stereogram 10a is easier to understand. If the discrete matching possibilities of this 
stereogram are considered, it is clear that slanted capture is not possible, because there are 
no matching solutions that could match all the dots and at the same time produce the per-
ception of a three-dimensionally slanted dot matrix. These matches are shown in Figures 
12a and 12b. In the former figure there is a configuration in which the texture elements are 
matched from right to left, which leaves dot 6 in the right eye unmatched. In this situation 
the viewer perceives a three-dimensionally slanted illusory surface and the texture at the 
background level. If the matching is started from the left side of the illusory surface, dot 
13 in the right eye remains unmatched. In this case the viewer perceives a three-
dimensionally slanted illusory surface and a frontoparallel texture at near depth. Because 
there is no viable half-occlusion interpretation for the unmatched dot, the dots are easily 
rematched and the image remains unstable and changing. 

Figure 12c shows the matchings of the slanted capture stereogram of Figure 10b. The 
matching diagram shows that there is a discrete matching solution which supports the per-
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ception of capture. If the discrete matchings are required for successful stereo capture, it 
should be possible to create a background texture that can be matched both to the back-
ground level and to the three-dimensionally slanted surface. This kind of stereogram is 
shown in Figure 10c, in which frontoparallel background texture is captured by a three-
dimensionally slanted illusory surface. The matching diagrams of Figures 12d and 12e 
show the stereoscopic matchings before and after capture. The effect is achieved by de-
creasing the interdot distance inside the illusory surface from dot 15 to dot 5. When these 
dots are rematched, the increasing interdot distance produces an increasing disparity which 
corresponds to the slant of the illusory surface5. All subjects perceived capture in the 
stereogram of Figure 10c. The results suggest that possible discrete matches constrain ste-
reo capture, and that a suitable matching solution makes it possible to create complex 
matching stereograms. 

3.3.2. Stereoscopic capture induced by phantom surface (Study IV) 

After Liu et al (1994) presented their version of phantom surface, it was suggested that it 
might contain matching cues for conventional stereoscopic processes (Gillam, 1995). To 
investigate this possibility, Lie et al (1997) modeled the matching process with Gabor fil-
ters and showed that oblique Gabor filters could create matchable features at the corner 
areas of the central rectangle and thus could explain the three-dimensional perception 
(Liu, Stevenson, & Schor, 1997). Gillam and Nakayama (1999) later presented a new 
variation of phantom surface in which the possible cues for conventional disparity proc-
essing have been removed (Figure 8d). 

In our experiment we created phantom versions of ordinary Kanizsa surfaces and 
tested whether they can capture the background texture as effectively as the ordinary 
Kanizsa surfaces. In a phantom Kanizsa surface the vertical parts of two inducing figures 
have been removed in one half-image so that it is not possible to match the vertical cut-out 
sectors that usually create the perception of a three-dimensional illusory surface. If a three-
dimensional illusory surface is perceived in a phantom Kanizsa figure it is either due to a 
half-occlusion interpretation made possible by the monocular areas or because the corner 
areas are matchable features. Because of the latter alternative, we also tested phantom sur-
faces induced by lines. 

 
 
 
 
 
 

                                                 
5 In our original article (Häkkinen et al 1998) the stereogram of Figure 7a contains an error: the dot ma-

trix and the superimposed Kanizsa figure had been horizontally inverted erroneously. Thus in the published 
figure, the horizontal distance decreases from dot 5 onwards, instead of increasing from dot 5 onwards. Fig-
ure 10c of this thesis is the corrected version. 
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Figure 12. The stereoscopic matching of background dots in a three-dimensionally slanted stereoscopic 
capture. a) A possible stereoscopic matching in Ramachandran’s (1986) stereogram in which the illusory 
surface is three-dimensionally slanted (Figure 10a). In this matching possibility the background dots remain 
at the background level. b) Matching possibility in Ramachandran’s (1986) stereogram in which the illusory 
surface is three-dimensionally slanted (Figure 10a). In this matching alternative the background dots are 
captured but they form a frontoparallel surface which becomes unstable because it does not match the three-
dimensional shape of the illusory slanted surface. c) Stereoscopic matching of the background dots in the 
stereogram in Figure 10b. d) Stereoscopic matching of the background dots in stereogram in Figure 10c 
before the stereoscopic capture. e) Stereoscopic matching of the background dots in the stereogram in Figure 
10c after the stereoscopic capture. 



 

 
 
 
 

29 

3.3.2.1. Methods 

The subjects were shown different stereo capture stereograms in random order. A com-
parison probe was located vertically under the frame of the capture stereogram. The probe 
was randomly given one of eleven equally spaced disparities between a 2 arc min un-
crossed to 8 arc min crossed disparity. Each stimulus condition was repeated 25 times. The 
task of the subject was to report whether the dots in the central part of the capture stereo-
gram or the comparison bar appeared to be nearer. 

3.3.2.2. Results 

Stereoscopic capture was perceived in the phantom Kanizsa stereograms (Figures 13a and 
13b) as the results in Figures 13c and 13d show. Because a phantom Kanizsa surface may 
contain cues for conventional stereoscopic matching, we created line phantom surfaces 
similar to those used by Gillam and Nakayama (1999). We also measured the effect of 
supporting bars, so the stereogram in Figure 14a contains both horizontal and vertical bars 
and the stereogram in Figure 14b has no additional supporting bars.  

The results (Figure 14c and 14d) show that phantom surfaces induced by lines pro-
duced clear stereo capture. When supporting bars were present (Figure 14a), the capture 
effect was strongest (Figure 14c) but removing the bars (Figure 14b) did not change the 
result much (Figure 14d). The line phantom stereograms also produced clear depth asym-
metric results in which the far phantom surface did not capture the central dots in the far 
direction. 

The main difference between the phantom surface of Nakayama and Shimojo (1990) 
and the phantom surface of Liu et al. (1994) is in the localization ambiguity of the mo-
nocular area which induces the surface formation. In the Nakayama and Shimojo version 
of the stereogram the monocular object is not linked to the binocular areas of the stereo-
gram and consequently the three-dimensional localization of the monocular object is more 
ambiguous. On the other hand, the phantom stereograms of Liu et al. (1994) and Gillam 
and Nakayama (1998) contain a figural continuity between monocular and binocular areas, 
which might make it easier to unambiguously determine the depth localization of the mo-
nocular image patch. Although the phantom surface can be seen in both configurations, 
the localization ambiguity of the monocular area might lead to a weaker phantom surface 
that would not produce strong stereoscopic capture. To test this possibility, we created 
phantom Kanizsa surfaces in which the binocular-monocular continuity was weakened by 
removing sectors from the inducing figures (Figures 15a and 15b). Surprisingly, the results 
show that near capture was still perceived when the linkage was weakened (Figure 15c). 
However, when the supporting bars were also removed, capture was weakened, suggesting 
a strong interaction between the supporting bars and the monocular areas in producing the 
capture (Figure 15d). The result indicates that a monocular area that cannot be segmented 
with a binocular area is only a weak capturing element, that does not produce a stable and 
clear perception of stereo capture. To further reduce the continuity cues, we completely re-  
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Figure 13.  (a) A stereo capture stereogram with a phantom Kanizsa and supporting bars (Study IV). (b) A 
stereo capture stereogram with a phantom Kanizsa surface and no supporting bars (Study IV). (c) Results 
from the stereogram in Figure 13a. In this figure and all subsequent results figures of Study IV the percent-
age of central dots that were perceived to be nearer than the comparison probe are plotted as a function of 
the disparity of the comparison probe. The filled dots indicate results from crossed configuration and the 
unfilled dots from uncrossed configuration. The results show that background texture was unambiguously 
captured by the phantom Kanizsa with supporting bars. d) Results from stereogram in Figure 13b. The cap-
ture effect was strong in this figure, although not as unambiguous as in the stereogram 13a. 
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Figure 14. (a) A stereo capture stereogram with a line phantom surface and supporting bars (Study IV). (b) 
A stereo capture stereogram with a line phantom surface and no supporting bars (Study IV). (c) Perceived 
capture in stereogram 14a. The capture effect was strong in this stereogram type. (d) Perceived capture in 
stereogram 14b.  Stereo capture was clearly perceived in this stereogram type. 
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Figure 15. (a) A stereo capture stereogram with a phantom Kanizsa in which sectors have been removed 
from the inducing figures to decrease the possibility of binocular-monocular linking (Study IV). Horizontal 
and vertical supporting bars are present. (b) A stereo capture stereogram with a phantom Kanizsa in which 
sectors have been removed from the inducing figures (Study IV). The supporting bars have also been re-
moved. (c) Perceived capture in the stereogram of Figure 15a. The capture effect was weakened in this 
stereogram type. (d) Perceived capture in the stereogram of figure 15b. The capture was weaker in this fig-
ure than in the previous stereogram (Figure 15a). 
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moved the binocular parts of the circular inducing figures (Figures 16a and 16b) and found 
that the capture effect weakened considerably (Figures 16c and 16d). 

To summarize, Study IV shows that a phantom surface can capture stereoscopic tex-
ture if the monocular areas producing the phantom surface can be linked to the binocular 
parts in the inducing figures. Reducing the continuity cues between the monocular and 
binocular areas weaken the phantom surface and the stereoscopic capture.  
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Figure 16. (a) A stereo capture stereogram with a phantom Kanizsa in which the binocular parts of the circu-
lar inducing figures have been completely removed to decrease the possibility of binocular-monocular link-
ing. Horizontal and vertical supporting bars are present (Study IV). (b) A stereo capture stereogram with a 
phantom Kanizsa in which the binocular parts of the circular inducing figures have been completely re-
moved. The supporting bars have also been removed (Study IV). (c) Perceived capture in the stereogram 
16a. Stereo capture was not perceived. (d) Perceived capture in the stereogram 16b. Stereo capture was not 
perceived. 
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4. Discussion 

In Studies I-IV we demonstrated that half-occlusion processing affects localization of mo-
nocular points, stereoscopic slant perception and stereoscopic capture. In the following 
discussion we analyze the relation of our results to more recent findings of da Vinci proc-
essing. 

4.1. Double fusion or da Vinci process? 

Our results demonstrated that the depth localization of the half-occluding surface affects 
the localization of adjacent monocular objects even if the monocular object is not per-
ceived as a continuation of the binocular surface. In the immediate horizontal vicinity of 
the binocular surface the monocular dots receded steeply into the depth constraint zone 
and the localization function leveled off at the depth of the background of the scene. The 
monocular dots appear to be captured by the plane of greatest depth in the scene (see also 
Shimono, Tam & Nakamizo, 1999). There are also other implications: Although we did 
not compare the merits of da Vinci stereopsis and other stereoscopic processes in the depth 
localization of monocular objects, our results also have relevance in the discussion that 
compares the different processes. 

The da Vinci stereopsis demonstrations of Nakayama and Shimojo (1990) resemble a 
phenomenon that was introduced by Wheatstone (1838; Figure 17a) and later modified by 
Panum (1858). This phenomenon is called Wheatstone-Panum’s limiting case6 and is 
shown in Figure 17b. Wheatstone-Panum’s limiting case consists of two lines in one half-
image and one line in the other half-image. In the original Wheatstone version the lines 
were crossed (Figure 17a), but in the Panum’s modification they were parallel (Figure 
17b). If it is assumed that one line can be fused only with one line in the other eye; the 
third line in the stereogram remains unfused. As the line without a corresponding image in 
the other eye is seen further away in depth compared to the binocularly matched line, the 
image clearly resembles the da Vinci stereopsis demonstrations. 

 Wheatstone-Panum’s limiting case has been mainly explained by double-fusion theory 
which states that the two lines in the left eye’s half-image are both fused with the line in 
the right eye’s half-image (Panum, 1858; Hering, 1861; Henning, 1914; Ronne, 1956; 
Westheimer, 1986; Gillam, Blackburn, & Cook, 1995; McKee, Bravo, Smallman, & 
Legge, 1995; Kumar, 1996; Gillam, Cook, & Blackmore, 2003). Double fusion theory 
predicts that the depth localization of the monocular line7 increases linearly as a function 

                                                 
6 The phenomenon was earlier called Panum’s limiting case but the naming convention has been 

changed to Wheatstone-Panum’s limiting case to acknowledge Wheatstone’s contribution to the phenome-
non (Krol 1982; Arditi, 1986; Ono, Shimono & Shibuta, 1992; Howard & Ohmi, 1992; Howard & Rogers, 
1995; Shimono, Tam & Nakamizo). 

7 The definition of “monocular” line in Wheatstone-Panum’s limiting case can be problematic if both of 
the lines are fused with the single line in the other half-image. However, it is easier to compare the da Vinci 
results to the Wheatstone-Panum’s limiting case if the line that is perceived in depth in the Wheatstone-
Panum’s limiting case is called monocular. I will assume this convention in this thesis. 
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of its distance from the binocular line. It resembles the prediction of the da Vinci stereop-
sis theory which suggests that the monocular object should appear inside the depth con-
straint zone. The predictions become identical if it is assumed that the monocular objects 
would be localized to the leading edge of the depth constraint zone, as in the results of 
Nakayama and Shimojo (1990). However, the predictions also differ in several depth con-
figurations. Firstly, da Vinci stereopsis predicts that the lines that do not have a valid half-
occlusion interpretation would appear at the same depth level as the adjacent binocular 
surface. Double fusion theory predicts that there is no difference between the half-
occlusion valid and half-occlusion invalid objects, and both should change their depth 
linearly as a function of their distance from the binocular edge (Gillam et al., 1995). The 
second important prediction is related to the matching cues provided by the monocular 
object. A monocular line might be easier to stereoscopically match with the adjacent bin-
ocular edge than a monocular dot. Thus, there might be differences in the depth localiza-
tion of a monocular line and a monocular dot (Gillam et al., 2003) 

Gillam et al. (1995) already suggested that the da Vinci demonstration of Nakayama 
and Shimojo (1990) could be explained by double matching, but a systematic comparison 
was made by Gillam, Cook and Blackburn (2003) who showed that monocular lines local-
ize in depth according to the double fusion theory: their depth localization changes line-
arly as their function from the binocular edge in both the half-occlusion valid and half-
occlusion invalid sides of the binocular surface. On the other hand, monocular dots drop 
into the depth constraint zone immediately and do not change their depth linearly as a 
function of their distance from the binocular edge (see also Cook & Gillam, 2004). Gillam 
et al. (2003) have suggested that these differences provide evidence of different processes 
in the localization of monocular objects. If a monocular object contains clear matching 
cues, it is matched with the adjacent binocular edge and conventional stereoscopic proc-
essing determines its depth position. If it is difficult to find a stereoscopic correspondence 
for a monocular object; it is localized according to a da Vinci process, which in this stimu-
lus configuration is not a quantitative process but just a qualitative positioning of the dot at 
the background level (see also Shimono, Nakamizo & Ida 1994 and Shimono, Tam & Na-
kamizo, 1999). Gillam et al. (2003) note in their article that our Study I supports this find-
ing, because we used monocular dots which are difficult to stereoscopically match with 
the adjacent edge. The depth localization curve of the dots in our experimental results was 
steep, i.e., the dots did not change their depth linearly according to the leading edge of the 
depth constraint zone but dropped quickly to the level that was perceived as the back-
ground in each experimental condition. It seems as if the surface with the farthest depth 
would define the background level of the scene and would capture the monocular object at 
that level.  

Some of the findings of Nakayama and Shimojo (1990) are difficult to explain with the 
double matching theory, because the half-occlusion invalid monocular lines in their stimu 
lus images did not change their depth as a linear function of their distance from the bin-
ocular object. Gillam et al. (2003) admit that this result is problematic if it is assumed that 
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Figure 17. a) Wheatstone’s (1838) stereogram in which he demonstrates that location correspondence does 
not determine the stereoscopic matching of objects. According to the theories of binocular correspondence at 
Wheatstone’s time, the straight lines should be binocularly matched with each other, because they are in the 
same location. However, the thick lines which resemble each other are binocularly matched and a slanted 
and turned line is perceived. b) Panum (1858) modified the stereogram by making the other line separate and 
by making all the lines identical. When the lines do not cross each other, the depth localization of the other 
line becomes clearer and also raises a question about the binocular mechanism that would produce the depth 
localization. 

the line should be matched with the adjacent binocular edge. They state that it might have 
occurred because the monocular line was shorter than the binocular edge and thus more 
difficult to match stereoscopically. 

4.3. Quantitative da Vinci processes 

Although the original da Vinci demonstration by Nakayama and Shimojo might be ex-
plained by a combination of conventional stereoscopic processing and qualitative half-
occlusion processing, evidence also exists for quantitative da Vinci processes. Firstly, in 
phantom stereopsis the perceived depth changes roughly as a function of stimulus proper-
ties, although this change is not as accurate as in conventional stereopsis (Anderson, 1994; 
Liu et al., 1994; Liu, Stevenson, & Schor, 1997; Gillam & Nakayama, 1999; van Ee, 
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Anderson, & Farid, 2001; Grove, Gillam, & Ono, 2002). In Study IV we show that a 
phantom surface can also bias the depth localization of ambiguous binocular texture. 
Study IV also shows that the capture effect was weakened, if the continuity between the 
binocular and monocular parts of the inducing figures was reduced, and that the capture 
was completely disrupted if the binocular parts of the inducing figure were removed. 
These results indicate that linking the monocular and binocular areas are critical for the 
stability of the phantom surface effect. Similar results have been obtained with other quan-
titative da Vinci stereopsis demonstrations. 

The continuity between binocular and monocular areas is a critical part of the second 
quantitative da Vinci phenomenon that has been found. It was described by Gillam, Black-
burn and Nakayama (1999) who called it “unpaired background stereopsis” or “monocular 
gap stereopsis”. In monocular gap stereopsis a monocularly visible vertical gap superim-
posed on a binocularly visible form can metrically encode depth without conventional 
stereoscopic matching processes. In Figure 18a monocular gap stereopsis is demonstrated 
in a stereogram that contains a black rectangle that is wider in the right half-image than in 
the left half-image. Normally the stereogram would produce the perception of a three-
dimensionally slanted surface, but in this case a monocular gap in the left half-image 
changes the perception. When the monocular gap is added to the image, two approxi-
mately frontoparallel surfaces are perceived (Figure 19a). The left surface is perceived as 
further away and the right surface is perceived as nearer the observer. This surface seg-
mentation cannot be achieved with conventional stereoscopic matching, so the visual sys-
tem has to use the monocular gap as a cue for a depth discontinuity between the two sur-
faces. Monocular gap stereopsis is as accurate as conventional stereopsis (Gillam et al., 
1999) and adapts the same processes as conventional stereopsis, so it has been assumed 
that it shares common processes with stereopsis (Pianta & Gillam, 2003ab). It has also 
been suggested that monocular gap stereopsis could be used as an explanation for several 
other binocular-monocular interaction phenomena (Bacon & Mamassian, 2002; Howard & 
Duke, 2003; Grove, Brooks, Anderson, & Gillam, 2005). 

A third quantitative da Vinci phenomenon has been demonstrated by Cook and Gillam 
(2004) who have introduced an “intrusion stereogram” in which the monocularly oc-
cluded or camouflaged area has a common cyclopean T- junction with a binocular sur-
face. Two types of intrusion stereograms are demonstrated in Figure 18b. In the left and 
middle half-images the white surface is perceived through circular holes in the background 
(Figure 19c). In the right and middle half-images the white surface is perceived in front of 
the background (Figure 19b). When the horizontal size of the white rectangular area was 
changed in the experiment of Cook & Gillam (2004), the perceived depth varied in accor-
dance with the visual geometry of the stimulus configuration. They also showed that con-
ventional matching does not occur in the stereogram, which indicates that the intrusion 
stereogram is one form of quantitative da Vinci stereopsis. 
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Figure 18. a) Monocular gap stereopsis (Gillam, Blackburn & Nakayama, 1999). The left half-image is 
horizontally wider than the right half-image, which should produce the perception of a three-dimensionally 
slanted surface. When a monocular gap is placed in the middle of the left half-image, the visual system in-
terprets the gap as a three-dimensional discontinuity which is located between two frontoparallel surfaces. A 
schematic representation of the resulting perception is shown in Figure 19a. b) Intrusion stereograms (Cook 
& Gillam 2004). When the middle and right half-images are fused by the divergent fusion method, a white 
surface is perceived in front of the circular figures. If the middle and left half-images are fused by using the 
divergent fusion method, a white rectangle is perceived behind the background level and seen through circu-
lar holes in the background. A schematic representation of the resulting perceptions are shown in Figures 
19b and 19c. 
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Figure 19. Schematic representations of the perceptions acquired from the stereograms in Figures 18a and 
18b. a) In the monocular gap stereopsis (Figure 18a) the visual system interprets a monocular gap in the 
stereogram as a cue for depth discontinuity. Consequently, the perceiver does not see a three-dimensionally 
slanted surface, but two surfaces separated by a depth discontinuity. b) In the near depth version of the intru-
sion stereogram (the middle and right half-images in Figure 18b), the visual system interprets the white 
rectangular area as being camouflaged by the white background. The surface is perceived as being in front of 
the background. c) In the far depth version of the intrusion stereogram (the middle and left half-images in 
Figure 18b) the visual system interprets the white rectangular area as being occluded by the white surface. 
The surface is perceived as being further away than the white surface. 

The common feature of all the quantitative da Vinci phenomena is the possibility to link 
the binocular and monocular areas. When a monocular area can be attached to a binocular 
surface, it becomes a more stabile and accurate depth cue that can indicate metric changes 
according to changes in the stimulus properties. The same effect can be seen in our Study 
IV, in which the reduction of continuity between monocular and binocular elements of the 
inducing figures weakened and finally disrupted the stereoscopic capture. Although mo-
nocular elements alone are sufficient for the generation of an illusory surface, the monocu-
lar elements that have adopted the properties of adjacent binocular areas produce a more 
stabile surface perception. 
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When the monocular and binocular areas are closely linked, a new conceptual problem 
arises: the continuity between the binocular and monocular areas makes it difficult to seg-
regate the boundary between them. Cook and Gillam (2004) have emphasized that in 
quantitative da Vinci stereopsis it might not be meaningful to differentiate between bin-
ocular and monocular areas. They suggest that the discussion should simply focus on dif-
ferences in vantage points which in turn cause differences in the size of the visible areas. 
This discussion is relevant to study II, because the slant/occlusion figure does not have 
clear boundaries that would differentiate the monocular and binocular parts of the figure. 

In Study II we did not initially consider global vantage point differences, as our first 
hypothesis was that the diminished slant might be caused by the common border between 
the occluding surface and the slanted plane. Nakayama et al (1989) have suggested that 
when two surfaces have a common border, the border has a different relationship with the 
occluding and occluded object. The border is intrinsically relative to the occluding object, 
because the contour can be attributed to the occluding object and reliably defines its shape. 
The same contour is extrinsically relative to the occluded object because it is caused by 
another object and thus does not belong to the occluded object. The contour ownership 
attribution could cause the diminished slant perception in Study II, because the common 
border between the frontoparallel and slanted surface could be attributed to the frontopar-
allel surface and thus not be perceived as being a part of the slanted surface. After the 
ownership attribution a generic viewpoint assumption (Nakayama & Shimojo, 1992) 
would lead to a frontoparallel surface interpretation, because the half-occluded/slanted 
surface has no perspective which could support the interpretation of three-dimensional 
slant (Gillam et al., 1999; Pianta & Gillam, 2003b, 2003a).  

Although the contour attribution processes and the preference for a generic view in-
terpretation probably largely determine the final perception in the slant/half-occlusion 
stereogram, there are other results which indicate that the processing related to the dimin-
ished slant perception is more complex. The second experiment of Study II showed that a 
common binocular border between the occluding and slanted surface was not a necessary 
condition for the diminished slant. In other words, if the other end of the slanted surface 
was located only in the area that could be interpreted as half-occluded, the perceived slant 
was reduced. Grove, Ono and Kaneko (2003), who replicated the findings of Study II, 
obtained a similar result in their study in which the slant reduction was induced by an illu-
sory contour. They also reported that at some configurations the slanted/half-occluded 
surface can produce the perception of an illusory contour in a similar way as that by which 
the phantom surfaces are formed. The last observation associates the slant reduction effect 
to other monocular-binocular interactions that can produce the perception of a phantom 
surface, and raises the question of a possible common mechanism for the phenomena in 
which interocular width differences produce the perception of illusory contour. 

The enhancement of illusory contours by slanted/half-occluded image parts might be 
responsible for the increased stability of stereo capture that was observed in Study IV, 
when the supporting bars were added to the phantom capture stereogram. The supporting 
bars were located at the background level and when an illusory figure in depth was super-
imposed on the bars, they had different lengths in the left and right half-images. Conse-
quently, the bars were actually identical to the stimuli used by Grove et al. (2003) in their 
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experiments in which the slanted/half-occluded figures produced enhanced illusory con-
tours. Because the slanted/half-occluded inducing bars enhanced the illusory contour they 
might also prevent the spreading of re-matchings over the illusory edge more efficiently. 
However, using the term “enhanced illusory contour” does not explain the mechanism that 
stops the spreading of rematchings. To understand the mechanism more thoroughly, we 
must further analyze what feature of the illusory contour actually stops the rematching 
spreading. This leads to the question of stronger and weaker inducing figures. 

4.4. Why are some inducing figures “strong” and others “weak”? 

One of the interesting questions of stereoscopic capture research is the question of 
“strong” and “weak” capturing figures. For example, a Kanizsa figure which contains a 
disparate illusory surface produces clear stereo capture (Figure 9) but a Kanizsa figure 
which is completely at near depth (Figure 20a) or line corners at near depth (Figure 20b) 
produce a weak and unstable capture effect (Ramachandran & Cavanagh, 1985; 
Ramachandran, 1986a, 1986b). When the stereograms with weak capture effect are 
viewed, it is interesting to notice that stereo capture is not completely absent in the im-
ages. The stereograms appear to be occasionally capturing the texture at the same depth 
level, but then the effect seems to disappear, as the capture effect spreads over the vertical 
illusory contour and the texture appears to drop to the background level. The reason for 
the differences in capture stability might be explained as an interaction between the tex-
ture rematching processes and illusory contour-forming da Vinci processes. However, 
before the role of inducing figures in constraining the capture can be analyzed thoroughly, 
the spreading of re-matchings must be further explained. 

In Study III we showed that depth capture should be conceptualized as a spreading of 
rematchings that is initiated by significant surface segmentation elements.  Therefore, 
depth capture is not the same as depth spreading in illusory contour formation (Takeichi, 
Watanabe, & Shimojo, 1992) or in neon color spreading (Nakayama, Shimojo, & 
Ramachandran, 1990; Nakayama & Shimojo, 1992; Liinasuo, Kojo, Häkkinen, & 
Rovamo, 2000). Depth capture should neither be conceptualized as depth interpolation 
(Mitchison & McKee, 1985, 1987b, 1987a) nor as depth averaging (Yang & Blake, 1995). 
The main difference compared to these phenomena is the requirement of discrete match-
ings in stereoscopic capture which is not the property of depth spreading or the early 
stages of depth interpolation as defined by Mitchison and McKee. 

If stereo capture is conceptualized as the spreading of rematchings, it can be associated 
with an older phenomenon, the wallpaper illusion, in which a texture of horizontally re-
peating elements can be perceived at different depth levels when the fixation to the stereo-
gram changes (Brewster, 1844; Dixon, 1938; Lie, 1965; Logvinenko, Epelboim, & Stein-
man, 2001). The multistability of perception in wallpaper stereograms has been explained 
as a result of large matching ambiguity that is present in the stereogram. Because all the 
texture elements are identical, the stereo system has difficulties in finding an unambiguous 
solution and consequently the stereoscopic matches change constantly. In this context,  
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Figure 20. Stereograms in which the inducing figures do not produce a strong stereoscopic capture 
(Ramachandran & Cavanagh, 1985; Ramachandran, 1986). a) If the whole Kanizsa square including the 
inducing figures has a crossed disparity and is perceived as being in front of the dotted background, capture 
is unclear or nonexistent. b) Capture is also weak and unclear with line corner inducing figures. 

stereoscopic capture can be understood as a phenomenon in which the matching ambiguity 
of a wallpaper stereogram is biased by an unambiguous surface (Julesz, 1964; Julesz, 
1971; Julesz & Chang, 1976; Kontsevich, 1986; Papathomas & Julesz, 1989). 

When the discrete matchings during stereo capture are explored, it turns out that all the 
dots inside the illusory plane are not similar. In near capture the disparate vertical cut-out 
sectors relocate the rows between them (two top and bottom rows inside the illusory sur-
face in Figure 9), and they are seen at near depth because the physically defined edge at 
the end of the dot rows is a strong and unambiguous inducing figure. The spreading of 
rematchings affect only those texture rows that are horizontally adjacent to the vertical 
illusory contours and vertically adjacent to the disparate dot rows (the four middle dot 
rows inside the illusory surface of Figure 9). The depth capture of the middle dot rows can 
be conceptualized as a process that tries to maintain the continuity of the surfaces, so it 
resembles the late stages of depth interpolation which try stereoscopically to match the 
texture dots according to the nearest disparity rule. Because the middle dot rows are ini-
tially at background level, they are the only dots that are actually captured in this stereo-
gram. 

After the capture of the central dots, the illusory contours constrain the horizontal 
spreading of the rematchings. The spreading of rematchings stops at the vertical illusory 
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contour, if the dots adjacent to the illusory contour can be left unmatched, i.e., monocular 
(white dots in Figure 11c). Stabile monocularity is possible, if the unmatched dots can be 
interpreted as half-occlusions. Shimojo and Nakayama (1994) have shown that a half-
occlusion interpretation can increase the probability of leaving an object unmatched, so 
the same principle can be applied in this case (see also Anderson & Nakayama, 1994). In 
other words, if a dot at the edge can be left unmatched because it can be interpreted as 
half-occluded, the resulting depth discontinuity is clear and stabile. However, if there is no 
clear half-occlusion interpretation, the rematchings spread easily over the illusory contour 
and the perception of capture is more unstable. 

If a half-occlusion interpretation of the background texture dots determines the stabil-
ity of the stereo capture near the illusory contour, then the perception is probably affected 
by the availability of half-occlusion cues in the inducing figures that define the illusory 
contour. This idea can be used to explore the concept of stronger and weaker inducing 
figures (Ramachandran, 1986; Ramachandran & Cavanagh, 1985; Vallortigara & Bressan, 
1994). Some inducing figures might be stronger because they facilitate the half-occlusion 
processing and thus increase the stability of the matching. Similarly, weak inducing fig-
ures might not provide strong half-occlusion cues and thus the matching instability in the 
vicinity of the illusory contour might be increased. These possibilities are analyzed in Fig-
ure 21, where the half-occluded areas with different stereo capture inducer types are pre-
sented. Figure 21a shows a stereo capture by a phantom Kanizsa surface, which produces 
a clear and stabile capture effect. In the phantom Kanizsa surface there are large monocu-
lar areas which produce the perception of a phantom surface (gray areas within the induc-
ing figures in Figure 21a). These half-occluded areas provide cues about the possibility of 
leaving  a column of dots unmatched in the immediate horizontal vicinity of the illusory 
surface (gray rectangles in Figure 21a). Because of this, the spreading of rematchings does 
not proceed over the vertical illusory contour and a stabile stereo capture solution is 
reached. 

The same analysis can be applied to conventional capture (Figure 21b-c) and a capture 
figure in which capture is not strong (Figure 21d). In the conventional stereo capture the 
disparity has been included in the stereogram by changing the horizontal position of the 
cut-out area of the inducing figure, so it is not immediately evident that the inducing figure 
would have half-occlusions. However, because the part of the inducing figure that has the 
disparity is actually differentially sized in the left and right eye, this could be a special 
case of the slant/half-occlusion figure in Study II (Figure 21c). According to the observa-
tion by Grove et al. (2003) the slant/half-occlusion figure can induce an illusory surface, 
so the same effect could also be present here, i.e., the binocular width difference in the 
inducing figure (Figure 21c) would produce a phantom surface and at the same time pro-
vide a half-occlusion cue. The effect might be enhanced because the figure part that has 
different horizontal sizes in the left and right eye is clearly attached to the binocular and 
frontoparallel part of the inducing figure. The continuity between the unambiguously fron-
toparallel and the slanted/half-occluded area might bias the interpretation towards the half-
occlusion interpretation and consequently enhance the induction of the illusory surface. 
This is indicated in Figure 21b by coloring part of the inducing figures gray. Segregating 
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the monocular and binocular area in this case is difficult, so the gray area provides only a 
sign that there is the possibility of half-occlusion interpretation here. 

If the da Vinci processes are activated in the conventional stereo capture stereogram, 
these processes might also enhance the possibility of leaving the dot columns that are 
nearest the illusory surface unmatched (gray rectangle in Figure 21b). On the other hand, 
if the complete inducing figure has depth, as in the stereograms of Figures 20a-b, there are 
no figure transformations inside the inducing figures that would provide cues for da Vinci 
processing (Figure 21d). So there would also be reduced cues about the possibility of leav-
ing the dot columns adjacent to the illusory contour unmatched.  

Our results clearly indicate that there is a need to understand stereoscopic matching in 
a broader sense than merely contour matching. The results provide evidence of the proc-
essing principles that are involved in this viewpoint-based da Vinci stereopsis and show 
that complex stereo segmentation phenomena can be understood by analyzing the related 
half-occlusion processing.  

The empirical findings related to monocular occlusion processing have already had an 
impact on the development of stereo matching algorithms and computational theories of 
visual processing (Belhumeur & Mumford, 1992; Grossberg & McLoughlin, 1997; 
McLoughlin & Grossberg, 1998; Malik, Anderson, & Charowhas, 1999; Watanabe & Fu-
kushima, 1999; Egnal & Wildes, 2002; Grossberg, 2003; Hayashi, Maeda, Shimojo, & 
Tachi, 2004). On the other hand, the neural systems related to da Vinci processing are 
largely unknown. Eye-of-origin information, which is crucial for da Vinci processing, is 
explicitly coded only in V1, so da Vinci processing should include some early processes 
of stereoscopic vision. Neurophysiological results related to border ownership coding 
might at some point also shed light on da Vinci processing, in which border ownership 
assignments are critical (Zhou, Friedman, & von der Heydt, 2000; Nakayama, 2005; Qiu 
& von der Heydt, 2005; Zhaoping, 2005). However, there is much work to do before a 
theory that integrates the processing principles of Wheatstone stereopsis and da Vinci 
stereopsis is fully realized. 
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Figure 21. Half-occluded areas in stereoscopic capture. a) A schematic representation of the half-occlusions 
in the phantom Kanizsa figure of Figure 13. The gray areas in the circular inducing figures indicate the mo-
nocular areas. The figural continuity between the binocular area (black) and the monocular area create a 
strong link between the binocular and monocular area which enhances the clarity of the monocular area’s 
depth localization. This enhances the construction of the illusory phantom surface, as Study IV shows. The 
presence of the monocular half-occluded area and the illusory contour generated by the monocular area 
might increase the stability of the monocular dots located in the immediate horizontal vicinity of the vertical 
illusory contours of the phantom Kanizsa figure, because they indicate the possibility of a half-occlusion in 
the horizontal vicinity of the illusory contour (gray rectangle). As the monocular dots have a valid half-
occlusion interpretation, they can be left unmatched, which might stabilize the stereoscopic capture percep-
tion. b) A schematic representation of a conventional stereo capture stereogram (Figure 9). In this figure the 
gray area in the black inducing figure does not represent a clear monocular area, but represents a slant/half-
occlusion ambiguity. This ambiguity resembles the ambiguity presented in Study II of this thesis, and is 
visible if the middle and right half-images of the capture stereogram in Figure 9 are compared. The vertical 
part of the inducing figure has a different size in the images visible to the left and right eyes, as shown in 
Figure 21c. This might signal a half-occlusion to the da Vinci system and might also induce a phantom sur-
face, as the observations of Grove et al. (2004) suggest. If the illusory contour is induced by a da Vinci proc-
ess, this would also enhance the possibility of leaving the dots adjacent to the vertical contour of the illusory 
surface unmatched (gray rectangle) and consequently stabilize the stereo capture by preventing the spread of 
rematchings in the figure. c) An example of the size differences present in the inducing figures of a conven-
tional stereo capture stereogram (Figure 9). d) If the Kanizsa figure is completely in the crossed disparity, as 
in Figure 20a, there are no binocular image differences in the inducing figures that would activate the da 
Vinci stereopsis. Consequently, there are no cues that would increase the possibility of leaving the outside 
dots adjacent to the vertical illusory contour of the Kanizsa figure unmatched. If the dots cannot be left un-
matched, the spreading of rematchings continues over the illusory contour and the matching solution re-
mains unstable. The same analysis applies to the bracket version of the capture stereogram in Figure 20b. 
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5. Conclusions 

Our studies show that half-occlusion processing is a relevant part of various phenomena of 
stereoscopic image perception. The main conclusion of Studies I-IV are as follows: 

 
1) The depth localization of binocular objects affect the depth localization of discrete mo-
nocular objects that cannot be linked to a binocular surface. Specifically, the farthest ob-
ject of a scene defines a background that pulls the monocular objects toward it (Study I). 

 
2) The depth localization of monocular dots is different from the depth localization of mo-
nocular lines. The lines are localized according to a conventional stereoscopic matching 
but the dots which contain less stereoscopic matching cues are localized by a qualitative 
da Vinci process (Study I). 

 
3) The geometric effect has an alternative half-occlusion interpretation which appears if 
the context of the three-dimensionally slanted surface is appropriate (Study II). 

 
4) The visual system has a preference for a frontoparallel surface interpretation if there are 
multiple interpretation alternatives ranging between slanted and frontoparallel surfaces 
(Study II). 

 
5) Stereoscopic capture can be interpreted as a special case of wallpaper illusion in which 
an unambiguous binocular object affects the perceived depth of an ambiguous binocular 
texture (Study III). 

 
6) The formation of stereo capture is affected by two main processes: a) Spreading of re-
matchings induced by an unambiguous figure in depth, and b) Limiting the spreading of 
rematchings by contours that support the presence of unmatched dots (Study III).  
 
7) A phantom surface can induce stereo capture (Study IV). 

 
8) A stereo capture induced by a phantom surface is weaker if the continuity cues be-
tween binocular and monocular areas of the inducing figures are weakened or if the bin-
ocular areas are removed completely (Study IV). 

 
9) Image transformations in the inducing figures of conventional stereo capture stereo-
grams can provide half-occlusion cues for quantitative da Vinci processing. This may lead 
to enhanced illusory surface perceptions in the image and more stabile stereoscopic cap-
ture (Study IV). 
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