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Abstract 

 

The perceived relative direction of a pair of features can be intermediate 

between their relative direction in the two eyes. It is known that the perceived relative 

direction of the features can be altered by making their disparity gradient steep. Features 

at the edge between two surfaces at different depths form steep disparity gradients. 

These features are typically next to features on the same surface with the same disparity. 

These additional features were found to mitigate the effect of steep disparity gradients 

on perceived direction. The effect of the additional features was found to vary with their 

contrast, their contrast polarity and their separation relative to the features that define a 

steep disparity gradient. Hence, these stimulus properties determine whether disparity 

gradients affect the perceived direction of features at surface edges.     

 

That the perceived relative direction of a pair of features can be an average of 

the angles that they subtend at each eye supports the theory that perceived visual 

directions are referred to a point midway between the eyes (cyclopean eye). However, 

from this reference point, an occluding surface would hide features on the background 

that are visible to the left eye next to its left edge or visible to the right eye next to its 

right edge. Ono et. al. (2002) proposed that the perceived direction of these features is 

shifted laterally from their true direction when the occluder is fixated and the occluder is 

shifted in the opposite direction when the background is fixated. Erkelens et. al. (1996) 

proposed that the perceived direction of features is referred to the eye that views the 

monocular region instead of a cyclopean eye so that both surfaces may be perceived in 

their true direction. In the present study, two occluders were arranged so that a left side 



iv 
 

edge was physically aligned with a right side edge. The monocularly visible background 

texture next to these edges was also physically aligned. Consistent with the first 

proposal, the monocular regions or the edges of the occluders were found to appear 

laterally offset from one another indicating that their perceived direction was incorrect. 

Erkelens et. al. (1996) found that the perceived direction of the left and right edges of an 

occluding surface relative to a line on the background was found to be more strongly 

influenced by their position in the eye that views the monocular region of the 

background next to the edge than by their position in the other eye. In the present study, 

this Erkelens-bias was found with fixation on the background surface, but was not 

found with fixation on the occluder, which is also consistent with the first proposal. The 

Erkelens-bias decreased with the lateral separation of a target line on the occluder from 

its edge. The Erkelens-bias was found even when all texture on the surfaces was 

eliminated except for the outline of a foreground surface and a single line on the 

background surface. This indicates that the Erkelens-bias does not require the presence 

of either steep disparity gradients or monocular texture. The Erkelens-bias was 

eliminated by presenting the outline as the farthest feature in the stimulus, which is 

incompatible with it specifying the edges of a foreground surface. 
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1   Introduction 
 

This thesis describes an investigation of the perceived direction of surfaces and 

objects in complex scenes. The perceived direction of features is an interesting question 

because the path along which the image of a feature projects to each eye is different as a 

result of their horizontal separation. Sections 1.1, 1.1.1, 1.1.2 and 1.1.3 describe the 

relevant technical aspects of how the positions of features differs between the two eyes. 

These positional differences can produce a sensation of depth called stereopsis that is 

described in section 1.1.4.  

 

In complex scenes, some features are only visible to one eye. This is true of parts of 

the background surface next to the left and right edges of a foreground surface. The 

experiments in section 4 study the perceived direction of features in the neighbourhood 

of these monocular regions. The geometry of monocular regions is described in section 

1.2. A short review of research on monocular regions showing that they contribute to 

stereopsis and are rarely suppressed from our experience is provided in section 1.2.1 

and section 1.2.2.  

 

It is known that a feature visible to both eyes can either appear to have a single 

direction or appear in two directions simultaneously. Factors that affect whether a 

feature has a single perceived direction or is perceived in two different directions 

simultaneously is described in section 1.3 and its subsections. One of these factors is the 

disparity gradient defined between a pair of features and this is described in section 

1.3.4. Steep disparity gradients are known to cause one member of a pair of dots 
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presented in empty space to appear in two directions.  However, complex scenes are 

made up of overlapping textured surfaces rather than a few isolated features in empty 

space. Steep disparity gradients frequently occur in cluttered scenes at the edges of 

surfaces. Does the disparity gradient have the same effect on the perceived direction of 

features at surface edges as has been observed for isolated pairs of dots? The 

experiments described in section 3 addressed this question.   

 
Hering’s (1879/1942) theory of how the perceived direction of a feature is related 

to the posture of the eyes and the retinal locations of a feature is described in section 

1.4. Research on the perceived direction of features visible to one eye only is reviewed 

in section 1.4.1. Sections 1.4.2 and 1.4.3 review research on the perceived direction of a 

feature that is visible to both eyes and perceived in either two different directions 

simultaneously (section 1.4.2) or in a single direction (section 1.4.3). The evidence 

reviewed in these sections largely supports Hering’s theory that each feature is 

perceived along a line that passes through its apparent location and a point midway 

between the eyes. However, this research generally measured the perceived direction of 

one or two features presented against empty space. Research studying the perceived 

direction of features in cluttered scenes that are more typical of natural scenes is 

reviewed in section 1.5. It has been noted that a paradox is produced when attempting to 

predict the perceived direction of features in the vicinity of the left and right edges of a 

surface using Hering’s theory (described in section 1.5.1). Measurements of the 

perceived direction of features in the monocular regions of the background next to the 

left and right of a foreground surface (see section 1.2) are reviewed in section 1.5.2. 

Measurements of the perceived direction of the left and right edges of the foreground 

surface relative to a line on the background surface are reviewed in section 1.5.3. These 

measurements indicate that Hering’s theory does not describe the perceived direction of 
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features at the left and right edges of a foreground surface. Two competing theories of 

perceived direction at the left and right edges of a foreground surface have been offered 

and are reviewed in section 1.5.4. This controversey prompted the experiments 

described in section 4, the results of which it is argued resolve the controversey (see 

section 4.8). 
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1.1 Horizontal binocular disparity 
 
 

In humans, both eyes face forward so that a portion of the visual scene is visible 

to both eyes. Within this binocular visual field, differences exist between the 

perspectives of the two eyes since they view the scene from different vantage points. 

One way in which the perspectives of the two eyes may differ is horizontal disparity. 

This may be defined as relative horizontal disparity (defined 1.1.1) or absolute 

horizontal disparity (defined 1.1.2).  
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1.1.1 Relative horizontal disparity 
 

Relative horizontal disparity refers to a difference between the eyes of the 

horizontal angular separation of a pair of binocularly visible features. For example, 

Figure 1a shows a bird’s eye view of the eyes and two features at different depths in 

front of them. The straight lines that intersect the features, pass through the nodal point 

of the eyes and intersect the back of the eye are visual lines. The angular separation of 

the visual lines from the left eye to the features is angle . The angular separation of the 

visual lines from the right eye to the features is angle . The relative disparity of the 

features is the difference between angle  and angle . 

 

The relative disparity of a pair of features is geometrically related to their relative 

depth. Features with a relative disparity of zero, such as P1 and P2 in Figure 1b, lie 

along the perimeter of a circle that passes through the features and the nodal point of 

each eye. Hence, features with a relative disparity of zero are approximately equidistant 

from the observer unless one of the features lies in the periphery. For features with a 

non-zero relative disparity, the eye that views the larger angular separation between the 

Figure 1. Relative horizontal disparity of two features. 

(a) (b) 

P2 

 
β 

P1 

α 

P1 P2 
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features is ipsilateral to the farther of the two features. For example, in Figure 1a, the 

right eye views the larger angular separation between the features and the right rod is 

more distant than the left rod. If the direction of the horizontal separation of a pair of 

features is reversed in the two eyes as for the two points in Figure 2, then the closer 

feature is to the right of the more distant feature for the left eye, but is to the left of the 

more distant feature for the right eye.  

P2 

 -  
 

P1 

Figure 2. Relative horizontal disparity of a pair of features along the median plane.  
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1.1.2 Absolute horizontal disparity 
 

The absolute horizontal disparity of a feature refers to its horizontal disparity 

relative to geometrically corresponding points in the two eyes. The feature that the eyes 

are converged on, known as the fixation point, projects to geometrically corresponding 

points along the visual axes unless there is fixation disparity, in which case the visual 

axes do not actually converge on the fixation point. Features that subtend the same 

angle with the fixation point in both eyes project to geometrically corresponding points. 

For points that are horizontally separated from the fixation point, objects that project to 

geometrically corresponding points are located on the perimeter of the Veith-Müller 

circle (Figure 3a), which passes through the nodal points of the eyes and the fixation 

point (Hering, 1879/1942; Shipley and Rawlings, 1970). A feature located closer or 

farther than the Veith-Müller circle has an absolute horizontal disparity equal to its 

horizontal disparity relative to the fixation point. The terms crossed and uncrossed 

disparity are commonly used to distinguish between absolute horizontal disparities 

Figure 3. Veith-Müller circle. 

Feature with 
uncrossed 
disparity 

Feature with 
crossed 
disparity 

Fixation point Fixation point Veith-Müller circle 

Feature on the 
Veith-Müller 
circle 

Ѳ Ѳ 

(a) (b) 
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arising from a feature located closer or farther than the Veith-Müller circle respectively 

(Figure 3b; Howard, 2002).   
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1.1.3 Vergence eye movements 
 

When fixation is shifted to a point that is located either closer or farther than the 

Veith-Müller circle, the rotations of the two eyes differ (Dodge, 1903). Convergence 

and divergence eye movements shift fixation closer in depth and farther in depth 

respectively. A convergence or divergence eye movement between two points at 

different distances along the median plane is accomplished by an equal and opposite 

direction of rotation of both eyes about the vertical axis. The reaction time of vergence 

eye movements to a stimulus change is slow compared with other eye movements and 

requires 140-160 msec (Ginsborg, 1953; Rashbass & Westheimer, 1961). Completion of 

a vergence eye movement may require an additional 800 msec, but the visual scene is 

perceived during the eye movement unlike the case for saccadic eye movements 

(Dodge, 1903; Rashbass & Westheimer, 1961).  
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1.1.4 Stereopsis 
 

Wheatstone (1838) discovered that the differences between the perspectives of 

the eyes results in a vivid 3-dimensional depth perception which he called stereopsis. 

Through his invention of the stereoscope, Wheatstone was able to present separate 

images to the same regions of the left and right eyes. A Wheatstone stereoscope (Figure 

4) accomplishes this through the use of a pair of mirrors that are placed in the median 

plane of the observer. One mirror reflects an image towards the left eye and the other 

mirror reflects a different image towards the right eye. The pair of images that is 

presented to the eyes is called a stereogram. Wheatstone observed that the stereogram 

appeared as a single image lying in the median plane beyond the mirrors.  When the left 

and right eyes were presented with identical images (Figure 5a), the fused image 

appeared flat. However, when the left and right eyes were presented with images of the 

same object drawn from different perspectives (Figure 5b) the object appeared solid or 

3-dimensional. Using skeleton figures like the cube in Figure 5b, Wheastone (1852) 

argued that the magnitude of the relative horizontal disparity of the contours determined 

the magnitude of their perceived relative depth. 

                                                         Front view. From Howard and Rogers (2002) after Wheatstone (1838).  Figure 4. Wheatstone stereoscope. 
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(a) 

(b) 

                                                 .  In (a) the images presented to the eyes are identical, whereas in (b) the 
images for the left and right eye are of the same cube drawn from slightly different perspectives. After 
Wheatstone (1838). 

Left eye’s image Right eye’s image Left eye’s image 

Left eye’s image Left eye’s image Right eye’s image 

Figure 5. Stereogram of a cube.  
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1.1.5 Random dot stereogram 
 

 This section describes random dot stereograms, in order to understand the 

technical aspects of the experiments described in later sections. A random dot 

stereogram (Figure 6) is a pair of textured images in which a subregion of the texture is 

shifted, typically horizontally, in opposite directions in the two images. Julesz (1960; 

1964) found that on fusing a random dot stereogram, the shifted region is perceived as a 

surface in depth with sharply defined edges even though the shifted region is not 

distinguishable in either monocular image.  

 

Julesz (1960; 1964) described in detail how he constructed these random dot 

stereograms. First, he generated a texture by dividing an image into small squares and 

randomly assigning each of those squares to be either black or white. Then he copied 

the texture, in order to display separate images to each eye. A subregion of the texture 

was then shifted left in one image and right in the other image. For example, in Figure 

6, a subregion of the texture—in the shape of a square—has been shifted to the right in 

the left eye’s view, and to the left in the right eye’s view. The shifted region leaves 

behind a blank region next to the left edge of the shifted region in one image and next to 

the right edge of the shifted region in other image. These blank regions are then filled 

with a new random texture in order to camouflage the left and right edges of the shifted 

 

Right eye’s view           Left eye’s view 

Figure 6. A random dot stereogram. 
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region. Julesz (1960) noted that texture that fills the blank area in each image is only 

visible to one eye. Julesz (1960) noted that the areas of monocularly visible texture next 

to the left and right edges of the shifted region, which are the focus of the next section, 

appear at the depth of the background surface.  
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1.2 Monocular regions 
 

 Opaque surfaces occlude their backgrounds. In binocular vision, a surface may 

occlude different regions of a background surface from the different vantage points of 

the left and right eye. Consequently, some background regions are only visible to one 

eye. These regions are known as monocular regions (since they are only visible to one 

eye) or half-occlusions (since they are occluded for only one eye). They are also 

referred to as unpaired regions, since there is no corresponding region in the other eye’s 

view.  

 

 When a foreground surface occludes a background, the left eye will view a 

monocular region of the background next to the left edge of the foreground surface and 

the right eye will view a monocular region of the background next to the right edge of 

the foreground surface. This is evident in Figure 7a, which shows a bird’s eye view of 

an occluding surface and the background behind it, and Figure 7b which shows a front 

view of Figure 7a. The dotted lines that pass by the left and right edges of the 

foreground surface are the visual lines from the left and right eye to the background 

surface visible next to the edge in each eye’s view. The area of the background surface 

                   (A)                                              (B) 

RE 
only 

LE 
only 

RE LE 
occluder 

Image for LE Image for RE 

background 

Figure 7. Monocular regions.                                                     From a bird’s eye view (A) and a front view (B). From Gillam and 
Borsting (1988) (A), from Nakayama and Shimojo (1990) (B). 

occluder 

background 
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between the visual lines to the left edge is a monocular region visible to the left eye and 

the area of the background surface between the visual lines to the right edge is a 

monocular region visible to the right eye (shaded areas of Figure 7).   

 

 

 

 



16 
 

1.2.1 The stereoscopic depth of monocular features 
 

Kaye (1978) found that there is a crude relationship between the retinal location 

of a monocular feature along the horizontal meridian and its perceived depth. Kaye 

(1978) presented a large cross or circle for 100ms in the horizontal meridian at retinal 

eccentricities of 0, 0.5, 1 or 2°. The stimulus was only visible to one eye and hence 

lacked binocular disparity. Kaye (1978) found that when the monocular stimulus was 

presented in the nasal portion of either retina (i.e. to the left of fixation in the right eye 

or to right of fixation in the left eye) it appeared farther in depth than the fixation point. 

Likewise, when the monocular stimulus was presented on the temporal side of either 

retina, it appeared closer in depth than the fixation point. Kaye (1978) also found that 

the magnitude of the monocular feature’s perceived depth relative to the fixation point 

increased with their horizontal separation. This effect was recently replicated by 

Wilcox, Harris and McKee (2007), also using a short stimulus duration (132ms). 

Wilcox et. al. (2007) found that the perceived depth of the monocular feature does not 

vary with retinal eccentricity when observers wore an eye patch over the unstimulated 

eye. This supports the proposal of Kaye (1978) and Wilcox et. al. (2007) that the 

perceived depth of the monocular feature is caused by disparity sensitive mechanisms 

registering a match between the monocular feature and a region in the other eye. Wilcox 

et. al. (2007) varied the eccentricity of the observers gaze so that the visual axis of the 

other eye differed from the centroid of the luminance distribution of the display. They 

found that the perceived depth of the monocular feature was best predicted by the 

location of the visual axis of the other eye.  
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Nakayama and Shimojo (1990) proposed that the visual system could locate a 

monocular feature in depth with a precision comparable to regular disparity based 

stereopsis when the monocular feature lies to the left or right of a binocularly visible 

surface. Nakayama and Shimojo (1990) noted that there is a minimum depth for a 

monocular feature next to a binocular surface that is geometrically compatible with its 

occlusion in one eye by the surface. For example, in Figure 8, the shaded area represents 

the area of the visual scene in which an object would be visible to the right eye but 

hidden for the left eye by the right edge of a foreground surface. It is possible that a 

monocular object visible along the visual line Rc is located at any of the depths 

indicated in the Figure. However, an object visible along the visual line Rc would not be 

hidden from the left eye by the surface if the feature were closer than the shaded area.  

 

Nakayama and Shimojo (1990) noted that the minimum depth of a monocular 

object increased with its horizontal angular separation from the edge of the surface. For 

                                                              In order to be occluded in one eye by the surface, monocular 
features lying along the visual lines Ra, Rb and Rc must be farther in depth than the point where 
these visual lines intersect the visual line from the other eye to the edge of the foreground surface 
(Lx). After Nakayama & Shimojo (1990).  

Figure 8. Minimum depth constraint. 

L R 

y x a b  c 

Any feature located 
within the shaded area 
would be hidden for the 
left eye by the 
foreground surface.  

Possible depths of a 
monocular feature 
visible along the 
visual line Rc 
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example, in Figure 8, the occluding edge of the foreground surface is visible to both 

eyes along the visual lines Lx and Ry. The visual lines Ra, Rb and Rc represent 

different angular separations of monocularly visible objects from the edge of the 

surface. Where each of these visual lines intersects the visual line from the other eye to 

the edge of the surface (Lx) shows the minimum depth for each angular separation. 

Nakayama and Shimojo (1990) referred to this geometrical relationship between the 

horizontal separation of a monocular feature from the edge of a surface and the 

minimum depth compatible with its occlusion by the surface as the minimum depth 

constraint. 

 

Nakayama and Shimojo (1990) proposed that the human visual system uses the 

minimum depth constraint in order to assign monocular features a depth compatible 

with their occlusion in one eye. In evidence, Nakayama and Shimojo (1990) found that 

the perceived depth of a monocular bar was quantitatively related to its lateral 

separation from a binocular surface to the degree predicted by the minimum depth 

compatible with occlusion for each separation (Figure 9). Nakayama and Shimojo 

(1990) referred to the perception of depth based on the minimum depth constraint as da 

Vinci stereopsis.  

 

RE LE 

                                                                                               A large rectangle was binocularly visible and 
seen against an untextured background surface. A vertical bar was next to the left or right edge and was 
monocularly visible.   

Figure 9. Stimuli used by Nakayama and Shimojo (1990). 
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Gillam, Cook and Blackburn (2003) argued that the depth of the monocular bar 

in the Nakayama and Shimojo (1990) study may be due to conventional horizontal 

disparity based stereopsis. The basis for this argument is a phenomenon known as 

Panum’s limiting case. In Panum’s limiting case, two vertical lines are presented to one 

eye and a single vertical line is presented to the other eye (Figure 10). On fusing this 

stimulus, Panum (1858) observed two lines at different depths. Gillam et. al. (2003) 

noted that the perceived depth in Panum’s limiting case is quantitatively related to the 

angular separation of the lines to the same degree that the minimum depth of a 

monocular feature is related to its angular separation from the edge of a surface. 

Therefore, the quantitative depth found by Nakayama and Shimojo (1990) for their 

stimulus (Figure 9) was expected on the basis of its similarity to Panum’s limiting case 

(Figure 10). Gillam et. al. (1995), McKee, Bravo, Smallman and Legge (1995) and 

Panum (1858) proposed that the single line presented to one eye in Panum’s limiting 

case is inappropriately matched with both lines presented to the other eye so the depth 

perceived is due to conventional horizontal disparity based stereopsis. Hence, it is 

possible that the depth of the monocular feature in the Nakayama and Shimojo (1990) 

study may be due to conventional disparity based stereopsis instead of da Vinci 

stereopsis.     

 

Figure 10. Stereogram of Panum’s limiting case. 

Left eye’s view  Right eye’s view  
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Evidence for da Vinci stereopsis which cannot be attributed to conventional 

disparity based stereopsis was provided by Cook and Gillam (2004). They used a 

stimulus in which the minimum depth constraint specified a different depth to that 

predicted by conventional disparity based stereopsis. This stimulus is shown in Figure 

11. A white rectangle that was visible to only one eye covered part of the left or right 

side of a black surface, which was visible to both eyes. The edges of the black surface 

were curved so that the horizontal disparities between the edge of the black surface in 

one eye and the vertical edge of the monocular rectangle in the other eye was larger in 

the middle of the edge than at the top and bottom of the edge. Hence, conventional 

disparity based stereopsis would predict that the perceived depth of the middle of the 

black surface would differ between the middle and top and bottom sections of the black 

surface. The perceived depth of the top middle and bottom regions of the monocular 

rectangle did not vary relative to each other so the possibility that the depth that is 

perceived in this stimulus is determined by conventional horizontal disparity based 

stereopsis can be ruled out (Cook & Gillam, 2004). The prediction for da Vinci 

stereopsis depended on whether the monocular rectangle covered either the side of the 

black surface that was ipsilateral or contralateral to the eye that viewed the monocular 

rectangle. For the ipsilateral configuration (e.g. cross fusion of the middle and right 

images of Figure 11), it is possible that the rectangle is only visible to one eye because 

it is camouflaged against the white region of the background for the other eye. For the 

Left eye                           Right eye                          Left eye 
Figure 11. Stimulus used by Cook and Gillam (2004). 
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contralateral configuration (e.g. cross fusion of the left and middle images of Figure 

11), it is possible that the rectangle is only visible to one eye because the black surface 

is an aperture through which the monocular rectangle is visible to one eye but occluded 

in the other eye by the white edge of the aperture. In both configurations, the minimum 

depth consistent with either camouflage or occlusion of the monocular rectangle in one 

eye is determined by the angular width of the region of the black surface covered by the 

monocular rectangle. In evidence for da Vinci stereopsis, Cook and Gillam (2004) 

found that the camouflage and occlusion interpretations could be perceived and that the 

perceived depth of the monocular rectangle was quantitatively related to its angular 

width to the degree consistent with either occlusion or camouflage of the monocular 

rectangle in one eye.  

 

Cook and Gillam (2004) argued that da Vinci stereopsis does not occur when the 

monocular feature is separated from the edge of the binocular surface. Cook and Gillam 

(2004) measured the perceived depth of a monocular bar shown in Figure 12. They 

found that the monocular bar appeared farther than the surface in the occlusion 

condition (crossed fusion of the left and middle images of Figure 12) and closer in depth 

in the camouflage condition (crossed fusion of the middle and left images of Figure 12). 

However, the perceived depth of the monocularly visible bar (Figure 12) was not 

Left eye                        Right eye                      Left eye 

Figure 12. Monocular feature separated from the edge of the surface.                                                                                                                       From Cook and Gillam (2004) 
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proportional to its separation from the edge of the surface as was the case for the 

monocular rectangle that was attached to the edge of the surface (Figure 11).     

 

 

 

Monocular features that are attached to binocular features can influence the 

perceived depth of their surroundings. Anderson (1994) paired vertical lines of unequal 

heights in the two eyes images (Figure 13a). Anderson (1994) noted that the height of a 

vertical line may differ between the two eyes due to a diagonally shaped occluding 

surface. For example, in Figure 13b, the dashed sections of the three vertical lines 

represent parts of the lines that would be visible to the right eye but hidden for the left 

eye by a surface with diagonal edges. Anderson (1994) demonstrated that on fusing the 

lines of unequal heights in the two eyes shown in Figure 13a, the blank region of the 

image is perceived as an illusory surface with a diagonally oriented edge as shown in 

Figure 13b. Gillam and Nakayama (1999) found that a rectangular illusory surface was 

perceived when the middle section of a vertical line was missing in one eye’s view. 

Gillam and Nakayama (1999) measured the perceived depth of this illusory surface. The 

perceived depth of the surface increased with the width of the line, although its 

Figure 13. Stimuli used by Anderson (1994).  

Right eye                Left eye                   Right eye 
(A)                                                                       (B) 
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perceived depth tended to be greater than that required to hide the missing segment of 

the line in one eye. Horizontal disparity was lacking in both the Anderson (1994) and 

Gillam and Nakayama (1999) studies, so they argued that the perception of an illusory 

surface is only attributable to the presence of the monocularly visible segments of the 

lines.     

 



24 
 

1.2.2 Binocular rivalry of features in monocular regions 
 

Different features may project to corresponding points when the images 

presented to the left and right eye differ. If the images are sufficiently different that they 

cannot be fused (e.g. a vertical line paired with a horizontal line), then the features in 

one eye may be perceived while features on corresponding points in the other eye are 

suppressed. Whether features visible to the left eye are perceived while features visible 

to the right eye are suppressed or vice versa alternates over time in a phenomenon called 

binocular rivalry (Levelt, 1968).  

 

Shimojo and Nakayama (1990) drew a distinction between ecologically valid 

and ecologically invalid monocular features. They argued that a monocular feature is 

ecologically valid if it is visible to the left eye to the left of a surface or to the right eye 

to the right of a surface because it is possible that such monocular features lie within a 

monocular region. A monocular feature is ecologically invalid if it is visible to the right 

eye to the left of a surface or to the left eye to the right of a surface because monocular 

regions are not visible to the eye that is contralateral to the edge. Shimojo and 

Nakayama (1990) proposed that ecologically valid monocular features escape binocular 

rivalry.  

 

In evidence, Shimojo and Nakayama (1990) measured suppression for 

ecologically valid and invalid monocular features in a random dot stereogram. In the 

condition where suppression of valid monocular features was measured, the monocular 

region of the background was made a different colour from the occluder and the 

binocularly visible region of the background (Figure 14) so that it could be easily 
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distinguished. In the condition where suppression of ecologically invalid monocular 

regions was measured, an invalid monocular region was created by replacing a region of 

the binocularly visible texture on the background surface with a new random dot texture 

in one eye. This ecologically invalid monocular region abutted the left or right edge of 

the occluder in the right and left eye respectively and was the same colour and 

dimensions as the monocular region in the ecologically valid condition. Shimojo and 

Nakayama (1990, p. 72) asked observers to indicate if the coloured monocular region 

appeared to fade “even if momentarily or partially”. Suppression rates of 54-84% were 

found for invalid monocular regions, whereas the suppression rates for valid monocular 

regions were 11%-35%. On this basis, Shimojo and Nakayama (1990) concluded that 

ecologically valid monocular region tend to escape suppression.  

 

Recently, Assee and Qian (2007) challenged the distinction between 

ecologically valid and invalid monocular regions. Assee and Qian (2007) showed that 

the ‘ecologically invalid’ monocular region in the Shimojo and Nakayama (1990) study 

could be produced by a far surface visible through a small aperture in the background 

surface. Assee and Qian (2007) argued that this stimulus is not is not ecologically 

invalid since it is possible for a configuration of surfaces in the real world to produce it. 

                                                                                                                            The background surface 
was yellow, the occluding surface was white and the monocular regions were blue.  

Left eye’s view                Right eye’s view 

Figure 14. Schematic of the stimuli used by Shimojo and Nakayama (1990). 
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Perhaps Shimojo and Nakayama (1990) found more binocular rivalry was experienced 

for the ecologically invalid condition because its geometrical interpretation specifies 

that the monocular regions are seen through an aperture. This possibility is supported by 

a feature of Cook and Gillam’s (2004, reviewed section 1.2.1) results. They found that 

some observers did not perceive a monocular region in depth when it was visible 

through an aperture in the background surface.  

 

Assee and Qian (2007) offered a different explanation of Shimojo and 

Nakayama’s (1990) results. Assee and Qian (2007) noted that in the ‘ecologically valid’ 

stimulus, one eye views a monocular region while the corresponding location locations 

in the other eye view a region visible to both eyes. However, corresponding locations in 

both eyes are presented monocular regions in the ‘ecologically invalid’ condition. Assee 

and Qian (2007) argued that higher rates of suppression may have occurred for the 

invalid than valid conditions because more vigorous suppression occurs when the same 

region in both eyes is presented texture that has no match in the other eye.  

 

Assee and Qian (2007) neglected to point out that this alternative explanation of 

Shimojo and Nakayama (1990)’s results was first proposed by Anstis (personal 

communication cited by Shimojo & Nakayama, 1990) and was tested by Shimojo and 

Nayakama (1990) in their experiment 2.  Shimojo and Nakayama (1990) reasoned that 

if ecologically valid monocular regions tend to escape suppression because monocularly 

visible texture is visible to one eye while the texture in the other eye is binocularly 

visible, then monocular regions that occur as a consequence of vertical disparity should 

also escape suppression. Shimojo and Nakamaya (1990) found that less suppression 

occurred for the monocular regions created by horizontal disparity than vertical 
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disparity and proposed that this was because the monocular regions that occurred as a 

result of horizontal disparities are ecologically valid, whereas monocular regions 

created by vertical disparities are not. 

 

A demonstration created by Forte, Pierce and Lennie (2002) suggests that 

monocular regions can escape binocular rivalry even when monocularly visible texture 

is presented to corresponding retinal locations in the two eyes. Figure 15a is a 

stereogram in which six vertical bars occlude a background surface. Each eye views a 

monocular region in the space between the bars and no part of the background surface is 

binocularly visible (Figure 15b). Forte et. al. (2002 p. 1232) reported that the monocular 

regions were not “generally suppressed” and observers “saw a continuous surface 

behind bars”, whereas vigorous suppression occurred when the images for the left and 

right eye were switched. Forte et. al. (2002) noted that the contours on the right side of 

                                                                             Stereogram in which no part of the background surface 
is binocularly visible and monocular regions visible to the left and right eye are close together (a). A 
bird’s eye view of the same stimulus 

Left eye Right eye Left eye 

(b) 

(a) 

Figure 15. Stimuli used by Forte et. al. (2002).  
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each monocular region for the right eye are continued on the left side of the monocular 

region for the left eye that is visible through the same gap. This continuity is broken in 

the switched condition for which suppression occurs.  

 

Ono, Lillakas, Grove and Suzuki (2003) observed suppression of texture within 

monocular regions in their experiment 1. They instructed observers to fixate either a 

thin vertical rod or a page of text that lay behind the rod. The disparity between the rod 

and the page of text was very large, whereas Shimojo and Nakayama (1990) used small 

disparities between the occluder and its background. Consequently, with fixation on the 

page of text, the absolute disparity of the rod was large and it appeared double. 

Likewise, with fixation on the rod, the absolute disparity of the background was large 

and the text appeared diplopic. With fixation at the depth of the background, Ono et. al. 

(2003) reported that the text in the monocular region suppressed the middle of the rod or 

in some instances suppressed the rod entirely. Likewise, with fixation at the depth of the 

rod, the rod tended to suppress parts of the background surface. Ono et. al. (2003) 

argued that in these cases, suppression is consistent with the finding that features that 

are in focus tend to suppress features that are blurry (Fahle, 1982), because the 

accommodation distances of the rod and the text differed in their experiment. Hence, 

their results are not at odds with those of Shimojo and Nakayama (1990) and Forte et. 

al. (2002) who found that monocular regions can escape suppression.  
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1.3 The fusion limit 
 

In binocular vision, an object may sometimes appear double, which is to say that 

the object appears in two directions simultaneously. This phenomenon is known as 

double vision or diplopia. Diplopia is most obvious when the coordination of the eyes is 

disrupted, for example, by pressing gently on one eye or by voluntarily crossing the 

eyes.  

 

The fusion limit refers to the absolute disparities for which a feature will appear 

single 50% of the time. The fusion limit was measured by Palmer (1961) and Mitchell 

(1966) using brief exposures to prevent a vergence eye movement reducing the absolute 

disparity of the target. Palmer (1961) reported that the fusion limit for a small dot 

presented in the fovea varied between 30 and 35 minutes of arc across 3 observers and 

Mitchell (1966) reported that the fusion limit for a vertical line varied between 13.5 

minutes of arc - 23 minutes of arc across 11 observers. The fusion limit increases with 

the eccentricity of the target from the fixation point, such that the fusion limit for a 

small line at an eccentricity of 5° is approximately 1° (Panum, 1858; Mitchell 1966; 

Ogle, 1950; Palmer 1961; Schor, Wesson & Robertson, 1986).  
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1.3.1 The fusion limit as a function of spatial frequency 
 

Kulikowski (1978) found that the fusion limit for sinusoidal variations in 

luminance (Figure 16a) was larger than the fusion limit for square wave variations in 

luminance (Figure 16b). Kulikowski (1978) argued that the fusion limit differed 

between these two stimuli because of the high spatial frequencies present for the square 

wave but not the sine wave variations in luminance. Using stimuli composed of a 

narrow range of spatial frequencies, Shor, Wood and Ogawa (1984) measured the fusion 

limit as a function of spatial frequency. They observed that the fusion limit was 

approximately 25% of the period of the spatial frequency for spatial frequencies lower 

than 2.4 cycles per degree. However, for higher spatial frequencies, the fusion limit was 

approximately 10-14 minutes of arc and did not vary with spatial frequency.  

 

Schor et. al. (1984) proposed that for stimuli composed a broad range of spatial 

frequencies, the fusion limit is principally limited by the high spatial frequencies. In 

evidence, Schor et. al. (1984) reported that the fusion limit for a target composed of 

only high spatial frequencies was the same as the fusion limit for a vertical bar, which 

also contains medium and low spatial frequencies. However, Rohaly and Wilson (1993) 

and Roumes, Plantier and Menu (1997) found that the fusion limit for a target composed 

                                                                            The fusion limit for the blurred stereogram (A) is greater 
than the fusion limit for the sharp stereogram (B). From Kulikowski (1978). 

Left eye’s image   Left eye’s image   Right eye’s image   Right eye’s image   

A B 

Figure 16. Stimuli used by Kulikowski (1978). 
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of high and low spatial frequencies was intermediate between the fusion limits obtained 

when the high and low components were presented separately (see also Wilson, Blake 

& Pokorny, 1988). It is possible that Schor et. al. (1984) observed equivalent fusion 

limits for a target composed of only high spatial frequencies and a vertical bar because 

the energy at the low spatial frequencies is much less for a bar than the large targets 

used by Rohaly and Wilson (1993) and Roumes et. al. (1997).  
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1.3.2 The fusion limit of surfaces 
 

Kertesz (1981) measured the fusion limit as a function of surface size for a 

surface composed of pseudo-randomly positioned vertical lines (Figure 17). Kertesz 

found that the fusion limit increased with the size of the surface (Kertesz, 1981; Boman 

& Kertesz, 1985) and the fusion limit has often reported to exceed 2  for very large 

stimuli (e.g. Fender & Julesz, 1967; Kertesz, 1981; Boman & Kertesz, 1985; Erkelens, 

1988). Kertesz (1981) proposed that more peripheral retinal locations, where the fusion 

limit is larger (1.3), somehow aid fusion in the fovea via cooperative interactions 

between adjacent retinal regions. Lee and Dobbins (2006) recently found that the fusion 

limit of dots comprising an annular surface was the same as the fusion limit for an 

isolated dot at the same eccentricity as the dots at the outer edge of the annular surface. 

Although Lee and Dobbins (2006) do not discuss this result with respect to Kertesz’ 

proposal, their results support his theory, which predicts that the presence of eccentric 

surface regions extends the fusion limit of surface regions at smaller eccentricities, but 

that the fusion limit of the most eccentric regions of a surface are not increased relative 

to an isolated feature at the same eccentricity.  

                                                                     were surfaces composed of 50 vertical lines that were randomly 
segmented.  
Figure 17. Stimuli used by Kertesz (1981) 
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1.3.3 Fusional hysteresis 
 

Fender and Julesz (1967) measured the fusion limit for lines and random dot 

surfaces using the method of limits. They found that the fusion limit was much larger 

when the disparity of the stimulus was initially small and gradually increased than when 

disparity was initially large and gradually decreased. Fender and Julesz (1967) proposed 

that this asymmetry, called fusional hysteresis, was due to an extension of the fusion 

beyond its usual limits when the disparity of the stimulus was gradually increased. 

However, Erkelens (1988) found that the largest fusible disparity measured by slowly 

increasing disparity was the same as that measured by presenting the stimulus with a 

fixed value of disparity. This indicated that fusional hysteresis is due to a reduction of 

the fusion limit when the stimulus is initially diplopic, rather than an extension of the 

fusion limit when the stimulus is initially fused and disparity is gradually increased. 

Erkelens (1988) argued that fusional hysteresis is due to an inhibitory process that 

prevents fusion occurring when the disparity of the stimulus is initially too large to fuse.  
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1.3.4 The disparity gradient constraint on fusion 
 

 

Tyler (1975) paired a vertical line in one eye with a sinusoidal line in the other 

eye (Figure 18). The frequency of the sinusoidal line varied vertically and its amplitude 

varied horizontally. Using this stimulus, Tyler (1975) varied the separation between 

minimum and maximum values of disparity without affecting the magnitude of the 

disparity. He found that the fusion limit decreased as the separation between minimum 

and maximum values of disparity decreased. Braddick (1979) observed that two lines, 

with a relative disparity of only 6 minute of arc, appeared double when they were 

narrowly separated, yet appeared single when they were more widely spaced. Burt and 

Julesz (1980) measured the fusion limit for dot pairs as a function of the visual angle 

separating the dots for vertical, horizontal and oblique directions of separation.  They 

found that the fusion limit was constrained by a disparity gradient, defined as the dot 

pair’s relative disparity divided by their average angular separation in the two eyes. The 

dots always appeared double when this disparity gradient exceeded a value of 1; which 

is to say that the dots always appeared double when their relative disparity exceeded 

their separation. However, Prazdny (1985), Wilson et. al. (1988) and Scharff (1997) 

demonstrated that the disparity gradient that induces diplopia is not a fixed value of 1. 

Prazdny (1985) found that disparity gradients as steep as 3 were tolerated without 

diplopia for dot pairs where one dot was white dot and the other dot was black and 

Figure 18. Stimuli used by Tyler (1975). 
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concluded that disparity gradients steeper than 1 are required to induce diplopia for dot 

pairs of opposite contrast polarity. Wilson et. al. (1988) tested a wider range of 

disparities than Burt and Julesz (1980) and found that disparity gradients as shallow as 

0.5 may induce diplopia. Scharff (1997) found that shallower disparity gradients tend to 

induce diplopia as the eccentricity of the dot pair from the fovea increases. 
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1.4 Perceived visual direction  
 

Ptolemy (reviewed by Howard & Wade, 1996), Wells (1792) and Hering (1879) 

made careful observations of the perceived direction of objects that lay at different 

distances along the visual axes. Figure 19a shows a bird’s eye view of Hering’s (1879) 

version of this situation, which became the most famous. The observer fixates a mark 

on a window pane so both visual axes intersect the same mark on the window but 

intersect different landmarks visible through the window. 

  

Hering (1879/1942) observed that the mark on the window appeared single but 

the landmarks visible through the window appeared double (Figure 19b). He observed 

that one of the double images of each landmark appeared in the same direction as the 

fixation point. Hering also noted the perceived egocentric direction of the features, 

which refers to the direction of features relative to the observer’s body. He observed 

 

                                                                                                                  . (A) shows the physical locations 
of the objects and (B) shows their perceived direction. After Hering (1879/1942). 

(A)                                                                                            (B) 
Figure 19. Perceived direction of objects situated along the visual axes. 
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that the fixation point and the double images of the landmarks which appeared in the 

same direction as the fixation mark appeared to lie in the median plane of the head 

(Figure 19b). Since the physical locations of the landmarks are to the left and right of 

the median plane, Hering concluded that the perceived egocentric direction of the 

diplopic images of the landmarks was distorted. Ptolemy (Howard & Wade, 1996) and 

Wells (1792) reported the same phenomenon with objects also positioned at different 

distances along the visual axes.  

 

On the basis of these observations, Ptolemy, Wells and Hering made proposals 

concerning the perceived relative direction and perceived egocentric direction of objects 

visible along the visual axes. With respect to perceived relative direction, they 

concluded that objects visible along the visual axis of the left eye are perceived to lie in 

the same direction as objects visible along the visual axis of the right eye. With respect 

to perceived egocentric direction, they concluded that objects that lie along the visual 

axis of either eye are perceived to lie along a line that is the average of the visual axes. 

This line is called the common axis or the cyclopean axis and intersects the fixation 

point and a point midway between the eyes called the cyclopean eye (e.g. Hering, 

1879/1942; Ono, 1979).  

  

The perceived direction of monocular features that are presented alone are 

reviewed in the following section 1.4.1. Measurements of the perceived direction of 

binocular features that appear diplopic are reviewed in section 1.4.2. The perceived 

direction of binocular features that appear in a single direction is reviewed in section 

1.4.3. The perceived direction of monocular features that are proximal to binocular 

features is reviewed in section 1.5.2.  
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1.4.1 The perceived direction of monocularly visible features: The cyclopean 
illusion 

 

On the basis of Hering’s (1879/1942) theory (see 1.4; Ono, 1979), it is predicted 

that the perceived egocentric direction of any monocular feature varies with vergence 

(e.g. Ono, Wilkinson, Muter & Mitson, 1972). For example, suppose as in Figure 20a, 

that a target (T) is visible beneath a fixation point (F). There are visible to the left eye 

but occluded in the right eye by a screen. Ignoring the vertical separation between the 

target and the fixation point, the target lies along the visual axis of the left eye. Hence, it 

is predicted that the perceived direction of the target is the cyclopean axis, which is the 

average of the visual axes as shown in Figure 20b. Now suppose that the fixation point 

is shifted farther in depth along the visual axis of the left eye so that the right eye rotates 

clockwise (Figure 20c). Since the cyclopean axis is an average of the visual axes, the 

cyclopean axis also rotates clockwise, which alters the perceived egocentric direction of 

the monocular target (Figure 20d).  

 

                                                         Shows a monocular target T, which is visible along the visual axis 
of the left eye. The fixation point, F, recedes in depth as indicated by the vertical arrow in (c), causing 
the right eye to turn. The perceived direction of the target according to Hering (1879/1942) is the 
cyclopean axis – the average of the visual axes. Note that in (d) the cyclopean axis and hence the 
perceived egocentric direction of the monocular target has shifted rightward relative to (c).  

Figure 20. The cyclopean illusion.  

(a) Fixation point near. (b) Fixation point near: 
Perceived direction 

(c) Fixation point far. (d) Fixation point far: 
Perceived direction 
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The effect of vergence on the perceived egocentric direction of a monocular 

feature was studied in detail by Ono et. al. (1972). Two points of light were presented at 

different distances in the dark. These lights were visible to one eye while occluded in 

the other eye by a screen. The observer indicated the perceived egocentric direction of 

either the near or the far light by placing a pen beneath the perceived location of the 

light on the underside of the table. Measurements of the perceived egocentric direction 

of each light were made while fixating either the near or the far light. Ono et. al. (1972) 

also measured the apparent lateral movement of the perceived egocentric direction of 

the lights during the change in fixation from the near to the far light and vice versa. The 

observer matched the extent of the apparent movement by setting the distance between 

the collars of a rod. Ono et. al. (1972) found that the perceived egocentric direction of 

the lights differed between the near and far fixation conditions. Ono et. al. (1972) also 

found that the perceived egocentric direction of the lights appeared to move during the 

change in fixation. This shift in the perceived egocentric direction of a monocular 

feature due to a change in vergence is referred to as the cyclopean illusion (Enright, 

1988).  

 

Ono et. al. (1972) found that the magnitude of the cyclopean illusion varied 

between observers. Ono et. al. (1972) argued that this variability is partly accounted for 

by individual differences in the extent of the vergence eye movements. In evidence, 

Ono et. al. (1972) measured phoria and found a correlation of 0.833 between the extent 

that convergence changed between the near and far fixation conditions and the 

difference in perceived egocentric direction between these conditions. Similarly, Ono et. 

al. (1972) found a correlation of 0.771 between the extent convergence changed when 

the near and far targets were alternately fixated and the extent of the apparent lateral 
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movement of the perceived egocentric direction of the lights. Ono and Gonda (1978) 

presented a single LED in the dark and alternately occluded it in the left and right eye 

                                                                                                                . The diagrams in the upper row  
show two targets, F and T, visible along the visual axis of the left eye. The fixation point is closer in 
the left diagram than in the right diagram, in which the right eye has rotated clockwise to maintain 
fixation. The middle and lower row diagrams show the cyclopean axis and the perceived direction of 
the target. The perceived egocentric direction of the target is distorted least when the cyclopean axis is 
referred to a cyclopean eye nearer to the left eye than the right eye (lower row) than when the 
cyclopean axis is referred to a cyclopean eye nearer to the eye that does not view the monocular target 
(middle row).  

Figure 21. Individual differences in the location of the cyclopean eye 

Left Diagrams: before 
rotation of the right eye. 

Right Diagrams: after 
rotation of the right eye. 

(A) 

Physical location of  
monocular target and  
fixation point   

(B) 

Perceived direction with 
cyclopean eye closer to 
the right eye 
 

(C) 

Perceived direction 
with cyclopean eye 
closer to the left eye 
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T 
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T 
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while observers fixated the LED. They found a correlation of 0.95 between phoria and 

the LED’s apparent movement between the left eye visible state and the right eye visible 

state.  

 

The cyclopean illusion has been found to be larger when the monocular target is 

viewed by one eye than the other eye for some observers (Ono et. al. 1972; Barbeito, 

1981; Ono & Barbeito, 1982; Barbeito & Simpson, 1991). Ono et. al. (1972) proposed 

that the point between the eyes where the cyclopean axis is referred, called the 

cyclopean eye, is closer to one eye than the other in such observers. If the cyclopean eye 

were closer to the right eye than the left eye, for example in Figure 21b, then a rotation 

of the right eye (right column of Figure 21 relative to the left column) would influence 

the orientation of the cyclopean axis more than if the cyclopean eye were closer to the 

left eye (Figure 21c).    

 

To assess whether individual differences in the location of the cyclopean eye 

accounts for the interocular difference in the magnitude of cyclopean illusion for some 

observers, the position of the cyclopean eye must be measured. The method proposed 

by Howard & Templeton (1966 p.274) has been shown to be the most precise (Mitson, 

Ono & Barbeito, 1976; Barbeito & Ono, 1979). This method first identifies the physical 

location of pairs of near and far binocularly visible targets that are judged to point 

directly at the observer. These pairs are determined for a range of eccentricities from the 

fixation point. Then straight lines are drawn through the near and far target of each pair. 

The intersection of these lines defines the location of the cyclopean eye. Using this 

method, Ono et. al. (1972) did not observe a significant correlation between individual 

differences in the location of the cyclopean eye and interocular differences in the 
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magnitude of the cyclopean illusion. However, using a larger number of observers, 

Barbeito and Ono (1979) found a significant correlation of 0.66.  

 

Ono et. al. (1972) found that the magnitude of the cyclopean illusion was 

smaller when one eye’s view is completely occluded than when the LED that served as 

the fixation point was visible to both eyes. Ono et. al. (1972) argued that the cyclopean 

illusion tends to be larger with a binocular fixation point because convergence error is 

minimised, which increases the difference in vergence between the near and far fixation 

conditions. Erkelens (2000) proposed an alternative explanation. He argued that the 

cyclopean illusion tends to be smaller when one eye is completely occluded because 

then the influence of the direction of the occluded eye on perceived direction is reduced. 

Erkelens (2000) proposed that the cyclopean illusion is eliminated in day light viewing 

conditions when one eye’s view of the visual scene is completely occluded. In evidence, 

Erkelens (2000) found that the cyclopean illusion occurred for only a few observers 

when a near and far LED were presented in the dark to one eye while the other eye’s 

view of the visual scene was completely occluded, either by a screen or by shutting the 

eye. Of those observers that did experience the cyclopean illusion under these 

conditions, the cyclopean illusion was eliminated when the far LED was replaced by a 

large random dot surface.  

 

Ono, Mapp and Howard (2002) argued that it is possible that Erkelens (2000) 

found a smaller cyclopean illusion when the entire visual field of one eye was occluded 

because then the vergence eye movement was smaller and slower. This possibility is 

consistent with the eye movement recordings provided by Erkelens (2000), which show 

that the change in vergence was smaller and slower when the fixation point was not 
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binocularly visible. Khokhotva, Ono and Mapp (2005), using LEDs presented in the 

dark, compared the cyclopean illusion with one eye’s view completely occluded and 

with the fixation point binocularly visible. They observed no phoria in the condition 

where the fixation point was binocular and predicted a 2cm lateral displacement of the 

perceived egocentric direction of the target LED. They observed an exophoria in the 

condition where one eye’s view was completely occluded so that the predicted 

magnitude of the cyclopean illusion was a 2.3cm lateral displacement of the monocular 

target. Khokhotva, Ono and Mapp (2005) found a lateral displacement of 1.8 cm for 

both conditions. Khokhotva, Ono and Mapp (2005) argued that their results are 

inconsistent with the Erkelens (2000) proposal that the influence of the occluded eye is 

reduced when its view of the visual scene is completely occluded. Khokhotva, Ono and 

Mapp (2005) argued that the slightly larger cyclopean illusion that was expected for the 

completely occluded condition due to exophoria was not observed because observers 

reported the apparent location of the target LED to the nearest centimetre. Mapp, Ono 

and Khokhotva (2007) found that individual differences in phoria predicted the bias of 

thrown darts in daylight conditions when one eye was completely occluded. Ono, Mapp 

and Mizushina (2007) replicated the effect of a large background surface on vergence-

induced apparent movement of perceived egocentric direction. However, Ono et. al. 

(2007, p. 2072) stress that the illusory movement was still observed with a large 

textured surface and proposed that the apparent movement is reduced because “large 

backgrounds are interpreted by the visual systems as stationary.”  
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1.4.2 The perceived direction of features that are seen double 
 

In the previous sections on perceived direction, the perceived relative and 

egocentric directions of features that lie along the visual axis of either eye was 

considered. Hering (1879/1942) specified the perceived direction of features that do not 

lie along the visual axes as an angular deviation from the cyclopean axis at the 

cyclopean eye. Hering placed the cyclopean eye between the eyes on the Veith-Müller 

circle. The cyclopean axis is the line passing through the cyclopean eye and the fixation 

point. A visual line, which deviates from the visual axis by a particular angle, is 

perceived in a direction that forms the same angle with the cyclopean axis at the 

cyclopean eye. For example, in Figure 22a the visual lines to the far rod differ from 

their respective visual axis by angle  for the left eye and angle  for the right eye. 

Figure 22b shows the predicted perceived directions of the far rod, which differ from 

                                                                                                                . The left Figure (a), shows the 
physical location of two rods and their angular separation at each eye. The right Figure (b), shows the 
perceived direction of the rods. The centrally located eye is the cyclopean eye and the vertical line that 
intersects the near rod is the cyclopean axis. 

Figure 22. Perceived direction of diplopic images according to Hering. 

a                                                                                          b b
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the cyclopean axis by angles  and . Note that the correct egocentric direction of the 

rod lies between the predicted egocentric directions of its diplopic images (Hering, 

1879/1942).    

 

Hering’s theory predicts that the perceived direction of the double images of a 

feature differ by an amount equal to the target’s absolute disparity, which is the 

difference between angles  and  in Figure 22. Rose and Blake (1988) measured the 

apparent separation of diplopic images. They found that for very large disparities, which 

exceeded the target’s fusion limit by 2  or more, the apparent separation of the diplopic 

images was approximately equal to their absolute disparity as predicted by Hering. 

However, for disparities that exceeded the fusion limit by less than 1 , the diplopic 

images appeared up to approximately 30% closer together than Hering predicted.  
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1.4.3 The perceived direction of fused binocular features 
   

Provided that the disparity of a feature is small, it is usually perceived in a single 

direction (see section 1.3). Asher (1953) argued that a binocular feature is perceived in a 

single direction because one of its diplopic directions is suppressed, a view shared by 

Verhoeff (1935) and Hochberg (1964). In evidence, Asher (1953) referred to the 

perceived direction of a small black disc in the centre of a ring (Figure 23a).  The disc 

was to the right of centre in one eye’s view but to the left of centre in the other eye’s 

view (Figure 23a). Asher (1953) observed that the disc always appeared offset from the 

centre of the ring, either matching the view of the left or right eye.  

               (a)  

                                                                                                               (b) shows a bird’s eye view of 
the location of a disc and a ring which would give rise to the two eye’s views in (a).   
Figure 23. Stereogram used by Asher (1953) and Ono et. al. (1977). 

               (b)  
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Using the same stimulus, Ono, Angus and Gregor (1977) varied the relative 

disparity between the disc and the ring. Their observers reported that the disc appeared 

in the centre of the ring when its disparity was less than 15 minutes of arc and only 

reported that the disc appeared in a single direction that was offset from the centre of the 

ring for larger disparities. Using vertical instead of horizontal disparity, Sheedy and Fry 

(1979) measured the perceived relative direction of two horizontal lines with different 

values of vertical disparity. Provided that the vertical disparity was smaller than 4-5 

minutes of arc, the perceived relative direction of the lines was intermediate between the 

angle they subtended at each eye.  

 

These results are consistent with Hering’s (1879/1942, p.61) proposal that the 

perceived direction of any binocularly visible feature with a disparity small enough to 

fuse is an average of its visual lines (see also Ono & Mapp, 1995). For example, Figure 

23b shows a bird’s eye view of the disc and the ring in Figure 23a. The dashed line is 

the average of the visual lines to the centre of the ring and is also the average of the 

visual lines to the centre of the small black disc. Hence, according to Hering’s proposal, 

the centre of the ring and the centre of the disc are perceived to lie in the same direction, 

as was found by Ono et. al. (1977).   

 

                                                 Shows the physical locations of two binocularly visible targets that are 
judged to appear vertically aligned. An imaginary line passing through these targets is shown to 
intersect the inter-ocular axis. From Kommerell et. al. (2003). 

Figure 24. Ocular prevalence. 
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It has often been observed that the perceived relative direction of a pair of 

binocularly visible features, while intermediate between the angle that they subtend at 

each eye, is more similar to the angle for one eye than the other (Sheedy & Fry, 1979; 

Erkelens, Muijs & van Ee, 1996; Kommerell, Schmitt, Kromeier, & Bach, 2003). This 

can be characterised as a bias because the angle subtended by the features at one eye 

makes a larger contribution to the perceived relative direction of the features than the 

angle subtended by the features at the other eye. Kommerell et. al. (2003) has referred to 

such a bias as ocular prevalence (Figure 24) and observed that it manifests in 

individuals with the same acuity for both eyes. Kommerell et. al. (2003) argued that 

ocular prevalence, which is measured with two fused binocularly visible targets, is 

distinct from ocular dominance, which refers to whether an observer uses their left or 

their right eye in tests that force observers to sight a target using one eye or the other. 

Kommerell et. al. (2003) found that ocular prevalence was in the same direction as 

ocular dominance in 15 of 20 observers.   

 

The perceived relative direction of a pair of binocularly visible features is also 

biased towards the angle they subtend at one eye when one of the features is brighter or 

has higher contrast in one eye than the other (Charnwood, 1949; Mansfield & Legge, 

1996). In such stimuli, the perceived relative direction of a pair of features more closely 

resembles the angle subtended at the eye that views the brighter or higher contrast 

image. Mansfield and Legge (1996) have shown that when the contrast of the images 

differs between the eyes, the magnitude of the bias increases with the inter-ocular 

difference in contrast.  
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In order to account for the effect of interocular differences in contrast on 

perceived direction, Mansfield and Legge (1996) proposed a model that maximises the 

precision of the binocular estimate of a feature’s direction. The contribution of each eye 

to the binocular estimate of a feature’s direction is weighted according to how precisely 

it specifies the feature’s location. Mansfield and Legge (1996) tested this model by 

measuring the precision with which monocularly viewed targets were aligned with one 

another as a function of contrast. When these estimates of precision as a function of 

contrast were input to their model, Mansfield and Legge (1996) found that their model 

predicted the magnitude of the bias of the perceived relative direction of the features 

towards their angular separation in the eye that views the higher contrast image.  

 

It is not known whether the perceived egocentric direction of binocular features 

with unequal contrast in the two eyes is correct or distorted. For example, Figure 25a 

shows the location of the mixed contrast target in the Mansfield and Legge (1996) study 

where it was found to appear vertically aligned with the other (far) target. Manfield and 

Legge (1996) proposed that the perceived direction of the targets was referred to a point 

closer to the eye that viewed the higher contrast image, in which case it is possible that 

the perceived egocentric directions of both targets was correct (Figure 25b). However 

Banks, van Ee and Backus (1997) have argued that it is possible that the perceived 

direction of targets with unequal contrast in the two eyes is referred to the cyclopean 

eye (Figure 25c), as has been found for features with the same contrast in the two eyes 

(Mitson et. al. 1976; Barbeito & Ono, 1979). Banks et. al. (1997) argued that if this was 

the case, then the perceived egocentric locations of both targets would point towards the 

cyclopean eye (Figure 25c), in which case the perceived egocentric direction of one of 

the targets must be distorted because they do not actually lie along a line that intersects 
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the interocular axis midway between the eyes (physical locations of the targets shown in 

Figure 25a). Mapp and Ono (1999) argued that which of these possibilities is correct 

can only be resolved by measuring the perceived egocentric direction of a target with 

unequal contrast in the two eyes, which has yet to be done.  

 

                                                                                                                                                    (a) shows 
the physical location of the mixed contrast target (near target) after the observer has vertically aligned it 
with the far target. (b) and (c) show the perceived direction of the targets according to Mansfield and 
Legge (1996) (b) and Banks et. al.(1997) (c). In both cases the perceived relative direction of the targets 
us the same, because both targets are perceived to be aligned as indicated by the straight line passing 
through the targets in (b) and (c). However, in (b), the perceived egocentric locations of the targets is 
correct, whereas in (c) the perceived egocentric direction of the mixed contrast target is distorted 
because its perceived direction is referred to a point midway between the eyes (the cyclopean eye).  

Figure 25. Perceived egocentric direction of features with unequal contrast in the two eyes. 

(A) Physical location of 
features that appear 
vertically aligned 

(B) Veridical perceived 
egocentric direction 

(C) Perceived direction 
referred to cyclopean 
eye. Perceived 
egocentric direction 
incorrect 

Mixed 
contrast 
target 
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1.5 Perceived direction at the left and right edges of occluding surfaces 
 
 

1.5.1 Hering’s laws of visual direction applied to the left and right edges of 
occluding edges  
 

According to Hering’s theory (Hering, 1879/1942; Ono & Mapp, 1995) the 

perceived direction of any binocularly visible feature is an average of its visual lines, 

provided that its disparity is small (see 1.4.3). According to Hering’s theory, the 

perceived direction of any monocularly visible feature forms an angle with the 

cyclopean axis equal to the angle between the visual line to the feature and the visual 

axis (see 1.4.2). Erkelens and van de Grind (1994) applied these principles to the left 

and right edges of occluding surfaces where a monocular region of the background 

surface occurs between a binocularly visible region of the background surface and the 

edge of the occluding surface (see 1.2, Figure 26 next page).  
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In Figure 26, the binocularly visible feature on the background surface next to 

the monocular region is represented by point B. The visual lines of this point are shown 

in Figure 26 by the solid lines from each eye to point B. The dashed line that intersects 

point B is the average of these visual lines and hence the perceived direction of point B 

according to Hering’s theory. The binocularly visible feature next to the other edge of 

the monocular region is the edge of the occluding surface (Point O in Figure 26). The 

visual lines of the edge of the occluding surface are shown in Figure 26 by the solid 

lines from each eye to point O. The average of these visual lines is the dashed line that 

intersects point O and hence the perceived direction of the edge of the occluding surface 

according to Hering’s theory.   

 

Point O, the 
edge of the 
occluding 
surface. 

Occluding surface 

Background 
a  

Point B, a 
binocularly visible 
point on the 
background surface 
next to the 
monocular region       

b  c  

Monocular region 

                                                                                                                                                L and R 
indicate the locations of the left and right eye and C is a point midway between the left and right eye (the 
cyclopean eye). The solid lines from the left and right eye to Point B on the background surface are the 
visual lines to the binocularly visible feature on the background surface at the edge of the monocular 
region. The perceived direction of point B and point O according to Hering’s theory are the dashed lines.  

Figure 26. Perceived direction of the binocular features that border a monocular region. 
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The perceived direction that Hering’s theory (see 1.4.2) assigns features in the 

centre of a monocular region is shown below. The perceived direction of a monocular 

feature is predicted to vary with vergence (see 1.4.1). The perceived direction of a 

feature in the centre of a monocular region with convergence at the depth of the 

background surface is shown first and then with convergence at the depth of the 

occluding surface.  

 

 

For the situation shown in Figure 27, the fixation point is a binocularly visible 

point on the background next to the monocular region. The cyclopean axis is the line 

that intersects this point and the cyclopean eye (Figure 28). Point b in Figure 27 lies in 

 
Monocular regions 

 
Binocularly visible point on 
the background next to the 
monocular region 

Visual line to 
the centre of the 
monocular 
region 

Visual axes 
converge on the 
binocular region of 
the background next 
to monocular region 
 

                                                                                                                                                   The grey 
sections of the background represent monocular regions. The visual axes of the eyes are shown 
intersecting the binocularly visible region of the background at the edge of the monocular region. The 
visual line to the centre of the monocular region (b) forms angle Ѳ with the visual axis of the left eye, 
which is equal to half the width of the monocular region.  

Figure 27. Visual line to the centre of a monocular region with fixation on the background. 

b 
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the centre of the monocular region. Point b forms an angle with the visual axis of the 

left eye equal to half the angular width of the monocular region (angle Ѳ in Figure 27). 

Hence, it is predicted that the perceived direction of point b forms an angle with the 

cyclopean axis equal to half the angular width of the monocular region (Figure 28). 

Erkelens and van de Grind (1994) noted that this is the same perceived direction that 

Hering’s theory assigned to the edge of the occluding surface (see Figure 26). Hence, 

with fixation at the depth of the background surface, Hering’s theory assigns the 

features on the half of the monocular region closest to the occluder the same perceived 

directions as features on the occluding surface. 

 

Figure 29 shows the same situation as Figure 27 except that the fixation point is 

the edge of the occluding surface instead of the background next to the monocular 

region. Under these conditions, the visual line to a feature in the centre of a monocular 

region visible to the left eye (point b) forms an angle of -Ѳ with the visual axis of the 

b 

Perceived direction of the 
edge of the occluder. Also 
the perceived direction of 
the centre of the 
monocular region (point 
b). 

                                                                                                                                                       Point (b) in 
the centre of the monocular region according to Hering’s theory when the visual axes are converged on the 
background surface as shown in Figure 27.  The edge of the occluding surface is predicted by the laws to 
appear in the same direction as the centre of the monocular region (point b). 

Cyclopean axis and the 
perceived direction of the 
binocularly visible point on the 
background next to the 
monocular region 

Figure 28. Perceived direction according to Hering’s theory with fixation on the background. 
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left eye. Angle -Ѳ is approximately equal to half the angular width of the monocular 

region, since the visual axis of the left eye intersects the occluding edge, which is 

adjacent to the right edge of the monocular region. The predicted perceived direction of 

the centre of the monocular region with fixation at the depth of the occluder is shown in 

Figure 30. The cyclopean axis intersects the left edge of the occluder since that is the 

fixation point in the situation described in Figure 29. The perceived direction of the 

centre of the monocular region forms an angle of –Ѳ with the cyclopean axis (Figure 

30). However, this is the same perceived direction that Hering’s theory for binocular 

features assigned the binocular feature on the background surface next to the left side of 

the monocular region (see Figure 26). Hence, with fixation at the depth of the occluder, 

Hering’s theory for monocular features assigns features in the monocular region on the 

opposite side of the occluder the same perceived directions that were assigned to 

features that lie on the binocularly visible region of the background surface next to the 

                                                                                                                                              The visual axes of 
the eyes are shown intersecting the edge of the occluding surface. The visual line to the centre of the 
monocular region (b) forms angle -Ѳ with the visual axis of the left eye, which is equal to half the angular 
width of the monocular region.  

Figure 29. Visual line to the centre of a monocular region with fixation on the occluder. 

-Ѳ 

b 

Visual axes 
converge on 
the edge of the 
occluder  

Visual line to the 
centre of the 
monocular region  

Monocular regions 
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monocular region. Additionally, with fixation at the depth of the occluder, the perceived 

egocentric directions of the features in the monocular region are predicted to be 

incorrect. For example, it is predicted that a feature in the centre of a monocular region 

visible to the left eye (point b in Figure 29) is perceived to lie to the left of its true 

egocentric direction (Figure 30).   

 

 

 

 

 

 

 

 

 

 

-Ѳ 

b 

Cyclopean axis and 
the perceived 
direction of the edge 
of the occluding 
surface  

                                                                                                                                                  Shows the 
perceived direction of the edge of the occluder, the binocular region of the background next to the 
monocular region and a point (b) in the centre of the monocular region according to Hering’s theory when 
the visual axes are converged on the occluding surface (Figure 29).   

Perceived direction of the 
binocularly visible  region 
of the background that 
borders the monocular 
region. Also the perceived 
direction of the centre of 
the monocular region. 
(point b) 

Figure 30. Perceived direction according to Hering’s theory with fixation on the occluder. 
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1.5.2 Measurements of the perceived direction of features within a monocular 
region 
 

Erkelens and van de Grind (1994) were the first to measure the perceived 

direction of features lying within a monocular region next to the left and right edges of a 

surface. Figure 31 shows a schematic of their stimuli. A textured square occluded the 

central region of a textured background surface. A test line was presented 6 minutes of 

arc to the right of the centre of the monocular region next to the right edge or 6 minutes 

of arc to the left of the centre of the monocular region next to the left edge. The 

perceived direction of the test line was measured using a comparison line that was 

assigned the same disparity as the background surface and was visible to both eyes 

above and below the background surface. Observers moved the comparison line 

horizontally in order to vertically align it with the test line, while fixating a binocular 

line located in the centre of the occluder.  

 

 

Comparison 
line 

Background 

Monocular region 

Target inside 
monocular region 

Binocular line on 
the occluding 
surface Left eye’s view Right eye’s view 

Figure 31. Schematic of stimuli used by Erkelens & van de Grind (1994). 
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Erkelens and van de Grind (1994) predicted on the basis of Hering’s 

(1879/1942) theory that the perceived direction of the monocularly visible test line 

would vary with the disparity between the occluder and the background surface. With 

fixation at the depth of the occluder, it was predicted that the perceived direction of the 

test line in the monocular region visible to the left eye would shift leftwards by half the 

increase in disparity and vice versa for the test line in the monocular region visible to 

the right eye. Hence it was predicted that the comparison line would appear aligned with 

the monocular test line when the comparison and test lines were offset horizontally by 

half the disparity difference between the occluder and the background in the image 

containing the monocular test line. Contrary to Hering’s theory, Erkelens and van de 

Grind (1994) found that the comparison line tended to appear aligned with the test line 

in the monocular region when the comparison and test lines were actually aligned in the 

eye viewing the test line.  

 

van Ee, Banks and Backus (1999) have argued that the perceived direction of the 

test line in the monocular region in the Erkelens and van de Grind (1994) study failed to 

comply with Hering’s theory (1879/1942) because it was proximal to binocularly visible 

features on the background surface. Erkelens and van Ee (1997a/b) first presented 

evidence that the perceived direction of a monocular feature does not comply with 

Hering’s theory when the monocular feature is proximal to a binocular feature. In their 

stimulus, a monocular line was centred in a blank region within a large random dot 

surface. The stimuli were moved in a randomly determined direction in one eye’s view 

and in the opposite direction in the other eye’s view. It was predicted that the binocular 

surface would appear stationary on the basis that the perceived direction of binocular 

features is an average of their visual lines (reviewed 1.4.3), while the perceived 
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direction of the monocular line would vary as a result of the movement of the images. 

However, Erkelens and van Ee (1997a/b) found that the binocular surface and the 

monocular line appeared stationary. The monocular line only appeared to move when a 

gap of at least one degree separated the monocular line from the nearest binocular 

features (Erkelens & van Ee, 1997b; see also Shimono & Wade, 2002; Shimono, Tam, 

Asakura & Ohmi, 2005). Jaschinski, Jainta and Shürer (2006) later demonstrated that 

the influence of binocular features on the perceived direction of proximal monocular 

features is much reduced when the monocular feature is presented for less than 100ms.  

 

Like the Erkelens and van de Grind (1994) study, van Ee, Banks and Backus 

(1999) and Ono et. al. (2003, experiment 3) measured perceived alignment between a 

binocular comparison line at the depth of the background and a monocular line 

presented a few minutes of arc to the left or right of an occluding surface. However, 

unlike the stimuli used by Erkelens and van de Grind (1994), the background surface 

did not contain any binocularly visible features except for the comparison line in the 

van Ee, Banks and Backus (1999) study and two other lines in the Ono et. al. (2003) 

study at an unspecified horizontal separation from the monocular line. Ono et. al. (2003) 

found that alignment to the monocular line differed when the comparison line was at the 

depth of the occluder relative to when the comparison line was at the depth of the 

background. Ono et. al. (2003) attributed this difference to the depth of the fixation 

point co-varying with the depth of the comparison line in their study. They argued that 

according to Hering’s theory, the perceived direction of a monocular feature shifts with 

vergence by an amount equal to half the difference in disparity between the old and the 

new fixation point, which was 11 minutes of arc in experiment 3 of Ono et. al. (2003). 

95% confidence intervals indicate that the obtained shift was 3.1 to 7.2 minutes of arc, 
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which contains the value of 5.5 minutes of arc predicted by Hering’s theory. In the van 

Ee et. al. (1999) study, when a gap of 30 minutes of arc separated the comparison line 

from the test line, it was also observed that perceived alignment was consistent with 

Hering’s theory. However, for gaps of a few minutes of arc between the binocular 

comparison line and the monocular test line, van Ee et. al. (1999) observed that the 

comparison and test lines appeared aligned when they were aligned in the eye that 

viewed both lines – consistent with the results of Erkelens and van de Grind (1994). 

Therefore, van Ee et. al. (1999) argued that the perceived direction of the test line in the 

monocular region in the Erkelens and van de Grind (1994) study did not comply with 

Hering’s theory because it was influenced by the binocularly visible texture on the 

background surface. Van Ee et. al. (1999) supported the conclusion drawn by Erkelens 

and van Ee (1997a/b) that when a monocular feature is proximal to a binocular feature, 

the perceived direction of the monocular feature is determined as though it were a 

binocularly visible feature with the same disparity as the proximal binocular feature. 

Hence, the perceived direction of the monocular feature does not vary with vergence as 

predicted by Hering’s laws. This influence of binocular features on the perceived 

direction of proximal monocular features is known as capture of visual direction 

(Erkelens & van Ee, 1997a&b).   
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1.5.3 The perceived direction of the left and right edges of an occluding surface  
 

 Erkelens, Muijs and van Ee (1996) studied the perceived relative direction of 

the left and right edges of a circular surface that occluded the central region of a 

background surface in a random dot stereogram (Figure 32). They instructed observers 

to change the horizontal location of a vertical line on the background surface so that it 

appeared vertically aligned with the left or right edge of the occluding surface. 

According to Hering’s theory (Hering 1879/1942; Ono & Mapp, 1995) which was 

reviewed in section 1.4.3 and applied to features in the vicinity of the left and right of an 

occluding surface in section 1.5.1, it was predicted that the background line would 

appear aligned with the edges of the occluder when the average of its visual lines was 

vertically aligned with the average of the visual lines of the occluding edge. Contrary to 

this prediction, Erkelens et. al. (1996) found that the background line appeared aligned 

with the edge when it was aligned with the edge in the eye that viewed the monocular 

region next to the edge. In other words, the background line appeared aligned with the 

left edge when it was aligned with the left edge in the left eye and appeared aligned with 

the right edge when it was aligned with the right edge in the right eye. The term 

                                                                                                                    The vertical line with a small gap 
in the centre was moved horizontally by observers in order to align it with the left or right edge of the 
occluding circle. From Erkelens et. al. (1996).  

Left eye’s view                       Right eye’s view 

Figure 32. Schematic of the stereogram used by Erkelens et. al. (1996). 
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Erkelens-bias is used to refer to the result that the eye that viewed the monocular region 

had a stronger influence on perceived alignment of the features than did the other eye.  

 

Ono et. al. (2003) also measured the perceived direction of the left and right 

edges of an occluding surface relative to a comparison line located at the depth of the 

background surface. In experiment 2 and 3 of Ono et. al. (2003), the perceived direction 

of the left and right edges of a rectangular occluder was measured using a binocular 

comparison line located above the occluder. Observers vertically aligned the 

comparison line with the edge while fixating on a fixation point that was located above 

the occluder and at the same depth as the comparison line. The comparison line either 

lay at the depth of the background or at the depth of the occluder. For the condition in 

which the comparison line lay at the same depth as the occluder, the relative direction of 

the comparison line and the occluder was the same in the left and right eye, so perceived 

alignment in this condition controlled for any response bias. Ono et. al. (2003) reported 

the difference in perceived alignment between this control condition and the condition 

in which the comparison line was at the depth of the background. If alignment was 

based on the average of the visual lines of the edge and the comparison line, then the 

difference in perceived alignment between these conditions would be zero. If alignment 

was based solely on the angle that the edge and the comparison line subtended at the eye 

that viewed the monocular region next to the edge (as was found by Erkelens et. al. 

1996), then the difference in perceived alignment would equal 7.5 minutes of arc for 

experiment 2, since the disparity between the occluder and its background was 15 

minutes of arc and would be 5.5 minutes of arc for experiment 3, since the disparity 

between the occluder and its background was 11 minutes of arc in experiment 3. The 

observed difference in perceived alignment was 0.81 minutes of arc for experiment 2 
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and 3.93 minutes of arc for experiment 3. This indicates that the perceived relative 

direction of the edge and the comparison line was biased towards the angle subtended at 

the eye that viewed the monocular region (Erkelens-bias), but is a smaller bias than that 

reported by Erkelens et. al. (1996).  

 

The magnitude of the bias in the two studies may be directly compared by 

calculating a weighting factor for each eye which indicates its contribution to perceived 

alignment. A weighting factor of 50% for each eye would indicate that both eyes 

contributed equally to perceived alignment. When the results of Erkelens et. al. (1996) 

are expressed in this way, they found that the weighting factor for the eye that viewed 

the monocular region was 100%. When the results of Ono et. al. (2003) are expressed in 

this way, they found that the weighting factor for the eye that viewed the monocular 

region was 55.4% in experiment 2 and 85.7% in experiment 3 (see section  4.2 for the 

method for calculating these weighting factors).  

 

Ono et. al. (2003) do not refer to the Erkelens et. al. (1996) study and do not 

discuss what factors may explain the difference in the manigtude of the Erkelens-bias 

between the studies.  The background and occluding surfaces in the Erkelens et. al. 

(1996) study were densely textured random dot surfaces, whereas the background 

surface in experiments 2 and 3 of the Ono et. al. (2003) study was blank except for a 

single vertical line within each monocular region and two additional lines within the 

binocularly visible region of the background in experiment 3. The disparity gradient 

between the occluding edge and neighbouring texture on the background surface was 

twice the disparity gradient limit for fusion for pairs of dots (Burt & Julesz, 1980, 

reviewed section 1.3.4). Since the background surfaces used by Ono et. al. (2003) were 
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largely devoid of texture a disparity gradient between the surfaces was lacking. Hence, 

it is possible that the steep disparity gradient in the Erkelens et. al. (1996) study 

accounts for why a larger Erkelens-bias was found in that study. This possibility is 

discussed in greater detail in the introduction for Experiment 1 (see section 3) and in the 

general discussion of Experiment 4-10 (see section 4.8). Additionally, the influence of a 

monocular region may propagate more effectively to a distant binocular features when 

the binocular feature is attached to the monocular region via intervening surface texture. 

Hence, Erkelens et. al. (1996) may have found a larger Erkelens-bias than Ono et. al. 

(2003) because the binocular line in the Erkelens et. al. (1996) study was attached to the 

monocular region via intervening surface texture, whereas the binocular line in the Ono 

et. al. (2003) study was seen against empty space.  

 

The shape, size and disparity range of the stimuli differed between the Erkelens 

et. al. (1996) and Ono et. al. (2003) studies. The surfaces that Erkelens et. al. (1996) 

used were much larger than those in the Ono et. al. (2003) study. The occluding surface 

used by Erkelens et. al. (1996) subtended 28°, whereas the occluder used by Ono et. al. 

(2003) subtended 1.5° x 5.35°. The large surfaces used by Erkelens supported 

disparities as large as 2°, whereas the largest disparity used by Ono et. al. (2003) was 15 

minutes of arc. The occluding surface in the Erkelens et. al. (1996) study was a circle, 

whereas it was a rectangle square in the Ono et. al. (2003) study. Additionally, Erkelens 

et. al. (1996) presented the stimuli as anaglyphs, and consequently, the monocular 

regions appeared to be a different colour than the binocularly visible regions of the 

background. This is because the perceived colour of the binocularly visible regions of 

the stimulus is determined by the colour of that region in both eyes’ views, whereas the 

perceived colour of the monocularly visible region only depends on the colour in one 
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eye (Erkelens et. al. 1996). Although there is no obvious reason to suspect any of these 

stimulus variables to affect the magnitude of the Erkelens-bias, it is nevertheless 

possible that any of these parameters is responsible for the difference in the magnitude 

of the Erkelens-bias between the Erkelens et. al. (1996) and Ono et. al. (2003) studies. 

Whether the large Erkelens-biases reported by Erkelens et. al. (1996) are contingent on 

these parameters was examined in Experiment 7 (see section 4.4). 

  

A procedural difference between the studies was that Ono et. al. (2003) 

restricted fixation to a single point in the stimulus, whereas the observers in the 

Erkelens et. al. (1996) study were free to shift fixation between different points in the 

stimulus. Therefore, the large Erkelens-biases found by Erkelens et al. (1996) could be 

contingent on observers fixating the stimulus naturally and this possibility was tested in 

Experiment 8 (see section 4.5).  
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1.5.4 Competing theories of the perceived direction of features in the vicinity of 
the left and right edges of an occluding surface.    
 

 

A pair of fused binocular features can have a perceived relative direction that is 

equal to the average of the angles that they subtend at the two eyes (e.g. Ono et. al. 

1977, Sheedy & Fry 1979; reviewed section 1.4.3). Their perceived relative direction is 

thus the same as the angle that the features would subtend at a point midway between 

the eyes, called the cyclopean eye. This correspondence suggests that the features are 

perceived in their physical direction relative to the cyclopean eye (Ono & Mapp, 1995; 

reviewed section 1.4.3). For example, Figure 33a shows the two eyes’ views of a small 

black disc that lies in front of a large ring and Figure 33b shows a bird’s eye view of 

this situation. The dashed line in Figure 33b shows that the physical direction of the 

centre of the ring relative to the cyclopean eye is the same as the physical direction of 

Figure 33. Stimuli used by Ono et. al. (1977). 

               (a)  

               (b)  
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the centre of the small black disc. If the small black disc was perceived in its physical 

direction relative to the cyclopean eye (the dashed line in Figure 33), then the small 

black disc would appear in the centre of the ring, as was found by Ono et. al. (1977) for 

small disparities.  

 

Erkelens et. al. (1996) and Ono et. al. (2003) measured the perceived direction of 

the left and right edges of an occluding surface relative to a comparison line on the 

background surface. They found that the perceived relative direction of the edge and the 

comparison line was biased towards the angle that the edge and the line subtended at the 

eye that viewed the monocular region next to the edge (referred to as an Erkelens-bias 

reviewed in the previous section 1.5.3). On the basis that the perceived relative direction 

of the edge and the line was not the average of the angles subtended at both eyes, 

Erkelens et. al. (1996) and Ono et. al. (2003) both concluded that the left and right 

edges of an occluding surface are not perceived in their physical direction relative to a 

cyclopean eye.  

 

Erkelens et. al. (1996) and Ono et. al. (2003) argued that the edge of the occluding 

surface is not perceived in its physical direction relative to a cyclopean eye because it 

has the same physical direction as the monocular region of the background next to the 

edge. Erkelens and van Ee (1994) and Anderson and Nakayama (1994) noted that part 

of a monocular region of the background has the same physical direction relative to a 

cyclopean eye as the edge of the occluding surface. The left half of a monocular region 

visible next to the right edge of an occluding surface (Figure 34) has the same physical 

direction relative to a cyclopean eye as part of the occluding surface, and likewise the 
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right half of a monocular region visible next to the right edge of an occluding surface 

has the same physical direction relative to a cyclopean as part of the occluding surface. 

 

 

Erkelens et. al. (1996) noted that the monocular region of the background does not 

have the same physical direction as the occluding surface relative to the eye that views 

the monocular region. For example, in Figure 34, from the perspective of the right eye, 

none of the features within the monocular region visible to the right eye have the same 

physical direction as any part of the occluding surface. Erkelens et. al. (1996) proposed 

that the perceived directions of the monocular region and features within the 

neighbourhood of the monocular region are the physical direction of those features 

relative to the eye that views the monocular region. In other words, the perceived 

direction of a feature in the vicinity of a monocular region matches its visual line to the 

eye that views the monocular region. Erkelens et. al. (1996) argued that this theory was 

supported by their measurements of the perceived direction of the edges of the 

Occluding surface 

Background 

L              C               R 

Monocular region 

Figure 34. The portions of the background and occluding surfaces that have the same physical direction 
relative to a cyclopean eye. 
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occluding surface relative to a line on the background surface. If the perceived direction 

of the edge and the line was their physical direction relative to the eye that views the 

monocular region, then that eye would be used to align the line with the edge, as 

Erkelens et. al. (1996) found.  

 

Ono, Wade, and Lillakas (2002) and Ono et. al. (2003) proposed that the 

perceived direction of the edge of the occluding surface and the monocular region of the 

background is referred to the cyclopean eye. Ono et. al. (2002; 2003) proposed that the 

perceived direction of the background surface and the occluding surface differ due to 

lateral biases of parts of the scene from their physical direction relative to a cyclopean 

eye. The theory proposes that when the background is fixated, the background surface is 

perceived in its physical direction relative to a cyclopean eye, while the perceived 

direction of the edge of the occluding surface is biased laterally away from the 

monocular region. The theory proposes that when the occluding surface is fixated, the 

occluding surface is perceived in its physical direction relative to a cyclopean eye, while 

the perceived direction of the background is biased laterally away from the monocular 

region. As a result of these lateral biases of perceived direction, it is predicted that a 

background line will appear vertically aligned with the left edge of an occluding surface 

when the line and the edge are aligned in the left eye and vice versa for alignment with 

the right edge of an occluding surface. Ono et. al. (2003) argued that the Erkelens bias 

(see section 1.5.3 supports this theory. Ono et. al. (2003, p. 261) argued that the 

Erkelens-bias “clearly indicate that displacement of a binocularly fused stimulus occurs 

on the surface of the nonfixated plane.” However, a lateral bias of perceived direction is 

not indicated by the Erkelens-bias found by Ono et. al. (2003), because Erkelens et. al. 

(1996) argued that the same result supported the proposal that the edge of the occluding 
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surface is perceived in its physical direction relative to the eye that views the monocular 

region.  

 

One may expect the occluding surface to appear thinner than veridical if its left 

and right edges are perceptually displaced as proposed by Ono et. al. (2003). On the 

other hand, there is no obvious reason to expect a distortion of the perceived aspect ratio 

of an occluding surface if the perceived direction of its edges is referred to the eye that 

views the monocular region next to the edge, as proposed by Erkelens et. al. (1996). 

Van Ee and Erkelens (2000) varied the aspect ratio of a rectangle (5.2°) that occluded 

the central region of a large background surface (60°) in random dot stereogram. 

Observers indicated whether the rectangle appeared elongated along its horizontal or 

vertical axis. Van Ee and Erkelens (2000) varied the disparity of the occluding rectangle 

in their experiment 1 between 0.5 and 1.5° and varied the stimulus duration from 0.5 to 

3.5 seconds in their experiment 1b. In experiment 2, the fixation point was either 

located at the depth of the background surface or at the depth of the occluding surface or 

at an intermediate depth. In experiment 3 and 4, van Ee and Erkelens (2000) measured 

the perceived aspect ratio of the background surface rather than the occluding surface. 

Van Ee and Erkelens (2000) found that the surfaces were perceived to be about 2% 

thinner than veridical across all conditions. Hence, although Erkelens et. al. (1996) 

found perceived direction varied with the disparity of the occluder, van Ee and Erkelens 

(2000) found perceived aspect ratio did not. Therefore, van Ee and Erkelens (2000) 

concluded that the Erkelens-bias for the perceived relative direction of the edges was 

not responsible for the small bias of perceived aspect ratio. This conclusion would have 

a firmer footing if van Ee and Erkelens (2000) had also measured the perceived 

direction of the edges of the occluding surface and shown that an Erkelens-bias 
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occurred under their conditions. Van Ee and Erkelens (2000) attributed the small 

distortion of perceived aspect ratio in their study to the well known horizontal vertical 

illusion. Van Ee and Erkelens (2000, p. 920) argued that their results show that 

“perceived aspect ratio does not follow directly from the comparison of visual 

directions.” Ono et. al. (2003) proposed that perceived direction and perceived aspect 

ratio may not interact. Hence, there is currently no decisive evidence in favour of the 

Erkelens et. al. (1996) or Ono et. al. (2003) theories of the perceived direction of 

features in the vicinity of the left and right edges of an occluding surface. Experiments 

8, 9 and 10 (see sections 4.5, 4.6, 4.7) provide such evidence.    
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2  Aims of the present study 
 

Natural scenes typically consist of overlapping surfaces, yet most studies of 

perceived direction have used isolated features. The aim of the experiments in this thesis 

was to study the perceived direction of features that are part of surfaces. The perceived 

direction of features in the vicinity of surface edges is of particular interest. Steep 

disparity gradients (see section 1.3.4) can occur at such edges. The aim of the 

experiments in section 3 was to determine whether steep disparity gradients have the 

same effect on the perceived direction of features at surfaces edges as has been 

demonstrated for pairs of isolated dots.   

 

The experiments in section 4 investigated the perceived direction of features in 

the vicinity of the left and right edges of a surface. At these edges, a region of the 

background surface is visible next to the edge for one eye but is hidden by the edge for 

the other eye (reviewed section 1.2). Erkelens and van de Grind (1994) have noted that 

Hering’s theory of perceived direction (reviewed in sections 1.4.1, 1.4.2, 1.4.3) creates a 

paradox at the left and right edges of a surface (reviewed in section 1.5.1). Erkelens and 

van Ee (1996) and Ono et. al. (2003) found that the perceived direction of the edge 

relative to a line on the background was not the average of their angular separations in 

both eyes as predicted by Hering’s theory. Instead, the perceived direction of the edge 

relative to the background line was more similar to their angular separation in the eye 

that viewed the monocular region next to the edge than to their angular separation in the 

other eye (reviewed 1.5.3). This result is referred to as an Erkelens-bias since Erkelens 

et. al. (1996) found that the position of the line and the edge in the eye that viewed the 
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monocular region made a larger contribution to their perceived relative direction than 

the position of the line and the edge in the other eye. The aim of Experiments 4 and 5 

was to measure the region of the visual scene surrounding the edge of the surface 

wherein the Erkelens-bias occurs. As noted in section 1.5.3, the magnitude of the 

Erkelens-bias differed between the Erkelens et. al. (1996) and Ono et. al. (2003) studies. 

The aim of Experiments 6, 7 and 8 was to determine what stimulus differences between 

these Experiments account for this difference. Experiment 9 and 10 investigated 

whether the perceived direction of features in the vicinity of monocular regions is 

veridical and hence provided a critical test of the competing theories of perceived 

direction at the left and right edges of an occluding surface that were reviewed in 

section 1.5.4. 
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2.1 General Method 
 

2.1.1 Display 
 
 

Stimuli were generated using the Psychtoolbox plugin for Matlab on a PowerPC G4 

computer (Brainard, 1997). The stimuli were presented on the screens of two Apple 

Cinema Displays with a resolution of 1600 x 1200. The screens of the two monitors 

were set in the frontal plane of the observer at a distance of 145 centimetres. The centre 

of the left screen was 72.5 centimetres to the left of the median plane of the observer 

and the centre of the right screen was right of the median plane by the same amount. A 

mirror was set 120 centimetres in front of each monitor so that their images were 

reflected towards the median plane of the observer. Two mirrors were set in front of the 

observer’s eyes so that the images were superimposed when the observer was converged 

at a distance of 200 centimetres, which was the optical distance of the monitors from the 

eyes. Pixel size was 0.5 minutes of arc. Head position was stabilised with a chin rest. 

Apertures were set 20 cm from the eyes so that the edges of the screen were not visible 

and each screen was only visible to one eye. An anglyph display was used in 

Experiments 7, 8 and 10 and is described in the method section for Experiment 7 (see 

section 4.4.1). 
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3 Perceived direction at the horizontal edges of occluding surfaces 

 

3.1  Experiment 1: The influence of the disparity gradient on the perceived 
direction of features at surface edges. 

 

 

A disparity gradient is defined as the relative disparity between a pair of features 

divided by their average angular separation in the two eyes. The disparity gradient 

constraint on fusion refers to the finding that the fusion limit for a pair of dots or lines is 

reduced when the disparity gradient between the pair exceeds a critical value (reviewed 

1.3.4). The disparity gradient that results in diplopia has been found to vary from 3 for a 

pair of dots of opposite contrast polarity (Prazdny, 1985) to 0.5 for pairs of dots 

presented in the periphery (Scharff, 1997).  

 

The impact of the disparity gradient on the perceived direction of features 

attached to surfaces was studied in the present experiment because natural scenes 

typically consist of surfaces rather than a pair of features presented alone. For 

transparent surfaces, it is possible for steep disparity gradients to occur between 

neighbouring features on the different surfaces. McKee and Verghese (2002) created 

transparent surfaces in which each dot had the same disparity gradient with its nearest 

neighbour on the other surface. They were primarily interested in the perceived depth of 

the dots, which they found was only marginally underestimated as a result of steep 

disparity gradients. However, they also observed that the dots comprising one of the 

surfaces appeared double.  
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Steep disparity gradients also occur at the edges of opaque textured surfaces 

when features on the occluding surface are directionally adjacent to features on the 

background surface across the edge. The steepest disparity gradient possible at the edge 

between two opaque surfaces differs for vertical and horizontal edges. The steepest 

disparity gradient will occur between the edge of the occluding surface and the point on 

the background surface that has the smallest angular separation from the occluding 

edge. At horizontal edges, binocularly visible features on the background surface can 

abut the edge of the occluding surface so the maximum possible disparity gradient at 

such edges is theoretically unlimited. Hence, the disparity gradient at a horizontal edge 

can exceed the value of 1 that Burt and Julesz (1980) found forced pairs of isolated dots 

to appear diplopic. 

 

 

Figure 35. Disparity gradient at the vertical edge of an occluding surface. 

Edge of the 
occluding surface 

L                               R 

Binocularly visible point on 
the background surface that 

has the smallest angular 
separation from the edge of 

the occluding surface 

Monocularly visible region 
of the background 

Binocularly visible region 
of the background 

a 
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 Figure 35 shows a bird’s eye view of the vertical edge of a surface and the 

background that it partially occludes. A monocular region of the background (reviewed 

1.2) occurs at vertically oriented edges. The monocular region enforces a minimum 

separation between the binocularly visible features on the background surface and the 

edge of the occluding surface. Figure 35 shows the point on the background surface that 

has the smallest angular separation from the vertical edge of the occluder. This point 

abuts the vertical edge of the occluding surface in the eye that does not view the 

monocular region, but has an angular separation equal to the angular width of the 

monocular region in the other eye. Consequently, the average angular separation of this 

point from the vertical edge of the occluding surface is equal to half the angular width 

of the monocular region. Since the angular width of the monocular region is equal to the 

relative disparity of the occluding and background surfaces, the steepest disparity 

gradient that may occur at a vertical edge between two textured surfaces is equal to 2. 

Hence, the disparity gradient at a vertical edge can exceed the value of 1 that Burt and 

Julesz (1980) found forced pairs of isolated dots to appear double. This raises the 

question of whether fusion is possible at occluding edges in the presence of steep 

disparity gradients?  

 

Unlike isolated pairs of dots or the transparent surfaces used by McKee and 

Verghese (2002), the features which define steep disparity gradients at the edges of 

opaque surfaces are adjacent to other features on the same surface which have the same 

disparity, which we will call support features. Marr and Poggio (1976) proposed that a 

cooperative interaction between neurons tuned to the same disparity helps to establish 

correspondence between the two eyes views when features with the same disparity are 
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next to each other. Therefore, the presence of support features may allow the features at 

the horizontal edges of surfaces to be fused in the presence of steep disparity gradients. 

 

The perceived relative direction of fused binocular features is an average of the 

angular separation of the features in each eye, which we refer to as the average 

prediction (reviewed 1.4.3, e.g. Ono et. al. 1977; Sheedy & Fry, 1979). The monocular 

prediction refers to the perceived relative direction of a pair of features matching their 

angular separation in one eye. When one of the features is not fused, the perceived 

direction of each of its diplopic images relative to the perceived direction of the fused 

feature is biased towards the monocular prediction away from the average prediction 

(see section 1.4.2; Rose & Blake, 1988). Therefore, one may evaluate the effect of the 

disparity gradient on fusion at surfaces edges by either (1) measuring whether the 

features appear in a single or diplopic direction or (2) by measuring their perceived 

direction. Duwaer (1983) and McKee and Verghese (2002) have argued that judgments 

of diplopia are more difficult for features that are part of a surface than for features 

presented alone. Furthermore, Ono et. al. (1977) observed that it is possible for features 

with disparities close to the fusion limit to appear in a single direction yet have a 

perceived relative direction that is more similar to the monocular prediction than the 

average prediction. It is arguable whether such features should be considered fused 

because it is possible that single vision in this case is due to the suppression of one of 

the diplopic images (Verhoeff, 1935; Asher, 1953; Hochberg, 1964). Therefore, 

determining whether the perceived directions of features is consistent with the average 

prediction or the monocular prediction is a more reliable method of studying the effect 

of the disparity gradient on the fusion of features attached to surfaces.  
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Erkelens et. al. (1996) and Ono et. al. (2003) measured the perceived direction 

of the vertical edge of an opaque surface relative to a line on the background surface 

(reviewed 1.5.3). They found that the perceived relative direction of the line and the 

edge was biased towards their angular separation in the eye that views the monocular 

region next to the edge, or Erkelens-bias (see section 1.5.3). Erkelens et. al. (1996) and 

Ono et. al. (2003) attributed the Erkelens-bias to monocular regions that occur next to 

the vertical edges of an occluder. Erkelens et. al. (1996) argued that the disparity 

gradient between the background line and the edge of the occluder could not have 

contributed to the Erkelens-bias because the separation between the line and the edge 

was sufficiently large that the disparity gradient constraint on fusion was not exceeded. 

However, the disparity gradient constraint on fusion for surfaces is unknown. Secondly, 

Erkelens et. al. (1996) did not report the separation between the line and the edge. 

Thirdly, regardless of the separation between the line and the edge, the disparity 

gradient between the occluding edge and neighbouring texture on the background 

surface was twice the disparity gradient limit for fusion for pairs of dots (Burt & Julesz, 

1980). The background surface used in experiment 2 of Ono et. al. (2003) was devoid of 

texture except for a line within the monocular region, so a disparity gradient between 

the surfaces was lacking. For that experiment, Ono et. al. (2003) found that the eye that 

viewed the monocular region contributed 55.4% to the perceived direction of the edge. 

Using a stimulus containing steep disparity gradients, Erkelens et. al. (1996) found that 

the eye that viewed the monocular region contributed 100% to the perceived direction 

of the edge. Ono et. al. (2003) found that the eye that viewed the monocular region 

contributed 85.75% to the perceived direction of the edge in their experiment 3, in 

which a disparity gradient was defined between the occluding edge and two binocularly 

visible lines at the depth of the background surface. The size of the disparity gradient in 
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that experiment is unknown because Ono et. al. (2003) did not specify the horizontal 

separation of the binocular background lines from the edge of the occluding surface.   

 

The influence of the disparity gradient on perceived direction at surface edges 

was investigated using the stimulus shown in (Figure 36). Two small surfaces were 

presented at different depths and had a small vertical separation so that the disparity 

gradient across the boundary of the surfaces was steep. The border between the surfaces 

was oriented horizontally so that the additional complexity of the influence of 

monocular regions on perceived direction was avoided. The closest square on each 

surface to this boundary were the target squares. The target squares were located so that 

they would appear vertically aligned when the perceived direction of both squares was 

an average of their visual lines (average prediction), but would appear horizontally 

offset from one another if either square appeared in its diplopic directions (monocular 

prediction). In the second condition, the pair of target squares was presented as in the 

Target 
squares 

Figure 36. Schematic of the stimuli used in Experiment 1. 

Support 
squares 

Support 
squares 

Comparison 
squares 
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first condition but the other squares that comprised the surface (support squares, Figure 

36) were eliminated. Comparing the perceived direction of the target squares with and 

without the support squares would reveal their influence on the disparity gradient 

constraint on fusion. In the third condition, the target squares were also presented alone 

but the separation of the target squares was increased so that the disparity gradient was 

shallow in this condition. This condition would indicate whether a loss of fusion was 

due to the magnitude of disparity rather than the disparity gradient.  
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3.1.1 Method  
 
Stimuli 
 

A schematic of the stimuli is shown in Figure 36. Two black squares, which 

were binocularly visible and subtended 4 minutes of arc, served as the target squares. 

The luminance of the squares was <1 cd/m2 and they were presented against a white 

background with a luminance of 105 cd/m2. The upper target was presented with 

crossed disparities of 5, 10, 15 or 29 minutes of arc relative to the lower square. The 

lower of the two target squares was displayed in the centre of the images. In one 

condition, the upper target square was vertically separated from the lower target square 

by 21 minutes of arc, measured from the centre of the squares. In the other two 

conditions, the target squares were vertically separated by 5 minutes of arc. In one of 

these conditions, six additional squares were arranged in a checkerboard pattern above 

the upper target square and six were similarly arranged below the lower target square 

(Figure 36). The disparity of these support squares was the same as the target squares to 

which they were attached. 

 

Procedure 
 
 

Each combination of the three stimulus configurations and the four disparities 

was presented 10 times in a random order to each observer. The perceived relative 

direction of the target squares was measured by means of a pair of comparison squares. 

The comparison squares were identical to the target squares except that both comparison 

squares were assigned the same disparity as the lower target square and were presented 

1  beneath the target squares. The upper comparison square could be moved 

horizontally using the arrow keys.  
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Prior to the experiment, the experimenter indicated to the observer which 

squares were the target squares in each of the three stimulus configurations. Observers 

were instructed to shift the upper comparison square using the arrow keys so that the 

comparison squares appeared horizontally offset from one another to the same extent as 

the target squares. The observers were then informed that one of the target squares may 

sometimes appear in two horizontally separated directions simultaneously, in which 

case they should match to the perceived direction of the left-most direction of the target 

square.  

 

Observers 
 

Nine undergraduates studying psychology at the University of New South Wales 

participated. All were naïve to the purpose of the experiment. Their time was 

compensated with a small amount of course credit. 
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3.1.2 Results  

 

Group data are shown in Figure 37, which plots the mean offset of the 

comparison squares against the relative disparity of the target squares. If the perceived 

relative direction of the target squares matched their angular separation in one eye 

(monocular prediction), then the alignment settings would fall along the diagonal line. 

Settings near 0 indicate that the target squares appeared vertically aligned and therefore 

that the perceived relative direction of the targets was an average of their angular 

separation in both eyes (average prediction). For the two largest disparities, the 

alignment settings were closer to the monocular prediction than the average prediction 

for all configurations. For the 10 minute of arc disparity, when the target squares lacked 

support squares, alignment for the target squares that were separated by 21 minutes of 

                                                   
Group data.  N=9.  
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Figure 37. Results of Experiment 1. 
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arc (�in Figure 37) was closer to the average prediction than the monocular prediction, 

but was closer to the monocular prediction than the average prediction when the targets 

were separated by 5 minutes of arc (� in Figure 37). This indicates that the disparity 

gradient limited fusion when the target squares had a relative disparity of 10 minutes of 

arc and a vertical separation of 5 minutes of arc. For the same combination of relative 

disparity and vertical separation, the perceived alignment of the target squares was 

closer to the average prediction when the support squares were present (� in Figure 

37). Differences between the different configurations were small for the 5 minute of arc 

disparity where the disparity gradient between the target squares was shallowest.  

 

The results were analysed using a multivariate analysis of variance with planned 

orthogonal contrasts. The Decision-Wise error rate ( =0.05) was controlled for each of 

the contrasts and 95% confidence intervals were calculated using the procedure 

described by Bird (2004). The conditions with support squares did not differ from the 

conditions where the target squares were separated by 21 minutes of arc for any of the 

disparities. However, these conditions differed from the condition in which the target 

squares were separated by 5 minutes of arc and lacked support squares for the 10 minute 

of arc disparity (F(1,8)= 77.7) and for the 15 minute of arc disparity (F(1,8)= 9.949). For 

the 10 minute of arc disparity, the perceived direction of the target squares that were 

separated by 5 minutes of arc and lacked support squares, was 2.7 minutes of arc closer 

to the monocular prediction than the other two configurations. 95% confidence intervals 

indicate that this difference was 1.99 to 3.4 minutes of arc. For the 15 minute of arc 

disparity, the perceived direction of the target squares that were separated by 5 minutes 

of arc and lacked support squares was 1.06 minutes of arc closer to the monocular 
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prediction than the other two configurations. 95% confidence intervals indicate that this 

difference was 0.286 to 3.403 minutes of arc. 
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3.1.3 Discussion 
 

The largest differences between the three stimulus configurations were observed 

for the 10 minute of arc disparity. The perceived relative direction of the target squares 

was closer to the average of their angular separations in the two eyes (average 

prediction) when they were separated by 21 minutes of arc, in which case the disparity 

gradient was shallow (0.5). Hence, both target squares were fused in this condition. 

When the target squares were separated by only 5 minutes of arc and the support 

squares were lacking, the perceived relative direction of the target squares was similar 

to their angular separation in one eye. This indicates that one of the target squares was 

not fused, which was expected because the disparity gradient was 2 in this condition, 

which greatly exceeds the limit of 1 reported by Burt and Julesz (1980). However, 

despite this steep disparity gradient, the perceived relative direction of the target squares 

indicates both were fused when they were attached to additional features with common 

disparity (support squares).   

 

With the additional features, the stimulus was similar to occluding edges that 

occur in natural scenes, because features that define steep disparity gradients at the 

edges of surfaces are near features on the same surface with the same disparity. 

Therefore, the results indicate that the perceived direction of features at occluding edges 

can be an average of their visual lines in the two eyes despite steep disparity gradients 

across the edge.  

 

The results also bear on the Erkelens et. al. (1996) and Ono et. al. (2003) studies 

of perceived direction at the left and right edges of occluding surfaces. These studies 
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found that the eye that views the monocular region next to the edge has a larger 

influence on the perceived relative direction of such edges than the other eye (Erkelens-

bias see section 1.5.3). It was argued in the introduction that it was possible that the 

disparity gradient constraint on fusion contributed to the Erkelens-bias because disparity 

gradients of 2 occurred in the Erkelens et. al. (1996) study, in which the largest 

Erkelens-bias was found. The results of the present study indicate that fusion is possible 

at surface edges in the presence of a disparity gradient of 2, which suggests that the 

disparity gradient constraint on fusion did not contribute to the large Erkelens-bias 

reported by Erkelens et. al. (1996).  

 

It has been suggested that it is possible that the comparison square settings for the 

condition where the target squares were attached to the support squares does not reflect 

the true direction of the target squares. According to this alternative explanation of our 

results, due to crowding by the support squares, observers did not have a clear 

experience of the diplopic directions of the target squares and may have matched to the 

average of the diplopic directions. I believe the similarity between the results for the 

condition where the target squares had a large separation and the results for the 

condition where the target squares had a small separation and support squares were 

present discounts this alternative explanation. Observers were instructed to match to the 

leftmost diplopic direction in the event that one of the target squares appeared diplopic. 

Observers clearly understood this instruction because the comparison square settings 

were consistent with diplopia when the target squares were close together and support 

squares were lacking. If observers’ experience of the diplopic directions was unclear 

due to crowding when support squares were present, then one would still expect a 

leftwards bias in the data. However, the comparison square settings for this condition 
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with support squares was virtually identical to the condition where the support squares 

were lacking and the target squares had a large vertical separation. Observers reported 

having a clear sense of the direction of the target squares in the condition with support 

squares, which is also inconsistent with the crowding explanation.  
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3.2 Experiment 2:  The nature of the benefit of support features. 
 

The disparity gradient constraint on fusion (section 1.3.4) refers to the finding 

that the fusion limit of a pair of features with different values of disparity is reduced 

when the angular separation of the features is small. Experiment 1 found that the 

disparity gradient constraint on fusion was mitigated when a pair of features that 

defined a steep disparity gradient were each attached to additional features with the 

same disparity called support features. It is possible that the effect of the support 

features has the same underlying basis as the disparity gradient constraint on fusion. 

This was tested in the present experiment by varying the contrast polarity of the support 

features. Using a pair of squares, Prazdny (1985) found that steeper disparity gradients 

were required to induce diplopia when the squares were opposite contrast polarity than 

when they were the same contrast polarity. Would the ability of the support features to 

mitigate the disparity gradient constraint on fusion show a similar dependency on the 

support features having the same contrast polarity as the features that define the steep 

disparity gradient?  

 

The results of Westheimer and Levi (1987) suggest that the effect of the support 

squares might not depend on their having the same contrast polarity as the features that 

define the steep disparity gradient. They found that the perceived depth of a line was 

biased away from the depth of small dots presented approximately 10 minutes of arc 

from the line. The magnitude of this effect of the dots was found to be the same when 

the line was white and the dots were black as when the dots were the same colour as the 

line.  
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In the present experiment, a disparity of 10 minutes of arc between features 

separated by 5 minutes of arc was used since Experiment 1 showed that the effect of the 

support squares was greatest for that disparity. For a disparity of 10 minutes of arc 

between a pair of dots, Burt and Julesz (1980) observed that separations smaller than 10 

minutes of arc between the features reduced the fusion limit. Would the effect of the 

support squares diminish over a similar range of separations between the support 

squares and the target squares? If so, then this would also suggest that the effect of the 

support features has a similar underlying basis to the disparity gradient constraint on 

fusion. This was evaluated in the present experiment by varying the gap between the 

support features and the features that define a steep disparity gradient. 
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3.2.1 Method  
 

Stimuli 

 

The target squares were black and their luminance measured <1 cd/m² as in 

Experiment 1. Their relative disparity was 10 minutes of arc and they were vertically 

separated by 5 minutes of arc, as measured from the centre of the squares. The support 

squares were either black (<1 cd/m², Figure 38a) or white (140 cd/m², Figure 38b). 

Since the luminance of the background was 70 cd/m², the contrast of the support squares 

was the same in both conditions. To introduce a gap between the support squares and 

the target squares, the 6 support squares above the upper target square were shifted up 

and the 6 support squares below the lower target were shifted down by the same 

amount.  Figure 38c shows the left and right eye’s views for the condition where a gap 

of 4 minutes of arc separates the support squares from the target squares. In a pilot 

experiment using black target and support squares, gaps of 1, 2, 4, 8, 16 and 24 minutes 

of arc were tested using a single observer. The results showed that the effect of the 

                                                                                                        In (a) the support squares are black 
and abut the target squares. In (b) the support squares are white and abut the target squares. In (c) the 
support squares are black and a 4 minute of arc gap separates the support squares from the target 
squares. The comparison squares are the two squares at the bottom of each image. 

Figure 38.Stereograms of some of stimuli used in Experiment 2. 
a. Left                 Right               b. Left                  Right              c. Left                   Right             
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support squares was eliminated by a gap of 4 minutes of arc so five small gaps ranging 

from 0 to 4 minutes of arc were chosen for the main experiment. Only three gap values 

were chosen for the condition where the support squares were white to reduce the length 

of the experiment. The target squares were also presented without the support squares in 

one condition. There was only one no support square condition because target square -

support square separation cannot be varied for this condition since support squares are 

lacking. The stimuli were otherwise identical to that described in Experiment 1.  

 

Procedure 

 

The procedure was the same as for Experiment 1. 

 

Observers 

 

11 undergraduates studying psychology at the University of New South Wales 

participated. Observers had little or no experience participating in studies of binocular 

vision. All were naïve to the purpose of the experiment and did not participate in 

Experiment 1. Their time was compensated with a small amount of course credit. 
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3.2.2 Results 
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The perceived relative direction of the target squares was not the same for all 

observers. The results for 7 of the 11 observers were very similar and we refer to this 

subset of observers as type 1. The perceived relative direction of the target squares was 

equal to their angular separation in one eye (the monocular prediction) for all conditions 

for 3 observers and we refer to this subset of observers as type 2. One observer 

displayed the opposite trend to the type 1 observers and is described last. The mean 

perceived relative direction of the target squares for the type 1 and type 2 observers is 

plotted separately in Figure 39 against the vertical gap between the target squares and 

the support squares. If the perceived relative direction of the target squares was 

consistent with their relative direction in one eye’s view, then the alignment settings 

would be 5 minutes of arc, as was the case for all conditions for the type 2 observers. 

For the type 1 observers, the perceived relative direction of the target squares was 

consistent with the monocular prediction when the support squares were absent (� in 

Figure 39). A value of 0 for the alignment settings would indicate that the perceived 

relative direction of the target squares was an average of their angular separation in both 

eyes (average prediction). Perceived direction was closest to the average prediction 

when the support squares were attached to the target squares and were the same colour 

as the target squares for the type 1 observers (� in Figure 39). When the support 

squares were white and hence were opposite contrast polarity to the target squares (� in 

Figure 39), the perceived relative direction of the target squares was closer to the 

monocular prediction than the average prediction. This was the case even when the 

white support squares were attached to the target squares. As the gap between the 

support squares and the target squares increased, the perceived relative direction of the 

target squares shifted towards the monocular prediction. A gap of 2 minutes of arc much 
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reduced the effect of the support squares and the difference between the white and black 

support squares. 

  

The results for the type 1 observers were analysed using a multivariate analysis 

of variance with planned orthogonal contrasts. The Decision-Wise error rate ( =0.05) 

was controlled for each of the contrasts and 95% confidence intervals were calculated 

using the procedure described by Bird (2004). The perceived relative direction of the 

target squares was closer to the average prediction when the support squares were 

attached to the target squares than when the support squares were absent (F(1,6)=77.63). 

With the support squares attached to the target squares, the perceived relative direction 

of the target was 2.5 minutes of arc closer to the average prediction when the support 

squares were the same rather than opposite contrast polarity to the target squares 

(F(1,6)=11.68). 95% confidence intervals indicate that this difference was 0.71 to 4.3 

minutes of arc. For the 1 minute of arc gap, the perceived relative direction of the target 

squares was 2.35 minutes of arc closer to the average prediction when the support 

squares were the same rather than opposite contrast polarity to the target squares 

(F(1,6)=78.59). 95% confidence intervals indicate that this difference was 1.71 to 3 

minutes of arc. The perceived relative direction of the target squares did not differ 

between the black and white support squares for the 2 minute of arc gap.  

 

The effect of contrast polarity was reversed for 1 observer. The perceived 

relative direction of the target squares was consistent with the monocular prediction 

when the support squares had the same contrast polarity as the target squares, yet was 

closer to the average prediction when the support squares had opposite contrast polarity. 

The effect of the opposite polarity support squares diminished with separation.  
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3.2.3 Discussion   
 

In Experiment 1, it was found that support features mitigate the disparity 

gradient constraint on fusion. This effect of the support features was replicated for 7 

observers in the present experiment (type 1 observers), but was not observed for 3 

observers (type 2 observers). The results of Experiment 2 show that the effect of the 

support squares (for the type 1 observers) was contingent on the separation of the 

support features from the features that define a steep disparity gradient. For a 10 minute 

of arc disparity, the effect of the support features was much reduced when a vertical gap 

of 2 minutes of arc separated the support features from the features that define a steep 

disparity gradient. Likewise, the extent that the disparity gradient constraint on fusion 

reduces the fusion limit shows a strong dependency on the separation of the features 

(Burt & Julesz, 1980). Hence, the results of Experiment 2 suggest that the effect of the 

support squares may have the same underlying basis as the disparity gradient constraint 

on fusion.  

 

This conclusion is supported by the results of varying the contrast polarity of the 

support squares. The support features mitigated the disparity gradient constraint to a 

smaller extent when they had opposite contrast polarity to the features that define the 

steep disparity gradient. Likewise, Prazdny (1985) found that the disparity gradient 

constraint on fusion was reduced when the features that defined the disparity gradient 

had opposite contrast polarity. A possible explanation of the disparity gradient 

constraint provided by Tyler (1975), Wilson et. al. (1988), Scharff (1997) and McKee 

and Verghese (2002) is reviewed in the general discussion of Experiments 1, 2 and 3 
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(see section 3.4). A possible explanation for the effect of the support squares is also 

provided in the general discussion for these experiments.  
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3.3 Experiment 3: The effect of the support features when their luminance 
differs from the target features. 

 

The perceived relative direction of a pair of features is not the average of their 

angular separation in the two eyes when the disparity gradient between the features is 

steep (see section 1.3.4). Experiment 1 and 2 showed that the perceived relative 

direction of a pair of squares (target squares) can be intermediate between their angular 

separations in the two eyes in the presence of a steep disparity gradient when other 

features with the same disparity (support squares) are proximal.  

 

In Experiment 2, it was found that this effect of the support squares was much 

reduced when the support squares were opposite contrast polarity to the target squares. 

In the condition where the support squares were opposite contrast polarity to the target 

squares, the support squares were necessarily a different luminance than the target 

squares. It is possible that this difference in luminance between the support squares and 

the target squares is responsible for the reduced effect of the support squares with 

opposite contrast polarity to the target squares. This luminance difference explanation 

predicts that the effect of the support squares will be reduced when they have a different 

luminance to the target squares even when they have the same contrast polarity as the 

target squares. This prediction was tested in the following experiment.  

 

In order for the target squares and support squares to have different luminance 

while having the same contrast polarity, it is necessary for the target squares and the 

support squares to have different values of luminance contrast. The target squares may 

have either lower or higher contrast than the support squares. The perceived direction of 

the target squares was measured for both of these conditions. In an additional set of 
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conditions, the target squares were presented with low or high contrast without the 

support squares. It was expected that the perceived relative direction of the target 

squares in the absence of the support squares would be closer to their angular separation 

in one eye (the monocular prediction) than the average of their angular separations in 

both eyes (the average prediction). Hence, the perceived relative direction of the target 

squares without support squares was measured to provide a reference against which the 

effect of the support squares could be judged.  

 

The perceived relative direction of the target squares was also measured in the 

presence of support squares with opposite contrast polarity. In this condition, the target 

squares and the support squares were presented with low contrast in order to minimise 

the luminance difference between the target squares and the support squares. In 

Experiment 2, the opposite contrast polarity support squares were always white. It is 

also possible for the support squares to be black while having opposite contrast polarity 

to white target squares. Therefore, in the opposite contrast polarity condition of 

Experiment 3, the support squares were either darker or lighter than the background 

while the target squares had the opposite contrast polarity.  

 

In Experiment 2, although the perceived direction of the target squares was 

consistent with the average prediction when the support squares were present for 7 

observers, the support squares had no effect for 3 observers (the Type 2 observers). It is 

possible that the support squares would have had an effect on the perceived direction of 

the target squares for the Type 2 observers if the disparity gradient between the targets 

squares was reduced. Therefore, smaller disparities were used in Experiment 3 than in 

Experiment 2.  
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3.3.1 Method 
 

Stimuli 

 

The stimulus was identical to that used in Experiment 1 and 2 with the following 

exceptions. The relative disparity between the target squares was either 3, 5 or 7 

minutes of arc. The support squares, when present, were always attached to the target 

squares as in Experiment 1. There were two conditions in which the support squares had 

higher contrast than the target squares. In one of these conditions, the luminance of the 

target squares was 22.8 cd/m² and the luminance of the support squares was 0.24 cd/m², 

in which case they were both darker than the background (45.9 cd/m²). In the second 

condition where the contrast of the support squares was greater than contrast of the 

target squares, the luminance of the target squares was 68.9 cd/m² and the luminance of 

the support squares was 92 cd/m², in which case they were both lighter than the 

background. These luminance values correspond to Weber contrasts of 0.5 and 1 for the 

target squares and the support squares respectively. The luminance of the target squares 

and the luminance of the support squares were switched for the two conditions in which 

the target squares had higher contrast than the support squares. The target squares were 

presented alone in four conditions with the same luminance that was used in the 

conditions with the support squares (0.24 cd/m², 22.8 cd/m², 68.9 cd/m² or 92 cd/m²). 

For the two conditions in which the support squares had opposite contrast polarity to the 

target squares, the target squares were dark grey (22.8 cd/m²) and the support squares 

were light grey (68.9 cd/m²) or the support squares were light grey and the target 

squares were dark grey.  

  



102 
 

Procedure 

 

The procedure was the same as for Experiment 1 and 2. 

 

Observers 

 

21 undergraduates studying psychology at the University of New South Wales 

participated. All were naïve to the purpose of the experiment and did not participate in 

Experiment 1 or Experiment 2. Their time was compensated with a small amount of 

course credit. 
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3.3.2 Results 
 

 

Group data are shown in Figure 40, which plots the perceived relative direction 

of the target squares against their relative disparity. The perceived relative direction of 

the target squares was similar for all conditions for the 3 and 5 minute of arc disparities, 

in which case the disparity gradient between the target squares was 0.6 and 1 

respectively. The bias of approximately 1-1.5 minutes of arc for the perceived relative 

direction of the 5 minute of arc disparity was also found in Experiment 1 in the absence 

of a steep disparity gradient between the target squares (� in Figure 37). The perceived 

relative direction of the target squares differed between conditions for the 7 minute of 
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arc disparity. For this disparity, the perceived relative direction of the target squares that 

lacked support squares was closer to the monocular prediction than the average 

prediction. This was true for both the target squares with low contrast (� in Figure 40) 

and the target squares with high contrast (� in Figure 40). The presence of low contrast 

support squares did not affect the perceived relative direction of the high contrast target 

squares (� in Figure 40). However, the presence of high contrast support squares 

shifted the perceived relative direction of the low contrast target squares closer to the 

average prediction (� in Figure 39). The support squares that had opposite contrast 

polarity to the target squares (� in Figure 40) resulted in a small shift of the perceived 

relative direction of the target squares towards the average prediction, consistent with 

the results of Experiment 2. In Experiment 2, there was no effect of support squares for 

three observers (Type 2 observers). In the present experiment, the means for 18 of the 

21 observers are in the direction consistent with an effect of the support squares. 

Possible reasons for these individual differences are discussed in the general discussion 

(see section 3.4.2). 

 

Three a priori tests were conducted for each disparity using Bonferroni adjusted 

alpha levels of 0.167 per test (0.05/3). For the 7 minute of arc disparity, the perceived 

relative direction of the low contrast target squares was significantly closer to the 

average prediction when support squares with opposite contrast polarity were present 

(F(1,20)=13.870). The perceived relative direction of the low contrast target squares was 

significantly closer to the average prediction when high contrast support squares were 

present (F(1,20)=28.629). The comparison between the high contrast target squares with 

or without low contrast support squares was not significant (F(1,20)=0.922). These three 

contrasts were not significant for the 5 or 3 minute of arc disparities.   
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3.3.3 Discussion 
 
 

The disparity gradient between the target squares was equal to 1.4 when the 

relative disparity of the target squares was 7 minutes of arc. For this disparity, the 

perceived direction of the target squares was closer to their relative direction in one eye 

than the average of their relative directions in both eyes in the absence of the support 

squares. The perceived direction of the target squares was shifted towards the average of 

their relative direction in both eyes when the support squares were present. This shift 

was small when the support squares had opposite contrast polarity to the target squares, 

which is consistent with the results of Experiment 2.  

 

When the support squares have opposite contrast polarity to the target squares, 

their luminance necessarily differs from the target squares. The luminance of the 

support squares also differed from the luminance of the target squares for the condition 

where the target squares were low contrast and the support squares were high contrast 

and for the condition where the target squares were high contrast and the support 

squares were low contrast. Due to this luminance difference, it was hypothesised that 

the support squares may have little effect on the perceived direction of the target 

squares. The results showed that the low contrast support squares had little effect on the 

perceived direction of the high contrast target squares. However, the high contrast 

support squares had a large effect on the perceived direction of the low contrast target 

squares. The difference between these two conditions suggests that the effect of the 

support squares decreases when they have lower contrast than the target squares and 

increases when they have higher contrast than the target squares.  
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With high contrast support squares, the perceived relative direction of the low 

contrast target squares differed from the average of their relative direction in the two 

eyes by approximately 1 minute of arc. The target squares appeared offset to the same 

extent in Experiment 1 when the disparity gradient between the target squares was not 

steep due to a large separation between the target squares. Therefore, the results indicate 

that the high contrast support squares overcame the disparity gradient constraint on 

fusion for the low contrast target squares. This indicates that the support squares can 

have a strong effect on the perceived direction of the target squares when their 

luminance differs from the target squares. Therefore, the results suggest that the 

difference in luminance between the support squares and the target squares when the 

support squares have opposite contrast polarity is not responsible for the diminished 

effect of the support squares in that condition.  
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3.4 General Discussion 
 

The disparity gradient constraint on fusion refers to the finding that one member 

of a pair of features will tend to appear double if the relative disparity of the features 

exceeds their angular separation (Burt and Julesz, 1980). This constraint was also 

observed in Experiment 1 and 2, except that the perceived direction of the features was 

measured rather than whether one of the features appeared double. When the disparity 

gradient between the pair of target squares was 2, the perceived relative direction of the 

target squares was closer to their angular separation in one eye than the average of their 

angular separations in both eyes. Despite this steep disparity gradient, the perceived 

relative direction of the target squares was an average of their angular separation in both 

eyes when each target square was near other squares with the same disparity, called 

support squares.  

 

When the support squares were present, the spatial arrangement of the features 

was similar to that which occurs in natural scenes at the edges of occluding surfaces. At 

occluding edges, steep disparity gradients are defined between directionally adjacent 

regions of the background and the occluding surface. However, features at such edges 

are also proximal to features further from the edge which have similar disparity because 

they are part of the same surface. Therefore, the results also indicate that features at the 

edges of surfaces can appear in a direction that is the average of their visual lines in 

both eyes despite steep disparity gradients - provided that other features on the surface 

are proximal.  
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Experiment 2 demonstrated that the effect of the support features is strongly 

contingent on their separation from the features that define a steep disparity gradient. 

The results of Experiment 2 and Experiment 3 showed that the effect of the support 

squares was reduced when they had lower contrast or opposite contrast polarity to the 

features that define a steep disparity gradient. It was argued in the discussion of 

Experiment 2 that these results suggest that the effect of the support squares may have 

the same underlying basis as the disparity gradient constraint on fusion, which shows 

the same dependency on the separation of the features and their contrast polarity. The 

explanation of the disparity gradient constraint proposed by Tyler (1975), Wilson et. al. 

(1988), Scharff (1997) and McKee and Verghese (2002) is discussed before speculating 

as to the nature of the effect of the support squares. 

 

3.4.1 The receptive field size explanation of the disparity gradient constraint on 
fusion 
 

Tyler (1975), Wilson et. al. (1988), Scharff (1997) and McKee and Verghese 

(2002) argued that the disparity gradient constraint is explained by the following two 

proposals. Firstly, disparity selective neurons are unable to encode their preferred 

disparity when features with different values of disparity fall within their receptive field. 

Secondly, the receptive field size of such neurons is proportional to their disparity 

tuning, a hypothesis known as the size-disparity correlation. According to the first 

proposal, small separations between features with different values of disparity result in 

diplopia because then both features fall within the receptive field of a neuron required to 

process the largest disparity of the two features. According to the second proposal, the 

critical separation that results in diplopia increases with the relative disparity of the 
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features because neurons with larger receptive fields are required to process larger 

disparities.  

 

Nienborg, Bridge, Parker and Cumming (2004) provide some evidence in 

support of the hypothesis that the response of disparity selective neurons is diminished 

when features with different values of disparity fall within their receptive field. They 

measured the response of neurons in area V1 of monkeys to sinusoidal variations in 

disparity across a surface. They found that neurons with larger receptive fields did not 

respond to stimuli in which the angular separation between minimum and maximum 

values of disparity was small so that a mixture of disparities fell within the cell’s 

receptive field.  

 

 Physiological studies of neurons in area V1 of monkeys support the hypothesis 

of a size-disparity correlation. Prince, Cumming and Parker (2002) found that neurons 

with a wide range of receptive field sizes responded well to small disparities. However, 

larger disparities were preferred by neurons with proportionally larger receptive fields, 

as predicted by the size-disparity correlation. Psychophysical studies also provide some 

support for the hypothesis of a size-disparity correlation. Although receptive field size 

cannot be measured in psychophysical studies, Felton, Richards and Smith (1972, 

p.361) argued that the receptive field size of disparity sensitive neurons is related to 

their spatial frequency tuning. Early work using stimuli composed of only a narrow 

range of spatial frequencies reported that a larger range of disparities could be 

discriminated (Schor & Wood, 1983) and seen single (Schor et. al. 1984) than was 

consistent with the size-disparity correlation. However, Smallman and MacLeod (1994) 

and Prince and Eagle (1999) have challenged these results because the stimuli were 
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presented with high contrast, which may not have actually limited stimulation to a 

narrow range of spatial frequencies. To avoid this problem, Smallman and MacLeod 

(1994) and Prince and Eagle (1999) presented their stimuli at contrast threshold. Both 

studies measured the contrast threshold for detecting the sign of disparity for stimuli 

composed of only a narrow range of spatial frequencies. Smallman and MacLeod 

(1994) found that contrast sensitivity peaked at a disparity inversely proportional to 

spatial frequency, as predicted by the size-disparity correlation. Yet Prince and Eagle 

(1999) found that contrast sensitivity was approximately equal for a wide range of 

disparities for each spatial frequency tested.  

 

Prince and Eagle (1999) proposed two stages of binocular processing in order to 

account for this discrepancy.  They proposed that a size-disparity correlation exists at 

one stage of binocular processing, but does not occur for another stage of binocular 

processing that is only capable of effectively processing isolated stimuli. Prince and 

Eagle (1999) argued that the isolated Gabor patches they used could be processed by the 

stage of binocular processing in which a size-disparity correlation does not exist. They 

argued that that the large patches of filtered noise used by Smallman and MacLeod 

(1994) required the stage of binocular processing that exhibits a size-disparity 

correlation. Assuming that the proposal of Prince and Eagle (1999) is correct, it seems 

likely that features that define steep disparity gradients would require the stage of 

binocular processing that exhibits a size-disparity correlation because such features are 

not isolated.  
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3.4.2 Nature of the benefit of the support squares 
 

In Experiment 2 it was found that the benefit of the support squares is much 

reduced by small gaps between the support squares and the target squares. The relative 

disparity of the target squares in that experiment was 10 minutes of arc. For dot pairs 

with a relative disparity of 10 minutes of arc, Burt and Julesz (1980) found that diplopia 

occurred for separations smaller than approximately 10 minutes of arc. In order to 

account for this result, the receptive field size explanation of the disparity gradient 

constraint proposed that fusion depends on a disparity selective neuron with a receptive 

field that subtends approximately 10 minute of arc. By contrast, Experiment 2 of the 

present study showed that the benefit of the support squares is greatly diminished by 

gaps as small as 2 minutes of arc between the support features and the features that 

define a steep disparity gradient. On that basis, it is proposed that the support features 

restore fusion when they fall within the receptive field of the same neural unit invoked 

by Tyler (1975), Wilson et. al. (1988), Scharff (1997) and McKee and Verghese (2002) 

to account for the disparity gradient constraint. In the absence of the support features, 

two features that define a steep disparity gradient will fall within the receptive field of a 

neuron tuned to the largest absolute disparity of the two features. In that case, the 

disparity of 50% of the features within the neuron’s receptive field will differ from the 

neuron’s preferred disparity. This proportion is decreased when support features also 

fall within the neuron’s receptive field. Therefore, it is possible that the effect of the 

feature that does not have the neuron’s preferred disparity on the response of the neuron 

is also diminished.   

 

The effect of support square contrast found in Experiment 3 is consistent with 

this theory if it assumed that the influence that a feature exerts on the response of a 
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disparity selective neuron is proportional to its contrast. According to the theory 

proposed in the previous paragraph, the target squares and some of the support squares 

stimulate the same disparity-tuned neuron. One of the target squares has this neuron’s 

preferred disparity, while the other target square will diminish its response because it 

has a different disparity. The support squares serve to offset this interference, since they 

have the neuron’s preferred disparity, and so affect the perceived direction of the target 

squares. In Experiment 3, the support squares failed to affect the perceived direction of 

target squares when the support squares were low contrast and the target squares were 

high contrast. Presumably, in this condition, the influence of the support squares was 

reduced because of their low contrast. Hence, the support squares did not offset the 

interference caused by the target square whose disparity differs from the neuron’s 

preferred disparity. It is possible to test this explanation by reducing the contrast of the 

target square whose disparity differs from the neuron’s preferred disparity. If the 

influence of the support squares decreases with their contrast, then the interference 

caused by this target square should likewise decrease with contrast. Hence, the theory 

predicts that low contrast support squares should affect the perceived direction of low 

contrast target squares.   

 

Although there was an effect of support squares for 7 observers in Experiment 2 

and 18 observers in Experiment 3 (Type 1 observers), the support squares did not affect 

the perceived direction of the target squares for three observers in Experiment 2 and 3 

(Type 2 observers). Using a pair of vertically separated target squares similar to that 

used in Experiments 1-3, Scharff (1997) found that the minimum angular separation of 

the squares for which the squares appeared single rather than diplopic varied between 

observers. These individual differences in the disparity gradient that yields diplopia may 
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explain why the support squares failed to influence the perceived direction of the target 

squares for some observers in Experiment 2 and 3 of the present study (Type 2 

observers). It is possible that the Type 2 observers experience diplopia for shallow 

disparity gradients than the observers that showed an effect of the support squares (Type 

1 observers). If this is the case, then the disparity gradients that were used in 

Experiment 2 and 3 may have caused more interference than the support squares were 

able to offset for the Type 2 observers.  
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4 Perceived direction at the left and right edges of a surface 

4.1 Experiment 4: Mapping the region affected by the Erkelens-bias     
 

The perceived relative direction of two fused binocular features is commonly 

found to be an average of the angular separation of the features in both eyes (reviewed 

in section 1.4.3). Erkelens et. al. (1996) and Ono et. al. (2003) found that this was not 

the case for the perceived direction of the left or right edge of an occluding surface 

relative to a binocular line on the background surface (reviewed in section 1.5.3). The 

line and the edge appeared aligned when they were more closely aligned in the eye that 

viewed the monocular region of the background next to each edge than in the other eye. 

Based on these alignment data, Erkelens et. al. (1996) argued that the perceived relative 

direction of features in the “neighborhood” of a monocular region is biased towards 

their angular separation in the eye that views the monocular region (Erkelens-bias see 

section 1.5.3). 

 

The dimensions of the “neighborhood” hypothesised by Erkelens et. al. (1996) 

have yet to be determined. Erkelens and van de Grind (1994) measured alignment to a 

binocular test line on the background surface that was horizontally separated by 48 

minutes of arc from the left or right edge of an occluding surface. They found that this 

test line appeared vertically aligned with a binocular comparison line at the same depth 

when the comparison and test lines were aligned in both eyes’ views. Interpreting this 

result is difficult because the test line and the comparison line lay at the same depth. 

The lines would appear aligned when they were aligned in both eyes views if their 

perceived direction was an average of the angular separation in both eyes or if their 
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perceived direction was determined solely by their angular separation in the eye that 

viewed the monocular region.  

 

Ono et. al. (2003), in their experiment 3, measured the perceived direction of a 

binocularly visible background line in the vicinity of a monocular region relative to a 

comparison line at the depth of the background or a comparison line at the depth of the 

occluding surface. They found that perceived alignment between the comparison line 

and the binocular background line was an average of the angular separation of the lines 

in both eyes. This suggests that the perceived direction of the binocular background line 

was not influenced by the monocular region. Ono et. al. (2003) did not report the 

horizontal location of the binocular background line, so its horizontal separation from 

the monocular region is unknown. Additionally, the background surface in experiment 3 

of Ono et. al. (2003) lacked texture except for a monocular line within the monocular 

region to the side of the occluder and two additional lines within the binocularly visible 

region of the background. The monocular region may have a stronger influence on the 

perceived direction of binocular features when the surfaces are densely textured, 

because then the features are attached to the monocular region rather than isolated from 

it. It is also unknown whether the area that is affected by the monocular region varies 

with the width of the monocular region. Therefore, the aim of Experiment 4 was to map 

the transition from alignment based solely on the position of the features in the eye that 

views the monocular region to alignment based on the position of the features in both 

eyes.  

 

This was accomplished using the stimulus shown in Figure 41. The stimulus 

consisted of two vertically separated textured panels. In each panel, a surface 
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comprising the right side of the panel occluded the right hand side of a background 

surface, which comprised the left side of the panel. A binocular line was located on the 

occluding surface of the upper panel and another binocular line was located on the 

background surface of the lower panel. The horizontal separation of the binocular lines 

from the monocular region was varied. Observers shifted the upper panel horizontally to 

vertically align the lines. Based on the results of Erkelens et. al. (1996), it was predicted 

that when both lines abutted the monocular region (target lines shown abutting the 

monocular region in Figure 41), the perceived direction of the lines would be strongly 

influenced by the monocular region so the lines would appear aligned when they were 

aligned in the eye that views the monocular region (monocular prediction). It was 

expected that the influence of the monocular region on the perceived direction of the 

lines would diminish as the horizontal separation of the lines from the monocular region 

was increased. For line-monocular region separations where the monocular region has 

no influence on the perceived direction of the lines, lines will appear vertically aligned 

when the average of their horizontal angular separation in the two eyes is zero (average 

prediction). A range of disparities was used to determine how this transition varies with 

the angular width of the monocular region.  

 

Occluding 
surface 

Background 
surface 

Monocular Region 

Figure 41. Schematic of stimuli for Experiment 4. 

Left eye Right eye 

Target lines 
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The target lines were only presented in the vicinity of a monocular region visible 

to the left eye in order to reduce the length of the experiment. An asymmetry of the 

Erkelens-bias for the left and right edges was not found by Erkelens et. al. (1996) and 

Ono et. al. (2003). It was expected that a few observers in the present experiment may 

align the target lines using the left eye, not because the monocular region was visible to 

that eye, but because of an ocular prevalence for that eye (ocular prevelance reviewed 

1.4.3, page 47). Therefore, in the first session of testing, ocular prevalence was 

measured in a control condition, in which the lower and upper panels each consisted of 

a single surface so textured monocular regions were lacking. The horizontal separation 

of the target lines from the monocular region was subsequently varied for observers that 

did not display a strong ocular prevalence for either eye.  
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4.1.1 Method  
 

Stimuli  

  

The stimulus consisted of two textured panels, which were vertically separated 

by a gap of 39 minutes of arc. The texture was randomly generated with a dot size of 2.5 

minutes of arc and a density of 30% white dots (luminance 140 cd/m2).presented on a 

black background (luminance <1 cd/m2). The panels were 3.3° high and were seen 

against a black background (luminance <1 cd/m2).  

 

In the condition with monocular regions, each panel contained two frontal plane 

surfaces lying at different depths (Figure 41). The surface on the right side of the panels 

had a crossed disparity of 9.8, 14.7 or 19.6 minutes of arc relative to the surface on the 

left-side of the panels. The left edge of the occluding surface was near the middle of the 

panel. This edge created a monocular region on the background surface which was 

visible to the left eye. For the upper panel, the occluding surface was 5° wide and the 

visible portion of the background surface was 4° wide. The widths of the surfaces in the 

bottom panel differed from those of the top panel by a randomly determined amount on 

each trial between 20 minutes of arcs. Since the widths of the panels were thus 

different, it was not possible for observers to align the lines by simply aligning the 

edges of the lower and upper panels. In the top panel, a red vertical line (luminance 24 

cd/m2) was imbedded in the occluding surface such that it abutted the occluding edge. 

In the bottom panel, a red vertical line was imbedded in the background surface abutting 

the left edge of the monocular region. Both lines were 2.5 minutes of arc wide and 2° 

high. The horizontal separation of the lines from the monocular region was varied in the 
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second session of testing. The separation of the line on the background surface from the 

left edge of the monocular region always matched the separation of the line on the 

occluder from the right edge of the monocular region.  

 

In the condition that lacked monocular regions, the upper and lower panels each 

contained only one surface. The disparity of the lower panel relative to the upper panel 

was the same as the disparities used in the condition where a monocular region was 

present. The lines were imbedded in the centre of each panel. The upper panel was 

8.33° wide. The widths of the bottom panel differed from the top panel by a randomly 

determined amount on each trial between 20 minutes of arc 

 

Procedure 

 

In the first session of testing, there were three disparities (9.8, 14.7 and 19.6) and 

two configurations (with and without monocular regions), which were presented five 

times in a random order. Observers were instructed to move the upper panel 

horizontally using the arrow keys so that the line in the bottom panel appeared vertically 

aligned with the line in the top panel. A trial ended when the observer signalled that the 

lines appeared vertically aligned by pressing another key. The first observer (CN) was 

also tested using a disparity of 24 minutes of arc. Subsequent observers were not tested 

with this disparity because CN reported that diplopia sometimes occurred for that 

disparity. Prior to the main experiment, observers were familiarised with the task prior 

to testing with 5 practice trials with monocular regions. At the end of the practice block, 

observers were asked which side of the panels appeared closer, which all observers 

reported correctly. 
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Observers 

 

15 observers from the University of New South Wales community participated. 

All were inexperienced with experiments studying binocular vision and were naïve of 

the motivation for the experiment and the expected results.  
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4.1.2 Results 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                             Error bars are standard errors. 
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Figure 42. Results of Experiment 4. 
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The results are shown in Figure 42 for each observer because alignment differed 

between observers. The graphs in Figure 42 plot the mean of the alignment settings 

against disparity. The alignment settings are the average of the horizontal angular 

separation of the upper and lower lines in the two eyes. Hence, an alignment setting of 

zero is the average prediction and indicates that both eyes contributed equally to the 

perceived direction of the foreground target relative to the background line. As 

predicted, the lines were aligned in this way in the condition that lacked monocular 

regions (� in Figure 42) for all observers except JK. Hence, the results for this control 

condition indicate that all observers except JK did not have a strong ocular prevalence 

for either eye. For JK, the lines appeared aligned when they were actually aligned in the 

right eye, which is consistent with a strong ocular prevalence for the right eye.  

 

For the condition where each line abutted a monocular region (� in Figure 42), 

the lines were expected to appear aligned when they were aligned in the eye that viewed 

the monocular region. This is the monocular prediction and is shown by the diagonal 

line in each graph. Perceived alignment for this condition varied between observers. A 

t-test was conducted on the alignment settings for each observer to determine whether 

the settings for the control condition differed from the settings for the condition where 

the lines were next to a monocular region (Table 1). This analysis revealed that 

perceived alignment for five of the observers did not differ depending on whether the 

lines were presented in the centre of the surfaces or next to a monocular region. For nine 

observers, perceived alignment differed between the two conditions. For eight of these 

observers, perceived alignment when the lines were next to a monocular region was 

biased towards the position of the lines in the eye that viewed the monocular region 

(Erkelens-bias), but one observer had the opposite bias.  
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Collapsing across the three disparities, if perceived alignment in the control 

condition was equal to the average prediction, while alignment for the conditions where 

the lines were next to a monocular region was equal to the monocular prediction, then 

the difference between the alignment settings in these two conditions would be 

approximately 7.35 minutes of arc. The 95% confidence intervals include this value for 

observer AB and indicate that the effect of the monocular region for observer BN was 

also large.  

 

These two observers returned for the second session of testing in which the 

separation of the lines from the monocular region was varied. The results are shown in 

Figure 43, which plots the alignment settings against the horizontal separation between 

the lines and the monocular region. The black circles are the mean of the alignment 

settings for the conditions where disparity was 19.6 minutes of arc. The black horizontal 

Observer t Difference 
95% C .I.s 
Lower           Upper 

TR -8.8 -4.9 -3.8 -6.1 
DR -1.5 -0.5 -1.2 0.2 
RL -0.5 -0.4 -1.6 0.9 
QN 0.2 0.1 -1.2 1.4 
CN 0.4 0.4 -1.5 2.3 
TF 2.0 0.9 0.0 1.9 
FH 2.3 0.9 0.1 1.8 
EC 3.1 1.8 0.7 3.0 
AS 2.8 1.9 0.5 3.3 
WI 3.8 2.5 1.2 3.9 
XS 5.6 2.8 1.8 3.8 
KO 7.2 3.2 2.3 4.1 
BN 5.5 4.8 3.0 6.5 
AB 9.5 6.5 5.1 7.8 

 
Table 1. Tests of the differences between the experimental and control conditions. Significant differences 
are shown in bold.  
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line shows the monocular prediction for the 19.6 minute of arc disparity. The grey 

circles in the graph for observer BN are the mean of the settings for the 14.7 minute of 

arc disparity and the grey line shows the monocular prediction for this disparity. For a 

gap of 15 minutes of arc, the alignment settings were closer to the monocular prediction 

than the average prediction (zero). The alignment settings tended toward the average 

prediction as the separation between the lines and the monocular region increased. For 

observer BN, perceived alignment approximated the average prediction with a 30 

minute of arc gap when the monocular region was 14.7 minutes of arc wide. However, 

with the same 30 minute of arc gap, alignment for the larger 19.6 minute of arc disparity 

was midway between the monocular prediction and the average prediction.  

 

 

 

 

                                                                                               Alignment settings for the 20 minute of arc 
disparity � and the � 15 minute of arc disparity. The black horizontal line shows the monocular 
prediction for the 20 minute of arc disparity and the grey horizontal line shows the same prediction for 
the 15 minute of arc disparity.  Error bars are standard errors.  
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Figure 43. Results of the second session of Experiment 4. 
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4.1.3 Discussion 
 

Erkelens et. al. (1996) and Ono et. al. (2003) found that vertical alignment 

between the left and right edge of an occluding surface and a line on the background 

surface was based principally on the position of the line and the edge in the eye that 

viewed the monocular region next to the edge. In the present study, the perceived 

relative direction of a pair of lines located next to a monocular region was biased 

towards their angular separation in the eye that viewed the monocular region for eight of 

fifteen observers (Erkelens-bias).  A large Erkelens-bias occurred for two observers (AB 

and BN).  The horizontal separation of the target lines from the monocular region was 

varied for these two observers using a monocular region with an angular width of 

twenty minutes of arc. A large bias towards the eye that viewed the monocular region 

also occurred for both observers with a fifteen minute of arc separation between the 

lines and the monocular region. This Erkelens-bias decreased as the separation between 

the lines and the monocular region was increased. For the 20 minute of arc disparity, a 

30 minute of arc gap between the edge of the monocular region and the target lines 

halved the Erkelens-bias for both observers.  

 

For one observer (BN), a large Erkelens-bias was observed with a disparity of 

fifteen minutes of arc, so the separation of the lines from the monocular region was also 

varied for this disparity for this observer. With a gap of thirty minutes of arc, the 

Erkelens-bias for the fifteen minute of arc disparity was almost eliminated, whereas the 

Erkelens-bias persisted for the same gap for the twenty minute of arc disparity. This 

provides some evidence that there is a relationship between the width of a monocular 

region and the size of the surrounding area affected by the Erkelens-bias. However, 
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further testing is needed, as it was only possible to compare the Erkelens-bias as a 

function of separation for different values of disparity for one observer because small 

Erkelens-biases were generally found in the present study. The magnitude of the 

Erkelens-biases in the present experiment, as compared to those reported by Erkelens et. 

al. (1996) and Ono et. al. (2003), are discussed in the introduction to Experiment 5. 
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4.2 Experiment 5: Perceived direction of the left and right edges of a surface and 
features abutting those edges.  

 
 

It is commonly found (reviewed in section 1.4.3) that the perceived relative 

direction of two fused binocular features is an average of their angular separation in 

both eyes. Erkelens et. al. (1996) and Ono et. al. (2003) found that the perceived 

direction of the left or right edge of an occluding relative to a binocular line on the 

background surface is biased towards their angular separation in the eye that viewed the 

monocular region next to the edge (Erkelens-bias). However, the magnitude of the 

Erkelens-bias differed between the two studies. Erkelens et. al. (1996) reported that the 

line and the edge appeared aligned when the line was physically aligned with the edge 

in the eye that viewed the monocular region next to the edge (monocular prediction). 

Ono et. al. (2003) reported an Erkelens-bias that fell short of the monocular prediction 

(the magnitude of the Erkelens-bias was also compared between the Erkelens et. al. 

(1996) and Ono et. al. (2003) in section 1.5.3).  

 

In Experiment 4 of the present study, perceived alignment was measured 

between a binocular line on a background surface and another binocular line on an 

occluding surface. Both lines abutted one side of a monocular region visible to the left 

eye and thus the Erkelens-bias was expected. The Erkelens-bias was found for eight of 

fourteen observers. Of these eight observers, the Erkelens-bias only approximated the 

monocular prediction for two observers. Hence, the Erkelens-bias in Experiment 4 of 

the present study was smaller than that found by Erkelens et. al. (1996). 
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It is possible that the Erkelens-bias in Experiment 4 of the present study was 

also smaller than that observed by Ono et. al. (2003). The results of Experiment 4 may 

be compared to the results of Ono et. al. (2003) by calculating a weighting factor for the 

eye that viewed the monocular region. A weighting factor of 100% would indicate that 

the alignment targets appeared aligned when they were aligned in the eye that viewed 

the monocular region, as was found in the Erkelens et. al. (1996) study. Hence, a 

weighting factor of 100% corresponds to the monocular prediction. A weighting factor 

of 50% for each eye would indicate that both eyes contributed equally to perceived 

alignment as is generally found in the absence of monocular regions for small 

disparities (e.g. Ono et. al. 1977; Kommerell et. al. 2003; and the control condition of 

Experiment 4). Hence, a weighting factor of 50% corresponds to the average prediction. 

Ono et. al. (2003) reported that perceived alignment to the edge of the occluder was 

shifted 3.93 minutes of arc towards the monocular prediction relative to the average 

prediction. This shift was converted to a weighting factor by first determining the 

difference between the monocular predictions, or in other words, the difference between 

alignment of the targets using solely the eye that viewed the monocular region, and 

alignment using the solely other eye, which was 11 minutes of arc. Then the difference 

between alignment using solely the eye that does not view the monocular region and the 

obtained alignment setting was calculated, which was 5.5+3.93=9.43. This was then 

divided by the difference between the monocular predictions to give the weighting 

factor for the eye that viewed the monocular region 9.32/11 = 0.857 = 85.7%.  Using 

this method, the results of Experiment 4 were converted to weighting factors and are 

shown in Table 2 below. The 95% confidence intervals reported by Ono et. al. (2003) 

for their experiment 3 correspond to a weighting factor between 79.9% and 91.45%, 
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which only overlaps the confidence intervals for the weighting factor for two observers 

in Experiment 4 of the present study (observers AB and BN). 

  

The pattern of differences between the stimuli and procedure of Erkelens et. al. 

(1996), Ono et. al. (2003) and Experiment 4 of the present study can be used to identify 

parameters that may influence the magnitude of the Erkelens-bias. Erkelens et. al. 

(1996) and Ono et. al. (2003) aligned the background line with the edge of the occluder. 

However, in Experiment 4 of the present study, observers aligned a line on the 

background surface with a line on the occluder abutting the edge. The results of 

Experiment 4 indicated that the magnitude of the Erkelens-bias decreased with the 

separation of the lines from the monocular region. Hence, it is possible that the 

Erkelens-bias in Experiment 4 tended to be smaller than the Erkelens-biases in the 

Erkelens et. al. (1996) and Ono et. al. (2003) studies because alignment was not to the 

edge of the occluder. Therefore, in Experiment 5 observers aligned a line on the 

background surface with the edge of the foreground surface instead of with a line on the 

foreground surface.  

Observer t 
Weighting  
Factor 

95% Confidence 
Intervals 

TR -8.8 17 9 24 
DR -1.5 47 42 51 
RL -0.5 47 39 56 
QN 0.2 51 42 60 
CN 0.4 53 40 66 
TF 2.0 56 50 63 
FH 2.3 56 51 62 
EC 3.1 62 55 70 
AS 2.8 63 53 72 
WI 3.8 67 58 77 
XS 5.6 69 62 76 
KO 7.2 72 66 78 
BN 5.5 83 70 94 
AB 9.5 94 85 103 

 
Table 2. Weighting factor for the eye that viewed the monocular region for Experiment 4. Significant 
differences from the average prediction are shown in bold.  
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The occluding surface in Experiment 4 of the present study was the same height 

as the background surface that it occluded. The area of the background surface and the 

occluding surface were approximately equal in Experiment 4. This differs from the 

stimuli used by Erkelens et. al. (1996) and Ono et. al. (2003). They used a single 

occluding surface that was centrally located within a larger background surface. 

Therefore, in Experiment 5, a single occluding surface was used that occluded the 

central region of a much larger background surface. Pilot data indicated that an 

Erkelens-bias occurred for all observers under these conditions. Therefore, the main 

experiment included conditions in which the background line was aligned with a line on 

the foreground surface at a range of horizontal separations from the edge. This would 

determine whether aligning the background line directly with the edge yields larger 

Erkelens-biases than alignment to a line abutting that edge.  
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4.2.1 Method  
 

Stimuli  

 

Figure 44 shows one of the stimuli. A surface (1.6° square) occluded the central region 

of a large background surface (8.4° high and 13° wide). The background was a random 

dot surface composed of 75% light dots (105 cd/m²) and 25% dark dots (35 cd/m²). The 

proportion of light to dark dots was reversed for the texture on the occluder. Dot size 

was 2 minutes of arc. Disparity was manipulated by shifting the occluder left in the 

right eye by half the disparity and shifting the occluder in the opposite direction in the 

other eye by the same amount. The square had a crossed disparity of 6, 8 or 10 minutes 

of arc relative to the background.  

 

A black line, 2 minutes of arc wide, was imbedded in the background surface 

and extended the full height of the background. This line could be moved horizontally 

by the observer. A vertical gap of 2.5° in the middle of the line prevented it from 

entering the occluded region of the background. 

 

A black line, 2 x 48 minutes of arc, was imbedded in the occluding surface next 

to the left or right edge, except on trials where alignment was to the left or right edge. 

Figure 44. Stimuli used in Experiment 5. 

                       LE                                                     RE                                                      LE 
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The line, when present, abutted the edge or was horizontally separated from the edge by 

a gap of 2.5, 4, or 9 minutes of arc.  

 

Procedure 

 

At the beginning of each trial, the background line was offset by 18.6 minutes of 

arc to the left or right relative to the foreground target. There were three disparities (6, 8 

or 10 minutes of arc), two starting locations for the background line and four gaps 

between the foreground target and the left or right edge of the occluder (9, 4, 2.5 

minutes of arc, abutting the edge or alignment to the edge itself). Each combination of 

these conditions was presented five times in a random order. Observers were instructed 

to align the background line with the line on the occluding surface. For conditions 

where the line on the occluding surface was lacking, observers were instructed to align 

the line with the edge of the occluding surface. Data from each observer was collected 

in two one hour sessions, which were completed on separate days. 

 

Observers 

 

Six students from the University of New South Wales participated.  All were 

naïve of the aim of the experiment and the predicted results and had not participated in 

any of the previous experiments. 
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4.2.2 Results 

Figure 45. Results of Experiment 5.                                       
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Group data are presented in Figure 45, which plots the alignment settings against 

the horizontal separation of the foreground target from the occluding edge. The zero 

separation is the condition in which alignment was to the occluding edge and the 1 

minute of arc separation is the condition in which alignment was to a line abutting that 

edge. The alignment settings are the average of the horizontal angular separation of the 

background line and the foreground target in the two eyes. Hence, an alignment setting 

of zero is the average prediction and indicates that both eyes contributed equally to the 

perceived direction of the foreground target relative to the background line. Alignment 

with the left edge (� in Figure 45) and alignment with the right edge (� in Figure 45) 

was biased to the right and left of the average prediction respectively by approximately 

4 minutes of arc. These biases are in the expected direction (Erkelens-bias) for each 

edge, which are shown in Figure 45 for each disparity by small arrows. A smaller 

Erkelens-bias occurred for alignment with the foreground line abutting the edge of the 

occluder (1 minute of arc separation). The Erkelens-bias decreased with the separation 

of the foreground line from the edge of the occluder. The Erkelens-bias was all but 

eliminated by a 9 minute of arc gap between the foreground line and the occluding edge, 

which corresponds to the 10 arcmin separation in Figure 45. The magnitude of the 

Erkelens-bias did not differ between the 6, 8 and 10 minute of arc disparities (upper, 

middle and lower graphs of Figure 45 respectively).     

 

The results were analysed using a two-way multivariate analysis of variance. 

Planned orthogonal contrasts tested for main effects of side, separation, linear and 

quadratic trend for disparity and their interaction. The Decision-Wise error rate 

( =0.05) was controlled for each of the contrasts and 95% confidence intervals were 

calculated using the procedure described by Bird (2004). The sign of the alignment 
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settings for the left side was reversed so that the expected direction of the Erkelens-bias 

was the same for the left and right edge. The main effect comparing alignment to the 

edge and alignment to a line abutting the edge was significant (F(1,5)= 9.856). The 95% 

confidence intervals indicate that the Erkelens-bias was 0.158-1.585 minutes of arc 

larger for alignment to the occluding edge than a line abutting that edge. The main 

effect comparing the 2.5 arcmin gap to the smaller separations was significant (F(1,5)= 

45.105). The main effect comparing the 5 arcmin gap to the smaller separations was 

significant (F(1,5)= 34.105). The main effect comparing the 9 arcmin gap to the smaller 

separations was significant (F(1,5)= 59.732). The main effect of side (F(1,5)=0.735), linear 

trend for disparity (F(1,5)=5.356) and quadratic trend for disparity (F(1,5)=0.368) were not 

significant. The interaction between side and linear trend was significant (F(1,5)=15.726).  

This interaction indicates that although the Erkelens-bias for the left and right side were 

similar for the 6 minute of arc disparity, for the 10 minute of arc disparity the Erkelens-

bias was larger for the right side than the left side.  
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4.2.3 Discussion 
 

Ono et. al. (2003) and Erkelens et. al. (1996) found that perceived alignment 

between a binocular background line and the left or right edge of an occluding surface 

was biased toward the relative direction of the line and the edge in the eye that views 

the monocular region next to the edge (Erkelens-bias). In the present study, the 

magnitude of the Erkelens-bias decreased with the horizontal separation of the line from 

the edge and was eliminated by a separation of 10 minutes of arc. This indicates that for 

disparities of 10 minutes of arc or less between the occluding and background surfaces, 

the Erkelens-bias does not extend beyond 10 minutes of arc from the edge of the 

occluding surface.  

 

The Erkelens-bias was not observed for six of fourteen observers in the previous 

experiment (Experiment 4) in which alignment was to a line abutting the edge instead of 

to the edge. The present study showed that the Erkelens-bias for alignment to a line 

abutting the edge was 1 minute of arc smaller than the Erkelens-bias for alignment to 

the edge. Hence, this difference between Experiment 4 and the Ono et. al. (2003) and 

Erkelens et. al. (1996) studies does not account for the absence of the Erkelens-bias for 

six of the observers in Experiment 4.  

 

The Erkelens-bias in the present experiment was not proportional to the disparity 

between the occluding and background surfaces. This differs from the results of 

Erkelens et. al. (1996), who measured the Erkelens-bias for a wide range of disparities 

and found that the magnitude of the Erkelens-bias was equal to half the relative 

disparity between the occluder and the background. That the Erkelens-bias in the 
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Erkelens et. al. (1996) study increased with disparity ruled out the possibility that the 

Erkelens-bias was simply due to a response bias towards the centre of the occluder. 

Since, the Erkelens-bias in the present study did not increase with disparity, it is 

possible that the biases in the present experiment were due to a response bias towards 

the centre of the surface rather than the phenomenon reported by Erkelens et. al. (1996). 

Therefore, in the following experiment, a larger range of disparities was tested to better 

evaluate the Erkelens-bias as a function of disparity and several control conditions were 

included in order to test whether the Erkelens-bias found in the present experiment was 

due to the presence of a monocular region of the background next to the left and right 

edges of the occluding surface. 

 



138 
 

4.3 Experiment 6: The stimulus conditions for the Erkelens-bias  
 

 

In Experiment 5, perceived alignment between a background line and the left or 

right edge of an occluding surface was biased towards the centre of the occluding 

surface relative to alignment based on the average of the relative directions of the line 

and the edge in both eyes. The direction of these biases is consistent with the proposal 

of Erkelens et. al. (1996) that the perceived direction of features in the neighbourhood 

of a monocular region is biased towards the eye that views the monocular region 

(Erkelens-bias see section 1.5.3). However, the magnitude of the Erkelens-biases in 

Experiment 5 did not increase with the relative disparity of the surfaces and hence did 

not increase with the width of the monocular region. Therefore, it is possible that the 

Erkelens-bias observed in Experiment 5 was not due to the presence of a monocular 

region next to the left and right edges of the occluding surface. The results may instead 

be due to an Erkelens-bias to respond in the direction of the centre of the square. This 

possibility was evaluated in Experiment 6 by measuring alignment to the edges of a 

square when monocular regions were either present next to the edge or lacking. If the 

Erkelens-bias in Experiment 6 was due to the presence of a monocular region next to 

the left and right edge of the square, then the Erkelens-bias will not occur when 

monocular regions are eliminated. Monocular regions were eliminated in two ways 

which are discussed below.    

 

Monocular regions were present in the textured condition, which was similar to 

the stimulus used in Experiment 6. A wider range of disparities was tested than in 

Experiment 5, in order to better evaluate the effect of disparity on the magnitude of the 

Erkelens-bias. The disparities between the background surface and the occluding 
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surface varied between 4 and 12 minutes of arc, which lie within the fusion limit for 

small lines (reviewed section 1.3; Panum, 1858; Mitchell, 1966).  

 

Textured monocular regions were lacking in the outline condition, in which only 

the background line and an outline of the occluding surface were visible because the 

texture on the surfaces was eliminated (Figure 46). If the Erkelens-bias in the textured 

condition were due to the presence of textured monocular regions, then the Erkelens-

bias would not occur in the outline condition, since textured monocular regions were 

lacking. On the other hand, if the Erkelens-bias also occurred in the outline condition, 

then this would indicate that the Erkelens-bias was not due to the presence of textured 

monocular regions.  

 

Although textured monocular regions were lacking in the outline condition, one 

could argue that monocular regions were present nevertheless. The basis for this 

argument is that the left eye always views more of the background to the left of an 

occluding surface than the right eye and the right eye always views more of the 

background than the right eye to the right of an occluding surface.  Therefore, in the 

outline condition, the visual system may respond to the untextured region to the left of 

the outline of the square in the left eye’s image as a monocular region visible to the left 

eye, on the basis that the outline of the square specifies the boundaries of an occluding 

surface. Likewise, the visual system may respond to the untextured region to the right of 

the outline of the square in the right eye’s image as a monocular region visible to the 

right eye, on the basis that the outline of the square is an occluding surface and a 

monocular region is always visible to the right eye to the right of an occluding surface.  
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This possibility was tested in an additional set of conditions, in which the outline 

of the square in the central region of the stimulus was presented farther in depth than the 

comparison line (cross fusion of the middle and left images of the second row of Figure 

46). It seems unlikely that the untextured regions to the left and right of the outline of 

the square would be interpreted as monocular regions in these outline behind conditions, 

because the outline of the square is the farthest feature in the stimulus, which is 

inconsistent with it being an occluding surface. Therefore, comparing perceived 

alignment for the crossed and uncrossed versions of the outline condition compares 

perceived alignment with and without a foreground surface. i 

 

In the single edge condition (Figure 46), a single edge of the occluder was 

retained and the observer aligned the comparison line with this edge. The Erkelens-bias 

was expected to be much reduced for this condition since textured monocular regions 

were lacking and a foreground surface is not well specified by a single edge.  
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4.3.1 Method  
 
Stimuli 

The textured condition (top stereogram of Figure 46), was identical to that 

described in Experiment 5 except that in the centre of the square was a black cross, 

which subtended 15 minutes of arc and had the same disparity as the square.  

 

  In the outline condition, the surfaces lacked texture and consequently, no 

feature was visible to one eye that was not also visible to the other eye (middle 

stereogram of Figure 46). A black line, 2 minutes of arc wide, made the borders of the 

square visible. The luminance of the background was 70.4 cd/m².  

                      Right Eye                                          Left Eye                                           Right Eye                  
 
                                                                                                               The first row shows the textured-
condition. The second row shows the outline-condition. The third row shows the single-edge condition. 
Figure 46. Stereograms of the three configurations in Experiment 6. 
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In the single edge condition, the outline of the square was reduced to either the 

left or right edge (bottom stereogram of Figure 46).  

 

Procedure 

 

The square was presented with disparities of 4, 8 or 12 minutes of arc relative to 

the surround, which contained the binocular line that observers moved horizontally. For 

the outline condition, the central cross and the outline of the square were also presented 

farther in depth than the comparison line with the disparities (4, 8 or 12 minutes of arc). 

Likewise, the central cross and the edge in the single-edge condition were also 

presented farther in depth than the comparison line. At the beginning of a trial, the 

binocular line in the surround was presented near either the left or the right edge of the 

square. Observers were instructed to shift this line horizontally using the arrow keys in 

order to vertically align it with the edge of the square. The starting location of the lines 

was 24 minutes of arc to the left or right of the edge. Observers found it difficult to 

fixate the cross in the centre of the square while aligning the line with the edge, so 

observers were instructed to ignore the cross. Each combination of stimulus 

configuration, disparity, side, and starting position were presented 5 times in a random 

order.  

 

Observers 

 

7 observers from the University of New South Wales participated. All were 

inexperienced with experiments on binocular vision and were naive of the expected 

results.  
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4.3.2 Results  
 

The results for the textured condition are described first and then the results for 

the outline and single edge condition are described.  

 

Textured condition 

 

 

The group data for the textured condition are shown in Figure 47, which plots 

the alignment settings against disparity. The alignment settings are the average of the 

horizontal angular separation of the background line and the foreground target in the 

two eyes. Hence, an alignment setting of zero is the average prediction and indicates 

that both eyes contributed equally to the perceived direction of the foreground target 

relative to the background line.  When the surfaces were textured, there was a leftwards 

                                                                                                            The horizontal location of the 
comparison line when it appeared vertically aligned with either the left or right edge is plotted as a 
function of the disparity between the background and the occluder. N=7. 

Figure 47. Group data for the textured condition in Experiment 6. 
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bias for alignment with the left edge (� in Figure 47) and a rightwards bias for 

alignment with the right edge (� in Figure 47). The magnitude of the bias was 

approximately four minutes of arc for the left edge and approximately 4-6 minutes of 

arc for the right edge. These biases lie in the same direction as the monocular prediction 

for each edge, which is shown in Figure 47 by the diagonal dotted lines and are in the 

expected direction for the Erkelens-bias. Perceived alignment was not well predicted by 

the position of the line and the edge in the left eye for alignment with the left edge 

shown by the dotted diagonal line with positive slope (monocular prediction for the left 

edge). Likewise, the monocular prediction for the right edge shown by the dotted 

diagonal line with negative slope predicts the direction of the bias for the right edge but 

does not accurately predict its magnitude, which increased by a smaller amount than 

expected across the 4, 8 and 12 minute of arc disparities (see below).  

 

The extent to which the Erkelens-bias increased with disparity in the textured 

condition was analysed using a two-way multivariate analysis of variance testing for 

main effects of side, linear and quadratic trend for disparity and their interaction. The 

Decision-Wise error rate ( =0.05) was controlled for each of the contrasts. The sign of 

the alignment settings for the left side was reversed so that the expected direction of the 

Erkelens-bias was the same for the left and right edge. The main effect of linear trend 

was significant (F(1,6)=31.869) and the main effect of quadratic trend was not significant 

(F(1,6)=1). The 95% confidence for the linear trend contrast was calculated using the 

procedure described by Bird (2004). The Erkelens-bias was 0.743-1.88 minutes of arc 

larger for the 12 minute of arc disparity than the four minute of arc disparity. This is 

less than half of the effect of disparity reported by Erkelens et. al. (1996), because if 

alignment were based solely on the directions in the eye that viewed the monocular 
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region, then the Erkelens-bias for the 12 minute of arc disparity would be 4 minutes of 

arc larger than the Erkelens-bias for the 4 minute of arc disparity. The main effect of 

side was significant (F(1,6)=10.949), which indicates that the Erkelens-bias was larger for 

the right edge than the left edge.  
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Outline and single-edge conditions 

 

The group data for the conditions where the texture on the surfaces was 

eliminated are shown in Figure 48. The results for these conditions depended on 

whether the comparison line was closer than the central region containing either the 

outline or the single edge (left graph of Figure 48) or farther in depth than the central 

region (right graph of Figure 48). Perceived alignment in the outline condition (� and 

�) was similar to perceived alignment in the single edge condition (� and �) when 

the comparison line was closer than the outline or the edge (left graph of Figure 48). For 

these conditions (left graph of Figure 48), perceived alignment was biased to the left of 

the average of the relative directions of the comparison line and the edge in both eyes by 

approximately 2 minutes of arc. However, when the outline was closer than the 
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                                                                                                                                  The location of the 
comparison line in which it appeared vertically aligned with the edge is plotted as a function of the 
disparity between the line and the edge. Data points show: alignment in the outline condition for the 
right edge � and for the left edge �; alignment in the single-edge condition for the right edge � and 
the left edge �.  N=7. 

Figure 48. Group data for the outline and single edge condition of Experiment 6.  
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comparison line (right graph of Figure 48), alignment was biased leftwards for 

alignment with the right edge and rightwards for alignment to the left edge and is in the 

expected direction for the Erkelens-bias. The magnitude of the Erkelens-bias was 

approximately 3 minutes of arc for alignment with the left edge of the outline and 

approximately 4 minutes of arc for alignment with the right edge of the outline. The 

same bias occurred for the single edge condition but was approximately two minutes of 

arc smaller in magnitude than the bias for the outline condition.  

 

 

The results were analysed using a two-way multivariate analysis of variance 

using planned orthogonal contrasts and the Decision-Wise error rate ( =0.05) was 

controlled. The sign of the alignment settings for the left edge was reversed so that the 

expected direction of the Erkelens-bias was the same for the left and right edge. Planned 

orthogonal contrasts tested for main effects of side, and linear and quadratic trend for 

disparity magnitude. The main effect of centre closer or farther than the comparison line 

was tested and the main effect comparing the single edge condition to the outline 

condition was tested. The main effect of centre closer or farther than the comparison 

line was significant (F(1,6)=67.937). The main effect comparing the single edge 

condition to the outline condition was significant (F(1,6)=10.647). The main effect of 

side was significant (F(1,6)=13.612), which indicates that the Erkelens-bias was larger for 

alignment to the right edge than the left edge. The main effects of linear (F(1,6)=1.794) 

and quadratic trend (F(1,6)=0.938) were not significant. However, the interaction 

between linear trend and sign of disparity was significant (F(1,6)=19.155), which 

indicates that the Erkelens-bias increased with disparity when the comparison line was 

farther in depth the central region. The interaction between sign of disparity and 



148 
 

configuration was significant (F(1,6)=79.07), which indicates that the Erkelens-bias that 

occurred when the central region was closer than the comparison line was larger for the 

outline condition than the single-edge condition. A significant triple interaction 

indicated that the Erkelens-bias increased with disparity when the central region was 

closer than the comparison line to a greater extent for the outline condition than the 

single edge condition (F(1,6)=9.720). The other significant interactions reported below 

indicate that these effects of the sign of disparity, linear trend and configuration were 

larger for alignment to the right edge than alignment to the left edge. The interaction 

between side and configuration was significant (F(1,6)=39.774). The interaction between 

side and sign of disparity was significant (F(1,6)=46.274). The triple interaction between 

side, sign of disparity and configuration was significant (F(1,6)=8.076). The triple 

interaction between side, linear trend and sign of disparity was significant 

(F(1,6)=24.470).  
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4.3.3 Discussion 
 

 

The perceived relative direction of a pair of features can be an average of their 

angular separation in the two eyes (Ono et. al. 1977; Sheedy & Fry, 1979, see section 

1.4.3). However, in the present experiment, a binocular line on the background surface 

did not appear aligned with the left or right edge of the occluding surface when the 

average of the position of the edge in the two eyes was vertically aligned with the 

average of the position of the line in the two eyes. Relative to this average prediction, a 

leftwards bias occurred for alignment with the right edge and a rightwards bias occurred 

for alignment with the left edge, which is consistent with the Erkelens-bias reported by 

Erkelens et. al. (1996) and Ono et. al. (2003). The first aim of the present experiment 

was to evaluate the extent to which the Erkelens-bias increased with the disparity 

between the background and occluding surfaces. Erkelens et. al. (1996) found that the 

Erkelens-bias increased with disparity, whereas this was not observed in Experiment 5. 

In the present experiment, a larger range of disparities was used than in Experiment 5 

and a relationship between the magnitude of disparity and the magnitude of the 

Erkelens-bias was found. However, the effect of disparity on the Erkelens-bias was only 

half as large as that which Erkelens et. al. (1996) found. Possible reasons for this 

discrepancy are discussed in the introduction to Experiment 7. 

 

The second aim of the present experiment was to explore the stimulus conditions 

responsible for the Erkelens-bias. Textured monocular regions were lacking in the 

outline condition, yet the Erkelens-bias occurred provided that the outline was closer in 

depth than the comparison line. This is at odds with the claim made by Erkelens and van 

de Grind (1994), that Ono et. al. (1977) found that the perceived relative direction of a 
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pair of fused binocular features was an average of their angular separation in the two 

eyes rather than biased towards one eye because Ono et. al. (1977) used stimuli which 

were “all unstructured at the places where they were partly occluded by the foreground” 

(Erkelens & van de Grind, 1994, p.2964).  

 

Since the Erkelens-bias does not depend on the presence of textured monocular 

regions, what then are the stimulus conditions for the Erkelens-bias? Although textured 

monocular regions were lacking in the outline condition, the stimulus specified the 

boundaries of a surface. The Erkelens-bias may depend on the presence of surface 

boundaries because the left eye always views a monocular region to the left of a surface 

and the right eye always views a monocular region to the right of a surface. Therefore, 

in the outline condition, the visual system may have responded to the untextured region 

to the left of the outline in the left eye’s image as a monocular region visible to the left 

eye, on the basis that the outline of the square specified the boundaries of an occluding 

surface. Likewise, the visual system may have responded to the untextured region to the 

right of the outline of the square in the right eye’s image as a monocular region visible 

to the right eye, on the basis that the outline of the square was an occluding surface and 

a monocular region is always visible to the right eye to the right of an occluding surface.  

 

The difference in perceived alignment between the conditions where the outline 

was closer or farther in depth than the comparison line supports this theory. When the 

outline was closer than the line, a large Erkelens bias occurred for the left and right edge 

of the square. However, when the outline was farther in depth than the comparison line, 

perceived alignment was similar for alignment to the left and right edge of the outline 

(there was no Erkelens-bias). In these outline behind conditions, disparity specified that 



151 
 

the outline was the farthest feature in the stimulus and only the comparison line lay in 

the foreground. Therefore, it is possible that the Erkelens-bias did not occur when the 

outline was farther in depth than the line because then the outline of the square was 

responded to as texture on the background surface rather than as the edges of a 

foreground surface.  

 

The results of an experiment reported by Erkelens and van Ee (2007) after these 

data were collected also address the issue of the stimulus conditions for the Erkelens-

bias. A schematic of their stimuli is shown in Figure 49. The dotted outline indicates the 

location of a central surface. The dark grey lines indicate the locations of two lines on 

the central surface. One of these lines abutted the left or right edge of the central region. 

The bright line indicates the location of a line in the surround region of the stimulus. 

Observers set the horizontal location of the line on the surround so that the central line 

appeared to bisect the outer lines. The disparity between the central and surround 

regions was varied and consequently the horizontal separation between the central line 

and the line on the surround differed between the eyes.  Hence, the results of this 

experiment reveal whether the perceived relative direction of the central line and the 

line in the surround is biased towards their angular separation in one eye. As a result of 

the disparity between the central region and the surround, a monocular region was 

produced next to the left and right edges of the central surface. Erkelens and van Ee 

(2007) found that the perceived relative direction of the lines was biased towards their 

From Erkelens and van Ee (2007). Figure 49. Schematic of stimuli used by Erkelens and van Ee (2007). 
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angular separation in the left eye when the lines were next to the left edge and vice 

versa when the lines were next to the right edge. They found that the magnitude of this 

bias did not differ between conditions that contained textured monocular regions and 

conditions in which all texture was eliminated so only the three lines were visible. 

Hence, as was found in the present study, a bias of the perceived relative direction of 

features towards their angular separation in one eye (Erkelens-bias) occurred in the 

absence of monocularly visible texture. 

 

On the basis of these results Erkelens and van Ee (2007, p.7) concluded that 

observers use “either of the two monocular 2-D images separately, but not a single 

cyclopean view, to assess 3-D symmetry when occlusion is involved.” Although 

Erkelens and van Ee (2007, p.2) state in their introduction that “dot density was varied 

to investigate the influence of half-occlusions [monocular regions] on bisection”, the 

finding that the Erkelens-bias occurred in the absence of textured monocular regions 

was not discussed. Erkelens and van Ee (2007) did not address the issue of why an 

Erkelens-bias occurred in the condition that consisted of only three vertical lines? It 

seems implausible that the stimulus consisting of three vertical lines alone was 

sufficient to specify a foreground surface. Therefore, the results of Erkelens and van Ee 

(2007) do not support the proposal of the present study that the Erkelens-bias occurs 

when the stimulus specifies a foreground surface. That the Erkelens-bias was found to 

occur when the stimulus consisted of only three vertical lines does not support the 

conclusion of Erkelens and van Ee (2007, p. 7) that the Erkelens-bias occurs “when 

occlusion is involved”. The only way to reconcile this result with the theory that the 

bias is a response to a foreground surface is to propose that a surface was assumed to be 

present when the stimulus consisted of only three lines. This is plausible because the 
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lines were always located at the edge of the occluding surface in the textured stimuli 

with which the lines alone condition was interleaved across over 1000 trials per 

observer.  
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4.4 Experiment 7: Bias magnitude in the Erkelens et al. (1996) study. 
 

In Experiments 5 and 6, the perceived direction of the left and right edges of an 

occluding surface relative to a line on the background surface was not an average of the 

angular separation of the edge and the line in both eyes. Relative to this average 

prediction, there was an alignment bias towards the centre of the occluder, which 

indicates that the angular separation of the edge and the line in the eye that viewed the 

monocular region next to the edge made a larger contribution to their perceived relative 

direction than their angular separation in the other eye (Erkelens-bias). In Experiment 5, 

the Erkelens-bias for a 6 minute of arc disparity did not differ from that for a 10 minute 

of arc disparity. A larger range of disparities was used in Experiment 6, and it was 

observed that the Erkelens-bias was at most 2 minutes of arc larger with a disparity of 

12 minutes of arc than a disparity of 4 minutes of arc. This effect of disparity is half as 

large as that found by Erkelens et. al. (1996), in which case the magnitude of the 

Erkelens-bias was equal to half the disparity between the background and the occluder.  

 

 The surfaces that Erkelens et. al. (1996) used were much larger than those in 

Experiments 5 and 6 of this thesis. The background surface used by Erkelens et. al. 

(1996) was 60° square and the occluding surface subtended 28°, whereas in Experiment 

5 and 6, the background subtended 8.4° and the occluder subtended 1.6°. The large 

surfaces used by Erkelens supported disparities as large as 2°, whereas 12 minutes of 

arc was the largest disparity that was used in the previous experiments because diplopia 

tended to occur for the small surfaces with disparities larger than 20-30 minutes of arc. 

The occluding surface in the Erkelens et. al. (1996) study was a circle, whereas it was a 

square in Experiments 5 and 6. Additionally, Erkelens et. al. (1996) presented the 
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stimuli as anaglyphs, whereas a mirror stereoscope (described in the general method 

2.1.1) was used to display the stimuli in Experiment 5 and 6. Due to the anaglyph 

technique, the monocular regions appeared to be a different colour than the binocularly 

visible regions of the background, which is not the case when a mirror stereoscope is 

used to display the stimuli. This is because the perceived colour of the binocularly 

visible regions of the stimulus is determined by the colour of that region in both eyes’ 

views, whereas the perceived colour of the monocularly visible region only depends on 

the colour in one eye (Erkelens et. al. 1996). Therefore, in order to replicate the strong 

effect of disparity reported by Erkelens et. al. (1996), a large circle was presented using 

the anaglyph technique with the same range of disparities relative to its background that 

was used by Erkelens et. al. (1996).  

 

The stimuli in the present experiment differed from those used by Erkelens et. 

al. (1996) in four respects. Firstly in the Erkelens et. al. (1996) study, the centre of the 

circle lay in the median plane of the observer. Consequently, the left and right edges of 

the circle lay at an eccentricity of 14° from the median plane of the observer. It is 

unclear in the Erkelens et. al. (1996) study whether observers turned their heads towards 

the target edge or kept their head straight towards the centre of the circle. This 

ambiguity was eliminated in the present study by presenting the circle such that the 

edge with which observers aligned the background line always lay in the median plane.  

 

Secondly, the stimuli in the present experiment were not as large as the stimuli 

used by Erkelens et. al. (1996), for which the background surface was 60° square and 

the occluding surface had a diameter of 28°. However, the stimuli in the present 

experiment were extremely large. The background surface was 31° high and 49.9° wide 
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and the occluding surface had a diameter of 20°. If the size of the stimuli affects the 

magnitude of the Erkelesn-bias, then a smaller effect of disparity may be observed than 

in the Erkelens et. al. (1996) study, but it would also be predicted that a larger effect of 

disparity would be found than in Experiments 5 and 6, because the occluding surface in 

the present experiment was approximately ten times larger than that used in Experiment 

5 and 6 and the background surface was approximately three times larger than that used 

in Experiment 5 and 6.  

 

Thirdly, in the Erkelens et. al. (1996) experiment, the background and occluding 

surfaces were composed of the same percentages of randomly positioned black and 

coloured squares (red in one eye and green in the other eye). This differed from the 

present experiment, where different percentages of black and coloured squares were 

used for the occluder and the background. Different percentages of black and coloured 

squares were used for the occluder and the background because Erkelens et. al. (1996) 

observed that perceived alignment was more precise when the occluder was made 

monocularly visible by adding a coloured ring at the rim of the circular occluder. 

Erkelens et. al. (1996) reported that apart from the precision of the settings, adding the 

bright rim to the occluder did not affect alignment to the left and right edges of the 

occluder.  

 

Fourthly, it was not possible to equate the gap separating the end points of the 

background line from the rim of the occluder, because this gap was not specified by 

Erkelens et. al. (1996). Erkelens et. al. (1996) reported that the gap was large enough so 

that the disparity gradient between the line and the rim of the occluder did not cause 

diplopia but also small enough so that the endpoints were close to the rim. In the present 
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experiment, the vertical gap in the background line was chosen so that if observers 

aligned the background line with the rim using the eye that viewed the monocular 

region, then there would be a horizontal gap of at least one degree between the line and 

the rim of the occluder. This ensured that the gap was sufficiently large that observers 

could move the background line left and right without it entering the occluded region of 

the background.   
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4.4.1 Method 
 

Display 

 

The images intended for each eye were presented on a 76.2 centimeter LCD 

monitor (Dell 3007WFP) with a resolution of 2560 x 1600. The screen was viewed from 

a distance of 60cm, from which pixel size was approximately 1.23 minutes of arc. Head 

position was stabilised with a chinrest. The images for both eyes were presented on the 

same monitor. The texture on the surfaces was black and blue in the image for one eye 

and black and red in the image for the other eye and was viewed through blue-red 

anaglyph glasses. Faint amounts of cross talk were visible through each filter. This does 

not affect the conclusions drawn in this experiment and the following experiment, 

which used the same apparatus, because the conclusions are based on between condition 

differences for which cross talk did not covary. The colour in which the image for each 

eye was presented was counterbalanced between blocks to control for differences in 

luminance contrast between the blue and red filter. The results did not differ between 

these two blocks (see statistical analysis in results section 4.4.2). 

 

Stimuli  

 

The background surface was 31° high and 49.9° wide. 85% of the squares (1.23 

minutes of arc) that comprised the background surface were assigned at random to be 

black and the remainder were blue in one eye’s image and red in the other eye’s image. 

The background surface was assigned an uncrossed disparity of 12.3 minutes of arc 

relative to the screen. The occluding surface was a circle with a diameter of 20°. 65% of 
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the squares comprising the occluder were assigned at random to be black and the 

remainder were blue in one eye’s image and red in the other eye’s image. The rim of the 

circle was 1.23 minutes of arc thick and blue in one eye’s image and red in the other 

eye’s image. A vertical gap in the middle of the background line prevented observers 

from moving the line into the occluded area of the background. The vertical gap was 

14.3° high. Were the line aligned with the leftmost or rightmost point of the occluder in 

the eye that viewed the monocular region, then the smallest separation between the 

background line and the edge of the occluder would occur for the largest disparity used 

(2°) and be equal to 1°.  

 

Procedure 

 

The occluding circle was presented with crossed disparities of 0, 0.5, 1, 1.5 or 2° 

relative to the background surface. At the beginning of a trial, the circle was presented 

on either the left or right side of the screen so that its left or right edge lay in the centre 

of the screen. The line on the background surfaces was initially presented either 37 

minutes of arc to the left or right of alignment with the centre of the screen. Observers 

were instructed to shift this line horizontally using the arrow keys in order to vertically 

align it with the leftmost point of the circle if the left side of the circle was closest to the 

centre of the screen or to vertically align it with the rightmost point of the circle if the 

right side of the circle was closest to the centre of the screen. In each block of trials, 

each combination of disparity, side, and starting position was presented twice in a 

random order. In the first block of trials, it was randomly determined whether the image 

for the left eye was blue and the image for the right eye was red or vice versa. The 

colour used for each eye was switched in the second block of trials.  
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Observers 

 

Nine observers from the University of New South Wales community 

participated. Seven were naïve of the purposes of the experiment.  
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4.4.2 Results 

 

Group data for eight of the nine observers is presented in Figure 50. The results 

for one observer differed from this group and are described in the next paragraph. The 

horizontal location of the background line is plotted against the disparity of the 

occluding and background surfaces. The dashed diagonal lines with positive and 

negative slope in Figure 50 show the values that correspond to alignment using solely 

the position of the line and the edge in the left eye (positive slope) or the right eye 

(negative slope). A value of zero indicates that the average of the position of the 

background line in the two eyes views was vertically aligned with the average of the 

position of the edge of the occluding surface in the two eyes views (average prediction). 

The alignment settings for alignment with the left edge of the circle (� in Figure 50) 

were biased to the right of this average prediction by approximately 19 minutes of arc. 

The alignment settings for alignment with the right edge (� in Figure 50) were biased 

to the left of the average prediction by the same amount. These biases are in the 
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Figure 50. Results of Experiment 7. 
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expected direction of the Erkelens-bias. The statistical analysis reported at the end of the 

results section confirmed that the bias did not vary with disparity. Hence, the results for 

these eight observers are qualitatively different from the results reported by Erkelens et. 

al. (1996).  

 

The Erkelens-bias increased with disparity for one of the naïve observers. The 

results for this observer are shown in Figure 51. The slope of the alignment settings for 

this observer was calculated using linear regression in order to compare the effect of 

disparity on the Erkelens-bias for this observer with that reported by Erkelens et. al. 

(1996). The settings for both edges were combined by reversing the sign of the settings 

for alignment with the left edge. The slope measured 0.43 and 95% confidence intervals 

indicate the slope was 0.34 to 0.53, which contains the value of 0.5 reported by Erkelens 

et. al. (1996). Therefore, the effect of disparity for one observer in the present study was 

similar to that reported by Erkelens et. al. (1996). After the experiment, this observer 
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Figure 51. Results of Experiment 7 for one observer.  
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was asked to describe their approach to the alignment task. The observer reported a 

tendency to fixate the background line (The significance of this is evaluated in 

Experiment 8). 

 

The results for all nine observers were analysed using a two-way multivariate 

analysis of variance using planned orthogonal contrasts and the Decision-Wise error 

rate was controlled ( =0.05). The sign of the alignment settings for the left side was 

reversed so that the expected direction of the Erkelens-bias was the same for the left and 

right edges. The main effects of side (F(1,8)=0.171), the colour of each eye’s filter 

(F(1,8)=0.179) and the starting position of the background line were not significant 

(F(1,8)=3.966). The main effects of linear trend (F(1,8)=3.48) and quadratic trend 

(F(1,8)=0.958) were not significant, which indicates that averaged across the nine 

observers the Erkelens-bias did not increase with disparity. The interaction between side 

and the starting point of the background line was significant (F(1,8)=20.238). The 95% 

confidence intervals for this effect indicate that the Erkelens-bias was 5.254-16.306 

minutes of arc larger when the starting location of the background line was biased 

towards the eye viewing the monocular region than when the starting location was 

biased towards the other eye.  
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4.4.3 Discussion 
 

The Erkelens-bias that Erkelens et. al. (1996) reported for alignment to the left 

or right edges of an occluder increased with disparity such that the slope of the 

alignment settings as a function of disparity was equal to 0.5. The purpose of the present 

experiment was to replicate the magnitude of this effect of disparity, since the Erkelens-

biases that were found in Experiment 5 did not increase with disparity and the Erkelens-

biases that were found in Experiment 6 increased with disparity by approximately half 

the amount that Erkelens et. al. (1996) found. In the present study, the differences 

between the stimuli and procedure of these previous experiments and that of Erkelens 

et. al. (1996) were much reduced and the large effect of disparity was observed for one 

of the nine observers. However, the Erkelens-bias for eight of the nine observers did not 

increase with disparity. Therefore, the results suggest that the discrepancy between the 

results of Erkelens et. al. (1996) and the results of Experiments 5 and 6 of the present 

study is not explained by the difference in surface size between the studies. The results 

indicate that the discrepancy is not explained by the larger range of disparities that was 

used by Erkelens et. al. (1996), or that Erkelens et. al. (1996) presented the images to 

the two eyes using the anaglyph technique in which case the colour of the monocular 

regions differed from the colour of the binocular region of the background.  

 

The observer that exhibited the large effect of disparity reported a tendency to 

fixate the background line. Whether the strong effect of disparity is contingent on 

observers fixating the background line was evaluated in Experiment 8.   
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4.5 Experiment 8: Magnitude of the Erkelens-bias with fixation at the depth of 
the occluder or the background.  

 

Erkelens et. al. (1996) instructed observers to vertically align a binocular line on 

the background surface with the leftmost or rightmost part of the edge of an occluding 

circle. Erkelens et. al. (1996) did not give observers instructions as to where to fixate 

during the alignment task so observers were free to fixate the stimulus wherever they 

liked. Erkelens et. al. (1996) reported that for all observers, the line appeared aligned 

with the edge when it was aligned with the edge in the image that contained the 

monocular region next to the edge. Erkelens et. al. (1996) argued that the alignment bias 

they reported was not contingent on where observers fixated because it was likely that 

fixation differed between the four observers.  

 

Ono et. al. (2003) measured the perceived direction of the edges of an occluding 

surface relative to a line at the depth of the background while observers fixated a single 

point at the depth of the background. They found that the perceived relative direction of 

the edge and the line was biased towards their angular separation in the left eye for the 

left edge and their angular separation in the right eye for the right edge (Erkelens-bias). 

Ono et. al. (2003) proposed that this result depended on observers converging at the 

depth of the background surface. However, they did not refer to the earlier work of 

Erkelens et. al. (1996) in which it was argued that the Erkelens-bias does not depend on 

fixation. The magnitudes of the Erkelens-biases found by Erkelens et. al. (1996) and 

Ono et. al. (2003) was compared in section 1.5.3 by calculating the extent that the 

angular separation of the background line and the occluding edge in each eye 

contributed to perceived alignment. The eye that viewed the monocular region next to 

each edge contributed 100% in the Erkelens et. al. (1996) study and 85.7% in 
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experiment 3 of Ono et. al. (2003). Therefore, the Erkelens-bias was smaller in the Ono 

et. al. (2003) study, in which fixation was restricted to the background surface, than the 

Erkelens-bias in the Erkelens et. al. (1996) study under conditions of natural fixation. 

Therefore, the results of Erkelens et. al. (1996) appear to be at odds with the Ono et. al. 

(2003) proposal that convergence affects the magnitude of the Erkelens-bias.  

 

In the previous experiment of the present study (Experiment 7), the stimuli and 

procedure was similar to those of Erkelens et. al. (1996), yet the large Erkelens-bias 

reported by Erkelens et. al. (1996) was replicated for only one of the nine observers. Of 

particular interest is that this observer reported a tendency to fixate the background line, 

which is consistent with the proposal of Ono et. al. (2003) that the Erkelens-bias 

depends on observers fixating at the depth of the background. Therefore, we wondered 

whether the results of Erkelens et. al. (1996) could be replicated with more observers if 

fixation was maintained at the depth of the background surface. 

 

In Experiment 8, Experiment 7 was repeated except that the observers were 

instructed to complete the alignment task while fixating a particular point in the 

stimulus. Of the 18 naive observers that were recruited, 10 were randomly assigned to 

maintain fixation on the lower tip of the upper background line. It was predicted that the 

Erkelens-bias found by Erkelens et. al. (1996) would be replicated for this group of 

observers on the basis of the hypothesis of Ono et. al. (2003) that the Erkelens-bias 

occurs when fixation is at the depth of the background. The other 8 observers were 

instructed to perform the alignment task while fixating the edge of the occluding surface 

with which they aligned the background line. According to the Ono et. al. (2003) 

proposal, the Erkelens-bias of will not occur for this group of observers since the depth 



167 
 

of fixation differs from the background. The apparatus, stimuli, and procedure of the 

present experiment were identical to that of Experiment 7 except for these instructions 

regarding fixation.  
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4.5.1 Results 

Group data for the observers that were instructed to fixate the rim of the 

occluder is shown in the left graph of Figure 52. For this condition, perceived alignment 

approximated the average prediction (defined in section 4.4.2), although a small 

leftwards bias occurred for alignment with the right edge and vice versa for alignment 

with the left edge (in the same direction as the Erkelens-bias). Hence, perceived 

alignment in this condition was similar to that in Experiment 7 when observers were not 

given any instructions regarding fixation. Group data for the observers that were 

instructed to fixate the tip of the background line is shown in the right graph of Figure 

52. In this condition, the magnitude of the leftwards bias for alignment with the right 

edge and the rightwards bias for alignment with the left edge increased with disparity, 

consistent with the hypothesis of Ono et. al. (2003). The effect of disparity varied 

between observers in this condition and the slopes of the alignment settings for each 

observer are presented in Table 3. Prior to calculating the slopes, the settings for the left 

and right edge were combined by reversing the sign of the alignment settings for the left 
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edge, because the leftward shift for alignment to the right edge was the same magnitude 

as the rightward shift for alignment to the left edge. The slope of the alignment settings 

was calculated using linear regression. The slopes for the results of Erkelens et. al. 

(1996) was 0.5 and the slopes for 6 of the observers that were instructed to fixate the tip 

of the background line were not significantly different from this value, whereas the 

slopes for all of the observers that were instructed to fixate the rim of the occluder were 

significantly different from the value of 0.5 and were close to 0.   

The results were analysed using a two-way multivariate analysis of variance 

testing for differences between the two groups and their interaction with the within-

group effects of alignment to the left or right edge, the colour assigned to each eye, 

linear and quadratic trend for disparity and the starting position of the background line. 

The Decision-Wise error rate ( =0.05) was controlled for each of the contrasts, which 

were orthogonal to one another. The sign of the alignment settings for the left side was 

reversed so that the expected direction of the Erkelens-bias was the same for the left and 

right edge. The main effect of linear trend was significant (F(1,16)=20.632) and as was its 

interaction with the between group comparison (F(1,16)=19.765). 95% confidence 

Fixate occluder Fixate background 

  Slope 
95% C. I. 
Lower 

95% C. I. 
Upper   Slope 

95% C. I. 
Lower 

95% C. I. 
Upper 

ML -0.05 -0.15 0.05 NY 0.01 -0.08 0.09 
EA -0.03 -0.12 0.06 YJ 0.09 0.04 0.15 
OC 0.03 -0.11 0.18 YM 0.12 0.04 0.20 
AM 0.05 -0.03 0.12 KG 0.33 0.22 0.44 
WL 0.05 -0.04 0.14 FH 0.43 0.34 0.53 
SE 0.05 -0.05 0.16 PE 0.45 0.39 0.52 
JJ 0.06 0.00 0.12 SF 0.47 0.41 0.53 
TC 0.07 0.02 0.11 ML 0.53 0.48 0.58 

KM 0.53 0.42 0.65 
YL 0.54 0.49 0.59 

 

 
Table 3.Slope of the alignment settings as a function of disparity. 
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intervals for this effect were calculated using the procedure described by Bird (2004). 

The slopes of the alignment settings for the fixate background condition and fixate 

occluder conditions differed by 0.14-0.42.  The main effects of side (F(1,16)=4.929), the 

colour of the filter used for each eye (F(1,16)=0.186) and quadratic trend (F(1,16)=0.836) 

were not significant. The interaction between the initial location of the background line 

and side was significant (F(1,16)=26.716). The Erkelens-bias was 6.278-15.01 minutes of 

arc larger when the starting location of the background line was biased towards the eye 

that views the monocular region than when the starting location was biased towards the 

other eye. 

 

 

 

 



171 
 

4.5.2 Discussion 
 

Erkelens et. al. (1996) found that perceived alignment between a background 

line and the left and right edges of an occluding surface was determined solely by the 

eye that views the monocular region next to the edge. In Experiment 7, observers were 

not given any instructions regarding fixation, which is consistent with the Erkelens et. 

al. (1996) procedure. However, the results of Erkelens et. al. (1996) was replicated for 

only one of nine observers. This observer reported a tendency to fixate the background. 

In the present study, the Erkelens et. al. (1996) result was replicated for 6 of the 10 

observers that were instructed to fixate the tip of the background line but was not 

replicated for any of the observers that were instructed to fixate the rim of the occluder. 

Hence, the results of the present experiment and Experiment 7 show that the alignment 

bias reported by Erkelens et. al. (1996) is contingent on where the observer fixates. This 

is contrary to the conclusion of Erkelens et. al. (1996, p. 2144-5) that “since the subjects 

were free to fixate the stimulus wherever they liked, it is most likely that the process, 

determining which eye is used for alignment, is related to aspects of the stimulus and 

not to specific retinal locations.”  

 

Erkelens et. al. (1996) and Ono et. al. (2002; 2003) proposed different theories of 

perceived direction at occluding edges (reviewed section 1.5.4). These theories are 

described below in order to show that the effect of fixation found in the present study is 

more easily accounted for by the theory of Ono et. al. (2002; 2003) than the theory of 

Erkelens et. al. (1996). It is commonly argued (Hering, 1879/1942; Roelofs, 1959; Ono, 

1979, Ono & Mapp, 1995) that the perceived direction of features is referred to a point 

midway between the eyes (cyclopean eye). As pointed out by Erkelens and van Ee 
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(1994), relative to a cyclopean eye, the left and right edges of an occluding surface have 

the same physical direction as the half of the monocular region of the background that is 

next to each edge (see section 1.5.1). Therefore, if the occluding surface and the 

background surface were perceived in their physical direction relative to a cyclopean 

eye, then the edge of the occluding surface would have the same perceived direction as 

part of the monocular region of the background. Erkelens et. al. (1996) and Ono et. al. 

(2002; 2003) both argued that the occluding surface and the background surface are not 

assigned the same perceived direction but proposed different means by which this is 

accomplished.  

 

Ono et. al. (2002; 2003) proposed that the perceived direction of the occluding 

surface and the background surface is referred to the cyclopean eye. According to this 

theory, the perceived direction of the surfaces does not overlap because the perceived 

direction of the non-fixated surface is biased laterally away from its physical direction. 

The theory proposes that when the background is fixated, the background surface is 

perceived in its physical direction relative to a cyclopean eye, while the perceived 

direction of the edge of the occluding surface is biased laterally away from the 

monocular region. This proposal is consistent with the Erkelens-bias (see section 1.5.3) 

for the perceived alignment between the occluding edge and the background line found 

in the present study with fixation at the depth of the background. Ono et. al. (2002; 

2003) proposed that the perceived direction of the background surface is biased laterally 

away from the occluding edge when fixation is at the depth of the occluding surface. 

Based on this proposal, an Erkelens-bias of perceived alignment between the occluding 

edge and the background line is predicted in the present study for those observers that 

were instructed to fixate the occluding surface. This was not found in the present 
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experiment. When observers were instructed to fixate the rim of the occluding surface, 

perceived alignment was based on the average of the relative direction of the edge and 

the line in both eyes. The absence of an Erkelens-bias with fixation on the occluding 

surface is consistent with the Ono et. al. (2002; 2003) theory if it is assumed that the 

background line lay outside of the portion of the background affected by the lateral bias 

of perceived direction. This seems plausible because the tips of the background line 

were horizontally separated from the monocular region by 2° when observers indicated 

that the background line appeared aligned with the edge of the occluding circle.  

 

Erkelens et. al. (1996) proposed that the perceived direction of features in the 

“neighbourhood” of the left and right edges of an occluding surface are not referred to 

the cyclopean eye. The perceived direction of these features is instead referred to the 

eye that views the monocular region next to the edge, because from that reference point 

the physical direction of the monocular region of the background differs from the 

physical direction of the occluding surface. Erkelens et. al. (1996) argued that the 

advantage of this theory is that it is possible for both surfaces to be perceived in their 

physical direction simultaneously. This theory predicts that the perceived relative 

direction of any pair of features in the vicinity of a monocular region will match their 

relative direction in the eye that views the monocular region. Although the Erkelens-

bias for perceived alignment in the present study with fixation at the depth of the 

background is consistent with this theory, it is not clear why the theory would predict 

that the Erkelens-bias would not occur with fixation on the occluding surface. The 

Erkelens et. al. (1996) and Ono et. al. (2002; 2003) theories were further tested in 

Experiment 9.  
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4.6 Experiment 9: Is perceived direction at occlusions veridical? 
 

Erkelens et. al. (1996) and Mapp and Ono (1999) argued that it not yet known 

whether the perceived direction of features in the vicinity of the left or right edge of an 

occluding surface is veridical. The reason for this ambiguity is that in order to specify 

veridical alignment of the background line with the occluding edge, a reference point 

for that judgment is required. It is commonly argued that the reference point is a point 

between the eyes called the cyclopean eye (e.g. Hering (1879/1942; Ono 1979; Ono & 

Mapp, 1995). Erkelens et. al. (1996) argued that if the cyclopean eye were the reference 

point for the perceived direction of features in the vicinity of a monocular region, then it 

is not possible for the perceived direction of the features on both the occluding surface 

and the background surface to be veridical (see also Ono et. al. 2002; 2003). The basis 

for this argument is explained below with reference to Figure 53 and Figure 54.   

 

Figure 53a is a bird’s eye view of a line on a background surface that is aligned 

with the left edge of an occluding surface in the left eye’s view. Erkelens et. al. (1996) 

found that under these conditions the background line and the occluding edge appear 

vertically aligned and this was replicated in the Experiment 8 provided that the observer 

fixated the background surface. In Figure 53b, it is assumed that the left edge is 

perceived in the correct location and that its perceived direction (dashed line) is referred 

to the cyclopean eye. Since it is known that the background line and the edge appear 

vertically aligned, the perceived direction of the background line is drawn overlaying 

the perceived direction of the left edge. The resulting perceived direction of the 

background line intersects a point on the background that lies to the left of its correct 
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location (Figure 53b). Hence, the perceived direction of the background line would be 

incorrect. In Figure 54a, it is assumed that the background line is perceived in the 

correct location and that its perceived direction is referred to the cyclopean eye. The 

perceived direction of the edge is drawn overlaying the perceived direction of the 

background line and thus lies to the right of its correct egocentric direction.  

 

Erkelens et. al. (1996) argued that it was possible for both the occluding edge 

and the background line to appear in the correct direction if their perceived direction 

was referred to the eye to which the monocular region is visible instead of the cyclopean 

eye. This possibility is shown in Figure 54b. The perceived directions of the background 

line and the perceived direction of the edge intersect their correct location, but are 

referred to the left eye instead of the cyclopean eye. Therefore, the alignment data 

presented by Erkelens et. al. (1996) and Ono et. al. (2003) cannot be used to determine 

whether the occluder and its background are perceived in the correct direction, because 

this depends on the reference point for their perceived direction, which is unknown.  

Figure 53. Location of a background line that appears vertically aligned with the edge of an occluder                                                                                                                                                                
(A). Shows the possibility that the perceived direction of these features is referred to the cyclopean eye 
such that the edge of the occluder is perceived in the correct location (B).  

Background 

Occluder 

(A) Location of points found to appear in the 
same direction 

Perceived 
location of the 

background 
shifted 

leftwards 

Perceived 
direction 

Occluder 

Background 

(B) Perceived direction intersects the cyclopean eye 
and the correct location of the occluder’s edge 
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Erkelens et. al. (1996) proposed that the perceived directions of features in the 

neighbourhood of monocular regions are referred to the eye that views the monocular 

region so that all the features in the neighbourhood of a monocular region may be 

perceived in the correct direction. Ono et. al. (2002; 2003) hypothesised that the 

cyclopean eye is the reference point for the perceived direction of features in the 

vicinity of monocular regions. Ono et. al. (2002; 2003) hypothesised that the perceived 

directions of features in the vicinity of a monocular region are laterally displaced 

relative to their physical direction. When the observer fixates at the depth of the 

occluder, the perceived direction of features on the background surface will be 

displaced laterally away from the edge of the occluding surface. When the observer 

fixates at the depth of the background surface, the perceived direction of features on the 

occluding surface will be displaced laterally away from the monocular region.  

 

It is possible to test whether features in the vicinity of a monocular region are 

perceived in their physical direction by measuring perceived alignment between a pair 

 

(B) Perceived direction referred to the left eye 
and intersects the correct location of the 

background and the edge 

Perceived 
direction 

Occluder 

Background 

Perceived 
location of the 
edge shifted 
rightwards 

(A) Perceived direction referred to cyclopean 
eye and intersects the correct location of the 

background 

Perceived 
direction 

Occluder 

Background 

Figure 54. Perceived direction referred to cyclopean eye (A) or to the eye that views the monocular 
region (B).  
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of features at the same depth. This is because veridical alignment of features in the same 

depth plane is the same regardless of whether the reference point for the judgment is the 

left eye, the right eye, or any point in between such as the cyclopean eye.  

 

Perceived alignment between a feature in a monocular region and a feature at the 

same depth was measured by Erkelens and van de Grind (1994), van Ee et. al. (1999) 

and in experiment 3 of Ono et. al. (2003). These studies were reviewed in section 1.5.2. 

van Ee et. al. (1999) found that the perceived direction of a vertical line in a monocular 

region depended on its proximity to binocular features on the background surface. 

When the monocular line was not proximal to a binocular feature on the background 

surface, the perceived direction of the monocular line varied with the depth of the 

fixation point. Consequently, the monocular line and the binocular line appeared 

horizontally offset when they were physically aligned in the image that contained the 

monocular line. This finding is consistent with the results of studies reviewed in section 

1.4.1 in which the perceived egocentric direction of small monocular features presented 

alone was found to vary with vergence. However, the effect of vergence on the 

perceived direction of a monocular line was much reduced or eliminated when the 

monocular line was proximal to a binocular feature as in the Erkelens and van de Grind 

(1994) and van Ee et. al. (1999) studies. Although Erkelens and van de Grind (1994) 

and van Ee et. al. (1999) did not discuss their results with respect to the issue of whether 

perceived direction is veridical in the neighbourhood of the left and right edges of an 

occluding surface, the results of those two studies are consistent with the proposal that 

features in the vicinity of a monocular region are perceived in their veridical direction. 

However, it is possible that while the perceived direction of the features in a monocular 

region was veridical in those studies, the perceived direction of the occluding edge was 
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not. This possibility is consistent with the Ono et. al. (2002; 2003) theory, which 

predicts that the features on either the occluding or the background surface are 

perceived in the correct direction, while the perceived direction of features on the non-

fixated surface are laterally displaced from their true direction. 

    

The purpose of Experiment 9 was to determine whether perceived direction is 

veridical at occlusions, as argued by Erkelens et. al. (1996), or laterally biased from 

veridical, as argued by Ono et. al. (2002; 2003). This was accomplished using the 

stimulus shown in Figure 55. The stimulus consisted of two background surfaces and 

two foreground surfaces. In the top half of the image, a foreground surface (white) 

occludes the right side of a background surface (black). In the bottom half of the image, 

a foreground surface (white) occludes the left side of a background surface (black). The 

                                                                    The top left and top right images are for crossed fusion. The 
bottom images are for uncrossed fusion. 

                               Right Eye                                                                      Left Eye 

                                    Left Eye                                                                      Right Eye 
Figure 55. Stimuli used in Experiment 9. 
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left edge of the upper foreground surface and the right edge of the bottom foreground 

surface are aligned in the physical stimulus which would give rise to this stereogram. 

Therefore, the edges of the occluder will appear aligned if they are perceived in the 

correct location. This is predicted by Ono et. al. (2002; 2003) with fixation at the depth 

of the background surface and by Erkelens et. al. (1996) irrespective of fixation. In the 

centre of the images is a column of letter A’s on the background surface. The upper half 

of this column is only visible to the left eye due to occlusion by the white surface on the 

top right. The bottom half of the column of letter A’s is only visible to the right eye due 

to occlusion by the white surface on the bottom left. Although the upper and lower 

columns of A’s are not visible to the same eye, they are vertically aligned in the 

physical stimulus that would give rise to the two eyes views in this stereogram. On this 

basis, it is possible to conclude that the perceived direction of the monocular regions is 

not veridical if the upper and lower column of letter A’s do not appear vertically 

aligned.  

 

If features near monocular regions are perceived in their correct location as 

proposed by Erkelens et. al. (1996), then the edges of the two occluding surfaces will 

appear aligned, and simultaneously, the upper and lower columns of letter A’s will 

appear aligned. According to the Ono et. al. (2002; 2003) theory, either the edges of the 

surfaces or the monocularly visible letters will be perceived in a direction that is 

laterally displaced from their physical direction and hence will not appear aligned.   

  

 The author, who unfortunately displays a very strong ocular prevalence (see 

page 47) for the right eye, only rarely perceived the column of A’s visible to the left 

eye. Therefore, suppression of the monocular regions was also measured since this 
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would interfere with the observer’s judgment of the relative positions of the monocular 

regions. 



181 
 

4.6.1 Method  
 

Apparatus 

 

 The stimulus was presented using the mirror stereoscope described in the 

general method (see section 2.1). 

 

Stimuli 

 

The stimulus consisted of a background surface that was partially occluded by 

two surfaces (Figure 55). These occluding surfaces were visible in the upper right and 

bottom left quadrant of the stimulus. In the centre of the stimulus, the upper right corner 

of the lower surface was attached to the lower left corner of the upper surface. 

Consequently, the left edge of the upper occluder was physically aligned with the right 

edge of the lower occluder. The two occluding surfaces had the same disparity as each 

other and a disparity of zero relative to the screen. The background surface was visible 

in the upper left and lower right quadrant of the stimulus. Relative to the occluding 

surfaces, the background surface had a crossed disparity of 11 minutes of arc that was 

created by shifting the background surface 5.5 minute of arc to the left on the left screen 

while shifting the background surface 5.5 minutes of arc to the right on the right screen.  

 

A region of the background surface that was 11 minutes of arc wide and 

extended the full height of the background was hidden for one eye by the occluding 

surfaces. The upper part of this monocular region of the background was visible to the 

left eye next to the left edge of the upper occluding surface, while the lower part of the 
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monocular region was visible to the right eye next to the right edge of the lower 

occluding surface. Both monocular regions contained a single column of letter A’s that 

were centred on the vertical midline of the screens and hence the vertical midline of the 

monocular regions. 

 

The background surface consisted of white letters on a black background and the 

occluding surfaces consisted of black letters on a white background. The letters were 10 

minutes of arc high and 7.3-10 minutes of arc wide. Mirror reversing some of the letters 

and placing dissimilar letters side-by-side prevented false matches. Each surface was 

1.8° high and consisted of 9 rows of letters with a 1.6 minute of arc gap between rows. 

Each occluding surface was 17 letters across and was 2.6° wide.  The width of the 

background surface differed between the two eyes due to the monocular region of the 

background next to the vertical edge of the occluding surfaces. Including the monocular 

region, the upper and lower regions of the background surface were each 17 letters 

across (2.8° wide).  

  

 

Procedure 

 

Suppression of the monocular regions was measured first. Observers were 

instructed to fixate the centre of the stimulus where the four surfaces intersected. 

Observers were instructed to press and hold the S-key when the upper column of A’s 

was perceived and to release the S-key when the column of A’s was not perceived. 

Observers were also instructed to press and hold the K-key when the lower column of 

A’s was perceived and to release the K-key when the lower column of A’s was not 
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perceived. Observers were instructed to press and hold both keys during periods where 

both columns were simultaneously perceived. Observers initiated the suppression task 

with a keypress and the stimulus was extinguished with a white screen after one minute.  

 

A 5 minute break followed the suppression task, during which the instructions 

for the next task were explained to observers. Observers were instructed to fixate the 

centre of the stimulus where the four surfaces intersected and to judge whether the 

upper column of A’s appeared vertically aligned or appeared side-by-side. Then 

observers were asked whether the left side of the top right surface appeared aligned with 

the right side of the bottom left surface.  

 

Observers 

 

Seven observers were recruited from the population of undergraduates studying 

first year psychology at the University of New South Wales and were all naive of the 

motivation for the experiment and the expected results. The visual acuity of both eyes 

was measured and only observers with at least 6/6 acuity in both eyes participated.  
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4.6.2 Results  
 

The suppression task revealed that no suppression occurred for either monocular 

region for any of the observers. Six observers reported that the upper columns of A’s 

appeared offset to the left of the lower column of A’s. One observer reported that the 

upper and lower column of A’s appeared aligned and that simultaneously, the edges of 

the upper and lower foreground surfaces appeared aligned. This observer also reported 

that the upper column of A’s appeared in the same direction as the column of M’s, 

which were the letters on the occluding surface next to the left edge of the occluder.  

 

4.6.3 Discussion 
 

Erkelens et. al. (1996) argued that the perceived direction of features in the 

vicinity of a monocular region is referred to the eye that views the monocular region 

instead of the cyclopean eye. The advantage of using the eye that views the monocular 

region as the reference point for perceived direction is that it is possible for the 

monocular region of the background and the edge of the occluder to appear in their 

physical direction while having different perceived directions (see Figure 54b). 

Therefore, the Erkelens et. al. (1996) theory predicts for the stimulus used in the present 

experiment that: (1) the left edge of the upper occluder and the right edge of the lower 

occluder will appear aligned since they are physically aligned; (2) the upper monocular 

region will appear vertically aligned with the lower monocular region since they are 

physically aligned. Contrary to the Erkelens et. al. (1996) theory, the monocular regions 

appeared laterally offset for six of the seven observers indicating that they were not 

perceived in their physical direction.  
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The upper and lower monocular regions appeared aligned for one observer, 

which is consistent with the Erkelens et. al. (1996) theory. However, for this observer, 

the perceived direction of the upper monocular region relative to the edge of the 

occluding surface was not consistent with the Erkelens et. al. (1996) theory. That theory 

states that the eye that views the monocular region will dominate the perceived direction 

of features in the neighbourhood of the monocular region. The left eye viewed the upper 

monocular region. In the left eye’s view, the upper monocular region lay to the left of 

the left edge of the upper occluder. Therefore, the Erkelens et. al. (1996) theory predicts 

that the monocular region will appear to the left of the left edge of the upper occluder. 

Contrary to this prediction, the observer reported that the upper monocular region 

appeared in the same direction as the letters at the edge of the upper occluding surface.   

 

Ono et. al. (2002; 2003) argued that the perceived direction of part of the scene in 

the vicinity of the left or right edge of an occluding surface is laterally biased from its 

physical direction. The lateral bias of the perceived direction of the monocular regions 

of the background in the present experiment supports this theory. Ono et. al. (2002; 

2003) argued that the perceived direction of the left and right edges of an occluding 

surface is biased laterally from their physical direction when the observer is fixated at 

the depth of the background surface. This bias was not found in the present experiment 

since all observers reported that the left edge of the upper occluder and the right edge of 

the lower occluder appeared vertically aligned when they were physically aligned. This 

is not inconsistent with the Ono et. al. (2002; 2003) theory, since it is possible that the 

observers were fixated at the depth of the occluding surface. It is also possible that a 

lateral bias of the perceived direction of the edges of the occluding surfaces was not 
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found because the left edge of the upper occluder was attached to the right edge of the 

lower occluder. This possibility may explain why one observer perceived the monocular 

region visible to the left eye to lie in the same direction as the edge of the occluding 

surface. It is possible that if the left and right edges of the occluding surfaces were not 

attached, then their perceived direction would have been biased laterally to ensure that 

the monocular region was not perceived in the same direction as the edge of the 

occluder. This possibility was tested in Experiment 10.  
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4.7 Experiment 10: A lateral bias of the perceived direction of the edges of an 
occluding surface from their physical direction 

 
 

Ono et. al. (2002; 2003) proposed that the perceived direction of the left and right 

edges of an occluding surface will be biased laterally away from their physical direction 

when the observer is fixated at the depth of the background surface (the Ono et. al. 

2002; 2003 theory was reviewed in section 1.5.4 and in the introduction to Experiment 

9, see section 4.6). The Ono et. al. (2002; 2003) theory predicts a rightward bias of 

perceived direction for the left edge of an occluder and a leftward bias of perceived 

direction for the right edge of an occluder. If these biases occur, then the left edge of an 

occluding surface will appear horizontally separated from the right edge of another 

occluding surface when these edges are physically aligned. This prediction was tested in 

Experiment 9 using the stimulus shown in Figure 55. The left edge of the lower 

occluder was found to appear aligned with the right edge of the upper occluder when 

these edges were physically aligned.  

 

In the discussion of Experiment 9, it was argued that there were two possible 

explanations for why a lateral bias of the perceived direction of the edges of the 

occluding surfaces was not found that are compatible with the Ono et. al. (2002; 2003) 

theory. One possibility is that the left edge of the upper occluder did not appear 

horizontally separated from the right edge of the lower occluder because these edges 

were attached in both monocular views. Therefore, in the present experiment the 

occluding surfaces were vertically separated so that the edges were not attached. A 

second possibility is that observers tended to fixate at the depth of the occluding 

surfaces. The Ono et. al. (2002; 2003) theory proposes that the edges of the occluding 
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surface will be perceived in their physical direction when the observer is fixated at the 

depth of the occluding surface. Therefore, in the present experiment, observers were 

instructed to align the left edge of an occluder with the right edge of a lower occluder 

while fixating at the depth of the background.  

 

It is difficult to maintain fixation on the background while performing the 

alignment task because fixation tends to shift towards the edges of the occluding surface 

because they are the targets for the alignment task. The author observed that it was 

easier to maintain fixation on the background while shifting fixation between two 

targets on the background surface. Therefore, observers were instructed to perform the 

alignment task while switching fixation between two horizontally separated targets that 

were presented on the background surface between the upper and lower occluding 

surfaces (see Figure 56).  

 

An observer may fixate the background surface but base alignment of the edges 

on the perceived direction of those edges during brief shifts in fixation towards the 

edges. Since the Ono et. al. (2002; 2003) theory proposes that the bias of the edges of 

the occluder does not occur when the occluding surface is fixated, observers were 

instructed to disregard the perceived direction of the edges whenever they felt their 

fixation shift towards the occluders.  

 

It is possible for the observer to be converged at the depth of the occluding 

surfaces while fixating a point on the background due to a crossed fixation disparity. A 

crossed fixation disparity may be expected because alignment of the edges of the 

occluding surfaces requires that the observer attends to the occluding surfaces which 
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have a crossed disparity relative to the background.  The Ono et. al. (2002; 2003) theory 

predicts that the bias of the perceived direction of the edges of the occluding surfaces 

will not occur if a crossed fixation disparity shifts fixation from the background surface 

to the depth of the occluding surface. The author observed that it was easier to fixate at 

the depth of the background rather than the depth of the occluding surfaces when the 

disparity of the occluding surfaces relative to the background was large. Large surfaces 

were used so that a large disparity between the background and the occluding surfaces 

was fusible. Since large surfaces were required, the stimulus was displayed using the 

anaglyph setup described in the method for Experiment 7 (see 4.4.1). Using this display, 

it was possible to present two vertically separated occluding surfaces that were each 

9.8° square.  Kertesz (1981) found that the fusion limit for a surface subtending 10° was 

approximately 1.3°. Disparities of up to 1.13° were tested to ensure that the occluding 

surfaces were fusible while fixating at the depth of the background surface.  

 

The primary aim of the present experiment was to test the prediction of the Ono 

et. al. (2002; 2003) theory that a lateral bias of the perceived direction of the left and 

right edges of occluding surfaces will occur when the observer fixates at the depth of 

the background. Alignment of the edges of the occluding surfaces also served as a 

further test of the Erkelens et. al. (1996) proposal that features in the neighbourhood of 

a monocular region will be perceived in their physical direction. That proposal predicts 

that the edges of the occluding surfaces in the present experiment will appear vertically 

aligned when they are physically aligned. Since the occluding surfaces lie at the same 

depth, it is possible to specify physical alignment of their edges without assuming that 

the reference point for perceived direction is the cyclopean eye or the eye that views the 

monocular region (see introduction to Experiment 9).  
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4.7.1 Method 
 

Display 

 

The images intended for each eye were presented on a 76.2 centimeter LCD 

monitor (Dell 3008WFPt) with a resolution of 2560 x 1600. The screen was viewed 

from a distance of 70cm, from which pixel size was approximately 1.19 minutes of arc. 

Head position was stabilised with a chinrest. The texture on the surfaces was black and 

blue in the image for one eye and black and red in the image for the other eye and was 

viewed through blue-red anaglyph glasses.  

 

Stimuli  

 

Figure 56 shows a stereogram of the stimulus. The background surface was 

30.1° high and 48.2° wide. 85% of the squares (1.19 minutes of arc) that comprised the 

background surface were assigned at random to be black and the remainder were blue in 

one eye’s image and red in the other eye’s image. The background surface had an 

uncrossed disparity of 12 minutes of arc relative to the screen.  

Figure 56. Stereogram of stimuli used in Experiment 10.  
Image for left eye Image for right eye 
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The occluding surfaces were 9.8° square and had a crossed disparity relative to 

the background equal to 0.16°, 0.48°, 0.81° or 1.13°. 65% of the squares that comprised 

the occluding surfaces were assigned at random to be black and the remainder were blue 

in one eye’s image and red in the other eye’s image. The lower occluding square was 

situated so that its top right edge lay in the centre of the background surface. A vertical 

gap of 2° separated the upper occluder from the lower occluder. At the start of each 

trial, the upper occluder was situated so that its left edge was horizontally separated 

from the right edge of the lower occluder by ±1.5°.  

 

Two black squares, which each subtended 24 minutes of arc, were located on the 

background surface and were centred on the gap between the occluding surfaces. These 

squares served as the fixation targets that observers were instructed to shift fixation 

between. One of the fixation targets was 1.5 degrees to the left of the centre of the 

screen and the other fixation target lay to the right of the centre of the screen by the 

same amount.   

 

Procedure 

 

Observers were instructed to shift the upper square using the left and right arrow 

keys so that its left edge appeared vertically aligned with the right edge of the lower 

square. Observers were instructed to indicate when the edges of the squares appeared 

vertically aligned by pressing the space bar on the keyboard. Observers were instructed 

to base alignment of the edges on their appearance while alternating fixation between 

the two small black squares on the background surface. Observers were instructed to 
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ignore the appearance of the edges of the squares whenever they felt their fixation dart 

towards the edges of the squares momentarily.  

 

There were two blocks of trials in which each of the four disparities was 

presented four times in a random order. It was randomly determined whether the image 

for the left eye was blue and the image for the right eye was red or vice versa in the first 

block of trials. The colours used for the left and right eye were switched in the second 

block of trials.  

 

Observers 

 

7 naïve observers from the University of New South Wales community 

participated.  
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4.7.2 Results and Discussion 
 

Group data are shown in Figure 57. The physical misalignment of the left and 

right edges of the occluding surfaces when the observer indicated that these edges 

appeared aligned is shown on the y-axis. The disparity of the occluding surfaces relative 

to the background is shown on the x-axis. The results show that the edges of the 

occluding surfaces appeared aligned when the left edge of the upper occluder was to the 

left of the right edge of the lower occluder.  This is consistent with the Ono et. al. (2002; 

2003) theory, which predicts that the perceived direction of the right edge of an 

occluder will be biased leftwards from its physical location and the perceived direction 

of the left edge of an occluder will be biased rightwards from its physical location. The 

results do not support the Erkelens et. al. (1996) theory, which predicts that the edges of 

the occluding surfaces are perceived in their physical direction (the Erkelens et. al. 1996 
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theory was reviewed in section 1.5.4 and in the introduction to Experiment 9 see section 

4.6). 

 

The Ono et. al. (2002; 2003) theory predicts that the difference between the 

perceived alignment of the edges and the physical alignment of the edges will increase 

with disparity. The width of the monocular region of the background next to the left and 

right edges of the occluding surfaces is equal to the disparity of the occluding surfaces 

relative to the background (see section 1.2). Half of the monocular region of the 

background has the same physical direction relative to a cyclopean eye as the edge of 

the occluding surface (Figure 58). Therefore, a lateral bias for the perceived direction of 

the edge of an occluder equal to half the disparity of the occluder will ensure that its 

perceived direction differs from the physical direction of the monocular region. If a bias 

of this magnitude occurred for the left edge of the upper occluder and the right edge of 

the lower occluder in the present experiment, then the edges would appear aligned when 

they were physically misaligned to the extent shown by the diagonal line in Figure 57. 

Occluding surface 

Background 

L              C               R 

Monocular region 

Figure 58. The portion of the monocular region of the background that has the same physical 
direction as the occluding surface relative to a cyclopean eye. 
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A two-way multivariate analysis of variance controlling the Decision-Wise error rate 

( =0.05) revealed that there was a significant linear trend of bias magnitude with 

disparity (F(1,6)=22.27) and a significant quadratic trend (F(1,6)=11.505) of bias 

magnitude with disparity. Therefore, the results indicate that the difference between the 

perceived alignment of the edges and the physical alignment of the edges increased with 

disparity, which supports the Ono et. al. (2002; 2003) theory. The 95% confidence 

intervals for the linear trend in the alignment settings indicate that the slope of the 

alignment settings was 0.3-0.9, which differs from the predicted slope of 1. Therefore, 

the bias of the perceived direction of the edges of the occluding surfaces was smaller 

than that required for their perceived direction to differ from the physical direction of 

the monocular region of the background.  

 

The Ono et. al. (2002; 2003) theory predicts that the bias of the perceived 

direction of the left and right edges of an occluding surface will occur when fixation is 

at the depth of the background but will not occur when fixation is at the depth of the 

occluding surface. In the introduction to the present experiment it was argued that it is 

difficult to maintain fixation at the depth of the background surface while aligning the 

edges of the occluding surfaces. Therefore, it is possible that the bias was smaller than 

expected because observers were not always fixated at the depth of the background. The 

issue of how fixation disparity may affect the bias of the perceived direction of the 

edges is discussed below in the general discussion of Experiments 4-10.  
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4.8  General Discussion of Experiments 4-10 
 

It is commonly argued (Hering, 1879/1942; Roelofs, 1959; Ono, 1979, Ono & 

Mapp, 1995) that the perceived direction of features is referred to a point midway 

between the eyes (cyclopean eye). It is now recognised that a real eye at the location of 

the cyclopean eye could not view all of the features that are visible to either the left eye 

or the right eye (Erkelens & van de Grind, 1994; Anderson & Nakayama, 1994; Ono et. 

al. 2002; 2003). Features that would not be visible to a cyclopean eye occur next to the 

left and right edges of an occluding surface within monocular regions of the background 

surface. The half of the monocular region that abuts the occluding edge is hidden by the 

occluding surface from the perspective of a cyclopean eye (see Figure 58, page 194). 

For this reason, Erkelens et. al. (1996) argued that the cyclopean eye is not the reference 

point for perceived direction in the vicinity of the left and right edges of an occluder. 

Erkelens et. al. (1996) proposed that the perceived direction of features in the vicinity of 

the left and right edges of an occluder is referred to the eye that views the monocular 

region. The advantage of using the eye that views the monocular region as the reference 

point for perceived direction is that the occluding surface does not have the same 

physical direction as features on the background surface that are visible to either the left 

or right eye.  

 

A prediction of the Erkelens et. al. (1996) theory is that the perceived relative 

direction of any pair of features in the vicinity of a monocular region will match their 

relative direction in the eye that views the monocular region. Erkelens et. al. (1996) 

measured the perceived direction of the edges of an occluding surface relative to a line 
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on the background surface by instructing observers to vertically align the line with the 

edge. Erkelens et. al. (1996) found that the background line appeared vertically aligned 

with the edge when the line and the edge were vertically aligned in the eye that views 

the monocular region next to the edge, as predicted by the Erkelens et. al. (1996) theory. 

This result is referred to as an Erkelens-bias since the position of the line and the edge 

in the eye that viewed the monocular region made a larger contribution to their 

perceived relative direction than the position of the line and the edge in the other eye.  

 

Ono et. al. (2003) also found an Erkelens-bias for perceived alignment between a 

background line and the left and right edges of an occluder. However, the Erkelens-bias 

was smaller in the Ono et. al. (2003) study than in the Erkelens et. al. (1996) study. 

Comparing the Erkelens et. al. (1996) and Ono et. al. (2003) studies suggested that 

fixation may affect the magnitude of the Erkelens-bias. Ono et. al. (2003) instructed 

observers to fixate a specific point in the stimulus located at the depth of the 

background. A pair of nonius lines flanked the fixation point vertically. Observers were 

instructed to monitor the perceived alignment of the nonius lines while simultaneously 

aligning the comparison line with the edge of the occluder. On the other hand, no 

fixation instructions were given in the Erkelens et. al. (1996) study and the largest 

Erkelens-bias of perceived alignment was found in that study. The stimulus and 

procedure of Experiment 7 was similar to that of the Erkelens et. al. (1996) study yet the 

results of Erkelens et. al. (1996) were only replicated for one of the nine observers. 

Experiment 8 suggests that the large Erkelens-bias of perceived alignment found in the 

Erkelens et. al. (1996) study was contingent on where observers fixated. In Experiment 

8, the same stimulus was used as in Experiment 7 but observers were instructed to fixate 

either the tip of the background line or the edge of the occluding surface. Perceived 
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alignment between the occluding edge and the background line was biased towards their 

relative direction in the eye that viewed the monocular region for observers that were 

instructed to fixate the background line. This Erkelens-bias did not occur for observers 

that were instructed to fixate the occluding surface. This effect of fixation suggests that 

the conclusion of Erkelens et. al. (1996) that their results did not depend on where 

observers fixated is incorrect. The possibility that the observers in Experiment 4, 5, 6 

and 7 did not always fixate the background surface may explain why the Erkelens-bias 

in those experiments was smaller than the Erkelens-bias found in Experiment 8, in 

which observers were instructed to fixate the background surface. Since the Erkelens-

bias of perceived alignment is reduced when observers do not fixate the background 

surface, a tendency to not fixate the background would likewise reduce the extent that 

the Erkelens-bias of perceived alignment increased with the disparity between the 

surfaces. Hence, the effect of disparity in Experiments 5 and 6 may have been smaller 

than expected because observers in those experiments did not always fixate the 

background. 

 

The large Erkelens-bias of perceived alignment found in Experiment 8 with 

fixation at the depth of the background is consistent with the Erkelens et. al. (1996) 

proposal that the perceived direction of features is referred to the eye that views the 

monocular region. However, the Erkelens et. al. (1996) theory does not explain why the 

Erkelens-bias of perceived alignment did not occur with fixation on the occluding 

surface in Experiment 8 or when observers were given no instructions regarding 

fixation in Experiment 7. On the other hand, the effect of fixation is consistent with an 

alternative theory proposed by Ono et. al. (2002; 2003). Ono et. al. (2002; 2003) 

proposed that the perceived direction of features is referred to the cyclopean eye. They 
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argued that the entire monocular region is incorporated into a cyclopean view of the 

visual scene by means of lateral biases in the perceived direction of parts of the scene 

away from their physical direction relative to a cyclopean eye. Ono et. al. (2002; 2003) 

hypothesised that this lateral bias will occur for features on the background when the 

occluder is fixated and will occur for features on the occluder when the background is 

fixated. Therefore, the Ono et. al. (2002; 2003) theory predicts that the perceived 

direction of the occluding edge will be biased laterally with fixation at the depth of the 

background but not with fixation at the depth of the occluder. Consistent with both of 

these predictions, an Erkelens-bias of perceived alignment between the occluding edge 

and the background line occurred in Experiment 8 for observers that were instructed to 

fixate the background line, but did not occur for observers that were instructed to fixate 

the occluding surface.  

 

Experiment 9 provided a further test of the Erkelens et.  al. (1996) and Ono et. al. 

(2003) theories. The Ono et. al. (2003) theory predicts that the perceived direction of 

features on the non-fixated surface will differ from their physical direction. Ono et. al. 

(2003, p. 261) argued that the Erkelens-bias of perceived alignment between a 

background line and the left and right edges of an occluding surface “clearly indicate 

that displacement of a binocularly fused stimulus occurs on the surface of the 

nonfixated plane.” However, Erkelens et. al. (1996) argued that the same bias of 

perceived alignment supported the proposal that the edge of the occluding surface is 

perceived in its physical direction relative to the eye that views the monocular region. 

Experiment 9 showed that a pair of monocular regions that were physically aligned 

appeared horizontally offset from one another, which supports the Ono et. al. (2002; 

2003) theory and does not support the Erkelens et. al. (1996) theory. Likewise, 
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Experiment 10 showed that the left edge of an occluder appeared aligned with the right 

edge of an occluder when these edges were physically misaligned, which supports the 

Ono et. al. (2002; 2003) theory and does not support the Erkelens et. al. (1996) theory.  

 

What impact do these results have on the controversy regarding the reference 

point for perceived direction? Ono et. al. (2003) speculated that the cyclopean eye is the 

reference point for perceived direction at the left and right edges of a surface. Erkelens 

et. al. (1996) speculated that the eye that views the monocular region is the reference 

point for the perceived direction of features in the vicinity of that monocular region. 

Hering’s (1879/1942) compelling demonstration (reviewed section 1.4 see Figure 19) 

shows that the perceived direction of features can be referred to a point midway 

between the eyes (cyclopean eye). The theory that perceived directions are referred to 

the cyclopean eye leads to the counterintuitive prediction that when a feature is visible 

to one eye only, its perceived direction is affected by the posture of the eye that does not 

view the feature. There is much experimental evidence for this effect of the non viewing 

eye on the perceived direction of a monocularly visible feature (reviewed section 1.4.1; 

e.g. Ono et. al. 1972; Ono & Gonda, 1978; Barbeito, 1981; Ono & Barbeito, 1982; 

Barbeito & Simpson, 1991). For a binocularly visible feature presented against empty 

space, the reference point for perceived direction has been determined to be the 

cyclopean eye (Mitson et. al. 1976; Barbeito & Ono, 1979; reviewed section 1.4.1). 

Finally, the perceived relative direction of a pair of fused binocular features 

approximates the angle that they would subtend at a cyclopean eye (Ono et. al. 1977; 

Mapp & Ono, 1995; see section 1.4.3). Therefore, there is much evidence to support the 

conclusion that the cyclopean eye is the reference point for perceived direction - at least 

for features that are not in the neighbourhood of the left and right edges of a surface as 
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contested by Erkelens et. al. (1996). Erkelens et. al. (1996) found that the perceived 

direction of the left or right edge of a surface relative to a line on the background 

surface does not match the angle that the line and the edge would subtend at a cyclopean 

eye. Hence, if the perceived direction of the features was referred to the cyclopean eye, 

then either the edge or the line would appear in the wrong direction relative to the 

observer (the logic of this conclusion was set out in detail in section 4.6). On the other 

hand, if the perceived direction of the edge of the surface and the background line was 

referred to the eye that viewed the monocular region next to the edge, then the line and 

the edge could both appear in the correct direction while having the perceived relative 

direction found by Erkelens et. al. (1996). The basis then for the Erkelens et. al. (1996) 

proposal is therefore the expectation that we perceive features at the left and right edges 

of a surface in the correct direction. Experiments 9 and 10 reveal that this is not the 

case. The edge of the foreground surface and monocular region of the background are 

not perceived in the correct direction. This leads to the conclusion that the perceived 

direction of features is referred to the cyclopean eye, even at the left and right edges of a 

surface.   

 

Ono et. al. (2002; 2003) proposed that: (1) features on the fixated surface are 

perceived in their physical direction relative to a cyclopean eye; (2) to ensure that the 

perceived direction of the occluding and background surfaces differs, the perceived 

direction of features on the non-fixated surface is biased laterally away from the 

boundary between the surfaces with respect to their physical direction relative to the 

cyclopean eye. These proposals do not specify what the perceived direction of the 

surfaces will be when the depth of fixation does not match the depth of either surface 

due to a fixation disparity. One possibility is that fixation disparity does not affect the 
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perceived direction of the surfaces. The surface that is closest to the depth of fixation 

will be perceived in its physical direction relative to a cyclopean eye, while the 

perceived direction of features on the other surface are biased laterally away from the 

boundary between the surfaces with respect to their physical direction relative to the 

cyclopean eye so that features on the occluding and background surfaces do not have 

the same perceived direction. Ono et. al. (2003) raised the possibility that a fixation 

disparity might affect the magnitude of the Erkelens-bias of perceived direction. Ono et. 

al. (2003) argued that the basis for this possibility is that the discrepancy between the 

perceived and physical direction of a monocular feature presented alone and correlates 

highly with fixation disparity (Ono et. al. 1972; Ono & Gonda, 1978); reviewed section 

1.4.1). A crossed disparity while fixating the background surface would shift the depth 

of fixation towards the occluding surface. Since the discrepancy between the physical 

and perceived direction of a monocular feature diminishes as the depth of fixation 

approaches the depth of the monocular feature, the lateral bias of the perceived direction 

of the occluding surface may diminish if a crossed fixation disparity shifted fixation 

away from the background towards the occluding surface. This possibility may be 

evaluated in future research by either measuring the perceived direction of the left and 

right edges of an occluder as a function of the depth of fixation relative to the 

background or by correlating the magnitude of the Erkelens-bias and fixation disparity.  

 

Fixation disparity provides a possible explanation for the difference in the 

magnitude of the Erkelens-bias of perceived alignment between the Erkelens et. al. 

(1996) and Ono et. al. (2003) studies. The extent that a given fixation disparity would 

shift the depth of fixation toward the depth of the occluder decreases as the relative 

disparity between the surfaces increases. Larger relative disparities between the 
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background and occluding surface were used in the Erkelens et. al. (1996) study (up to 

2°) than in the Ono et. al. (2003) study (15 minutes of arc in Experiment 3 and 11 

minutes of arc in Experiment 2). Therefore, if fixation disparity affects the magnitude of 

the Erkelens-bias of perceived alignment, then a fixation disparity of a few minutes of 

arc would reduce the Erkelens-bias of perceived alignment more for the small 

disparities used by Ono et. al. (2003) than the large disparities used by Erkelens et. al. 

(1996).  

 

The minimal stimulus conditions for the Erkelens-bias of perceived alignment 

were investigated in Experiment 6. The stimuli used by Erkelens et. al. (1996) and Ono 

et. al. (2003) contained monocularly visible texture within the monocular region of the 

background next to the edges of the occluding surface. The results of Experiment 6 of 

the present study and the results of Erkelens and van Ee (2007) eliminate the possibility 

that the Erkelens-bias of perceived alignment at the edges of an occluding surface 

depends on texture within the monocular region. In both studies, an Erkelens-bias of 

perceived alignment was found when the monocular region of the background lacked 

any texture. It was proposed in Experiment 6 that the Erkelens-bias of perceived 

alignment simply depends on the stimulus specifying the boundaries of a foreground 

surface because the left eye always views a monocular region to the left of a foreground 

surface and the right eye always views a monocular region to the right of a foreground 

surface. In support of this account, Experiment 6 showed that the Erkelens-bias was 

eliminated when the outline of a surface was presented as the farthest feature in the 

scene, which is incompatible with it being a foreground surface.  
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The largest Erkelens-biases of perceived alignment between the occluding edge 

and the background line were found in the Erkelens et. al. (1996) study and in 

Experiment 8 of the present study. Disparity gradients equal to 2 occurred between the 

edge of the occluding surface and binocularly visible texture on the background surface 

in both of those experiments. The possibility that these steep disparity gradients 

contributed to the Erkelens-bias of perceived alignment was dismissed by Erkelens et. 

al. (1996), because the disparity gradient between the occluding edge and the 

background line was not steep. However, this ignores the fact that the disparity gradient 

between the edge and the binocularly visible texture on the background surface was 

steep. One might also argue that the disparity gradient at the edges between the surfaces 

did not contribute to the Erkelens-bias of perceived alignment because steep disparity 

gradients have been shown to induce diplopia and trials in which diplopia was observed 

were aborted in the Erkelens et. al. (1996) study. However, judgments of diplopia are 

more difficult for features that are part of a surface than for features presented alone 

(see Duwaer, 1983; McKee & Verghese, 2002). Furthermore, it is also possible that 

diplopia might rarely be experienced for densely textured surfaces because one of the 

diplopic images of the surface is suppressed. Suppression of one of the diplopic images 

of a surface may be expected on the basis that the perceived direction of the two 

diplopic directions of a surface are expected to overlap. Steep disparity gradients were 

lacking in experiment 2 of the Ono et. al. (2003) study since the background next to the 

edge of the occluder was black except for a single line located in the monocular region. 

In that study, if the eye that viewed the monocular region next to the edge dominated 

perceived alignment, as was found with steep disparity gradients in the Erkelens et. al. 

(1996) study and in Experiment 8 of the present study, then the Erkelens-bias of 

perceived alignment would equal 7.5 minutes of arc. The obtained Erkelens-bias was 
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equal to 0.81 minutes of arc. Hence, experiment 2 of the Ono et. al. (2003) study does 

not eliminate the possibility that steep disparity gradients are responsible for the large 

Erkelens-biases of perceived alignment found in the Erkelens et. al. (1996) study and in 

Experiment 8 of the present study. Steep disparity gradients were also lacking in the 

outline condition of Experiment 6 of the present study because the left and right edges 

of the outline of the surface were not proximal to any features on the background 

surface. The Erkelens-bias in this experiment was larger than that found in experiment 2 

of the Ono et. al. (2003) study, but was also smaller than that found with steep disparity 

gradients in Experiment 8 and in the Erkelens et. al. (1996) study. It was argued in the 

preceding paragraphs that the difference in the magnitude of the Erkelens-bias between 

these studies may also be attributed to the depth of the observer’s fixation. Hence, 

future research that compares the Erkelens-bias of perceived direction at the left and 

right edges of an occluder in the presence or absence of steep disparity gradients should 

ensure that the observer is converged at the same depth in both conditions. 

 

The Ono et. al. (2002; 2003) theory predicts that with fixation at the depth of the 

background, a leftwards bias of perceived direction will occur for the right edge of an 

occluder while a rightwards bias of perceived direction will occur for its left edge. 

Consequently, it is predicted that the difference between the perceived directions of the 

left and right edge of an occluder is smaller than the difference between their physical 

directions. This discrepancy between the perceived and physical difference in direction 

between a pair of features on the same surface was described as a compression of 

perceived direction by Ono et. al. (2002; 2003).  
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The problem of how the Erkelens-bias of perceived direction is distributed 

across the occluding surface has until now not been addressed. One possibility is that 

the lateral bias decreases slowly across the occluding surface in order to minimise the 

compression of perceived direction between adjacent features. However, a slow 

decrease in the discrepancy between the perceived direction of a feature and its physical 

direction with separation from the edge of the occluder would maximise the region of 

the occluder that is affected by the lateral bias of perceived direction. To reduce the area 

of the occluder affected by the lateral bias of perceived direction, the rate that the bias 

diminishes with separation from the edge must increase, thereby increasing the 

compression of perceived direction between adjacent features. An interesting question is 

whether the lateral bias of perceived direction is distributed to minimise either: (1) the 

compression of perceived direction between adjacent features; or (2) the area of the 

occluder that is affected by the lateral bias of perceived direction.  

 

There exists a minimum region of the occluder that is predicted to be affected by 

the lateral bias of perceived direction by the proposals of Ono et. al. (2002; 2003). Ono 

Figure 59. The portion of the occluder that lies in the same direction relative to a cyclopean eye as the 
background visible to one of the eyes.  

a b 

L                              C                                R 

 c  d    e 
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et. al. (2002; 2003) argued that the perceived direction of features in the vicinity of the 

left and right edges of an occluder is referred to the cyclopean eye. From that reference 

point, the physical direction of the half of the monocular region of the background that 

is next to the edge of the occluder (a-b in Figure 59) is the same as the physical 

direction of a portion of the occluder (c-e in Figure 59). Ono et. al. (2002; 2003) argued 

that with fixation at the depth of the background, the features in the monocular region 

are perceived in their physical direction relative to cyclopean eye, while the perceived 

direction of the occluder is shifted laterally so that the perceived direction of the two 

surfaces does not overlap. Therefore, the portion of the occluder that is affected by the 

Erkelens-bias must exceed that which would hide part of the monocular region from a 

cyclopean eye in order to be compatible with the Ono et. al. (2002; 2003) theory.  

 

The results of Experiment 4 and 5 address these questions concerning the 

distribution of the Erkelens-bias of perceived direction across the occluder. In both 

experiments, the perceived direction of a line on the occluding surface was measured 

relative to a line on the background surface. The lateral separation of the line on the 

occluding surface from the edge was varied. The portion of the occluder that would hide 

part of the monocular region from a cyclopean eye was either 10 or 15 minutes of arc 

wide in Experiment 4 and was 3, 4 or 5 minutes of arc wide in Experiment 5. An 

Erkelens-bias of perceived alignment was found when the line on the occluding surface 

was located within this portion of the occluder as required by the theory of Ono et. al. 

(2002; 2003). The Erkelens-bias of perceived alignment was also found when the line 

on the occluder lay outside of the portion of the occluder that would hide part of the 

monocular region from a cyclopean eye. In Experiment 5, an Erkelens-bias was found 

when the line on the occluder was separated from the edge of the occluder by 5 minutes 
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of arc. For that stimulus, the portion of the occluder that would hide the monocular 

region from a cyclopean eye was 3 minutes of arc wide. In Experiment 4, when the 

portion of the occluder that would hide a cyclopean eye was 10 minutes of arc wide, an 

Erkelens-bias of perceived alignment was found when the separation of the line on the 

occluder was 30 minutes of arc. These results support the conclusion that the area of the 

occluder affected by the lateral bias of perceived direction away from the physical 

direction of the features is not minimised, because the Erkelens-bias was found even 

when the line on the occluder did not lie within the region that would hide the 

monocular region from a cyclopean eye. The results also indicate that the Erkelens-bias 

of perceived direction on the occluding surface is not distributed to minimise the 

discrepancy between the perceived and physical difference in direction between 

adjacent features. Were this discrepancy minimised, the Erkelens-bias would gradually 

decrease across a wide range of separations. Contrary to this prediction, the Erkelens-

bias of perceived alignment in Experiment 5 was eliminated by a separation of 9 

minutes of arc between the line on the occluding surface and the edge of the occluding 

surface. The results indicate that the Erkelens-bias is distributed across the occluding 

surface in a compromise between minimising the area of the occluder that is affected by 

the Erkelens-bias and minimising the discrepancy between the perceived and physical 

difference in direction between adjacent features.  
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4.9 Summary of recommendations for future experiments 
 
 

The main finding of the experiments reported in section 4 is that at the left and 

right edges of a surface, features on either the occluding or the background surface are 

not perceived in their physical direction. Relative to their physical direction, the 

perceived direction of the features is biased laterally away from the boundary between 

the surfaces. It was argued in the General Discussion of Experiments 4-10 (section 4.8) 

that this finding supports the Ono et. al. (2003) theory of perceived direction and is 

incompatible with the theory advanced by Erkelens et. al. (1996) (for a review of these 

theories see section 4.8 or section 1.5.4). A resolution of a number of issues raised in 

the General Discussion of Experiments 4-10 require further experiments and are 

summarised below.  

 

Fixation disparity 

 

The perceived direction of the left and right edges of an occluding surface, 

relative to a line on the background surface, differed between the experiments reported 

in section 4 and between the experiments reported by Erkelens et. al (1996) and Ono et. 

al (2003). The results of Experiment 7 indicate that the depth at which the observer is 

fixated may account for some of these discrepancies between the experiments. In 

Experiment 7, when the background surface was fixated, the perceived relative direction 

of the occluding edge and the background line was more similar to their angular 

separation in the eye that viewed the monocular region next to the edge than to their 

angular separation in the other eye. We refer to this result as an Erkelens-bias because 
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the eye that viewed the monocular region had a stronger influence on perceived 

alignment of the features than did the other eye. In Experiment 7, when the occluding 

surface was fixated, the perceived relative direction of the occluding edge and the 

background line was an average of the angular separation of the edge and the line in 

both eyes. Hence, Experiment 7 showed that an Erkelens-bias of perceived direction 

occurs when the background surface is fixated and is eliminated when the occluding 

surface is fixated. However, it is not yet known whether the magnitude of the Erkelens-

bias of perceived alignment is reduced when small fixation disparities shift the depth of 

fixation away from the depth of the background surface. The effect of fixation disparity 

on the Erkelens-bias of perceived alignment may be examined by either measuring the 

perceived direction of the left and right edges of an occluder as a function of the depth 

of fixation relative to the background or by correlating the magnitude of the Erkelens-

bias and fixation disparity. In order to vary the depth of fixation relative to the 

background surface, vergence eye movements must be prevented. This could be 

achieved by presenting the stimulus for a duration of approximately 150 ms or less, 

which is shorter than the reaction time of vergence eye movements to the presentation 

of a stimulus (Ginsborg, 1953; Rashbass & Westheimer, 1961). 

   

Steep disparity gradients 

 

Steep disparity gradients (see section 1.3.4) have been shown to affect the 

perceived direction of pairs of lines and dots (Tyler, 1975; Braddick, 1979; Burt & 

Julesz, 1984). In the General Discussion of Experiments 4-10, it was noted that an 

Erkelens-bias of the perceived direction of the left or right edges of an occluding surface 

has been found using stimuli that lack steep disparity gradients (see experiment 2 of 
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Ono et. al. 2003 and Experiment 6 of the present study). However, the Erkelens-bias of 

perceived direction found in these experiments that lacked steep disparity gradients was 

much smaller than the Erkelens-bias found in experiments that contained steep disparity 

gradients (Erkelens et. al. 1996; Experiment 8 of the present study). As was pointed out 

in the General Discussion of Experiments 4-10, it is possible that these differences in 

the Erkelens-bias may be due to differences in fixation disparity. However, it is also 

possible that large Erkelens-biases require steep disparity gradients. What is needed to 

resolve this issue is an experiment where the perceived direction of the edges is 

measured with or without steep disparity gradients, while ensuring that fixation 

disparity does not differ between these two conditions. This also requires that the 

stimulus be presented for less than 150ms in order to equate the depth of fixation 

between the two conditions.  

 

Distribution of the distortion of perceived direction across the surfaces 

 

Experiment 9 and 10 show that in the vicinity of the left and right edges of an 

occluding surface, features on either the background surface or the occluding surface 

can appear in a direction that differs from their physical direction. Relative to their 

physical directions, the perceived directions of the left and right edges of an occluding 

surface can be biased towards the centre of the surface. An interesting issue raised in 

section 4 is to how this distortion of perceived direction is distributed across the 

occluding surface. It was argued in the General Discussion that the results of 

Experiment 4 and 5 show that the distortion of perceived direction is not distributed so 

as to minimise the discrepancy between the perceived and physical difference in 

direction between adjacent features. It was also argued that those experiments showed 
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that the distortion of perceived direction was not distributed so as to minimise the area 

of the surface that is affected by the distortion. Our understanding of how the distortion 

is distributed across the surface would be improved by further experiments that measure 

the perceived direction of features at different distances from the left and right edges of 

surfaces. Interesting issues that remain to be resolved are how these distributions vary 

as a function of surface width, feature density and the disparity between the surfaces. 
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