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ABSTRACT 
 
 
Purpose: Visual directions of object(s) in space are judged with reference either to 

the self (egocentric), or to the eye (oculocentric). Perceived egocentric direction 

(EVD) is based on the combination of sensed eye-position in the orbits, provided by 

proprioception and efference copies, and retinal-position information provided by 

local sign mechanisms. This dissertation examined whether (1) the eye-position and 

the retinal-position information covary within the same subjects, (2) the eye-position 

information from the non-viewing eye contributes to perceived EVD during complete 

absence of retinal-position information from one eye, (3) the contribution of eye-

position information varies similarly in the presence and absence of foveal 

suppression, (4) vergence eye movements contribute to perceived EVD, and (5) 

differences in eye velocities can account for differences in perceived EVD for 

different viewing conditions.  

 

Methods: The relative contributions of eye-position information from the two eyes 

during different viewing conditions were determined by open-loop pointing responses 

to an isolated target presented at one of several horizontal locations on a completely 

black background. These targets were presented binocularly with either asymmetric 

or symmetric vergence demands, and monocularly during heterophoria. The targets 

were either static, or were ramped with a constant asymmetric vergence velocity of 

0.75 or 1.5 deg/s. The effect of foveal suppression on the eye-position information 
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was determined using targets with 1.5D of simulated anisometropic blur. The relative 

contributions of retinal-position information from each eye were estimated by an 

alignment task, for contrast-varying targets with horizontal or vertical disparity, and 

for luminance-varying targets with horizontal disparity. Comparisons of relative 

contributions of eye-position information during asymmetric vergence and retinal-

position information for targets of unequal contrast or luminance in the two eyes 

indicated if the two sources of information covary within the same subjects. 

Comparisons of the contributions of eye-position information during binocular 

viewing and asymmetric vergence with monocular viewing, suppression of foveal 

information, and different eye-velocities indicated whether the contribution of eye-

position information to perceived EVD remains similar during different viewing 

conditions.  

 
Results: Between-eye differences exist in the contributions of eye-position and 

retinal-position information in some subjects. Across subjects, the inferred weighting 

of eye-position and retinal-position information covaries quantitatively (p < 0.05). 

During monocular viewing, the contribution of eye-position information from the 

non-viewing eye varies idiosyncratically. The contribution of eye-position 

information from a foveally suppressed eye is less than when no suppression occurs. 

In subjects who weight the position information from the two eyes unequally, 

changes in perceived direction were noted during symmetric vergence. No 
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statistically significant differences in the contributions of eye-position information 

occur for different eye velocities.   

 

Conclusions: The contributions of eye-position and retinal-position information to 

perceived EVD covary similarly. However, the contribution of eye-position 

information depends to some extent on the retinal-position information, and/or 

suppression. Vergence eye movements contribute to perceived EVD. Differences in 

eye velocity cannot account for differences in the contributions of eye-position 

information observed under the different viewing conditions. The combination of 

eye-position and retinal-position information could occur at a common neural locus. 
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GENERAL INTRODUCTION 
 

Both the distance and the direction of an object have to be known to locate an 

object in space. The visual direction of one or more objects can be referred with respect 

to the self as the reference (egocentric), or with reference to an eye-centered co-ordinate 

system (oculocentric). The sensed position of the eyes in the orbits provided by 

proprioception and efference copies combined with the oculocentric direction provided 

by local sign mechanisms determines the egocentric visual direction.  

perceived 

egocentric visual direction is based on the averaging of eye-position and retinal-position 

information from each eye. An implication of this assumption is that the eye-position and 

retinal-position information are combined similarly with respect to one another. 

However, some reports indicate that eye-position information from the two eyes 

contributes unequally to perceived EVD in some subjects. Findings from other studies 

suggest that the retinal-position information from the two eyes may not always contribute 

equally to perceived OVD, in all subjects.  

Because it is shown separately that the eye-position and retinal-position 

information do not contribute equally to perceived visual direction, it is unclear how the 

two sources of information vary within the same subjects. The first major goal of this 

dissertation was to assess whether the contributions of eye-position and the retinal-

position information from the two eyes covary within the same individuals.  

Open-loop pointing responses to an isolated target presented randomly at several 

horizontal locations were collected during monocular viewing in subjects with 
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heterophoria in Chapter 1, and during different magnitudes of asymmetric vergence under 

binocular viewing in Chapter 2 to estimate the contribution of eye-position information 

from the two eyes to perceived EVD. The contribution of retinal-position information 

from the two eyes was estimated for the same subjects in whom the contribution of eye-

position information was estimated during binocular viewing. The direction in which a 

horizontally or vertically disparate target with different interocular contrast or luminance 

ratios appeared aligned with a non-disparate target estimated the relative contribution of 

each eye's retinal-position information. These experiments are described in Chapters 3 

and 4. 

In Chapter 5, I determined whether these measures of contribution of eye-position 

and retinal-position information show agreement with several different measures of 

ocular dominance.  

Chapter 6 examines whether the contributions of eye-position determined in 

Chapter 2, and the retinal-position information determined in Chapters 3 and 4, covary 

 

Subjects with strabismus are frequently known to suppress retinal information. 

However, the effect of suppression on the contribution of eye-position information from 

the retinally suppressed eye during binocular viewing is not known. The second major 

goal of the study, which is addressed in Chapter 7, was to assess whether the eye-position 

information from one eye contributes to perceived EVD in the perceptual absence of 

retinal information from that eye. This study simulated clinical suppression in subjects 



Introduction 

 
 

3 

 

with normal binocular vision by inducing anisometropic blur, and assessed the 

contribution of eye-position information during foveal suppression of the blurred target.  

-position information during 

symmetric vergence should not contribute to perceived EVD, as both eyes move by equal 

amounts in opposite directions. In Chapter 8, I tested this prediction, to determine 

whether a change in vergence eye-position is associated with a change in perceived 

direction. 

Differences in the contribution of eye-position information are reported to occur 

during binocular and monocular viewing. Specifically, during binocular viewing, the 

account differential weighting of eye-position information). Results from previous studies 

and the experiment in Chapter 1 indicate that during monocular viewing, the contribution 

of eye-position information from the non-viewing eye contributes idiosyncratically to 

perceived EVD, and is subject to large inter-subject variability. In Chapter 9, I 

determined whether these differences could be related to differences in the velocity of 

eye movements associated with the phoric eye movements during monocular viewing, 

and asymmetric vergence eye movements during binocular viewing. 

Finally, Chapter 10 discusses the overall results with respect to the findings in all 

of the Chapters, and provides a possible neural pathway involved in the combination of 

eye-position and retinal-position information to determine perceived egocentric direction. 
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CHAPTER 1 

1.1. Introduction 

Perceived egocentric visual direction (EVD) of an object in space is based on the 

combination of information about the position of the eyes and the retinal-position 

information (Enright, 1995; Erkelens & van Ee, 2002; Hering, 1868/1977; Mansfield & 

Legge, 1996; Mather, 1969/1983; Morgan, 1978; Müller, 1842; Nakamizo, Shimono, 

Kondo & Ono, 1994; Ono, 1991; Ono & Mapp, 1995; Ono, Wade & Lillakas, 2009; Ono 

& Weber, 1981; Wade, 1978). This chapter addresses the contribution of eye-position 

information to the perceived EVD during monocular viewing. 

-

position information to perceived EVD during both monocular and binocular viewing. 

According to these laws of visual direction, the perceived EVD for an object imaged on 

one or both foveas lies on a line that extends from the midpoint of the two eyes and 

passes through the intersection of the visual axes of the two eyes (Erkelens & van Ee, 

2002; Helmholtz, 1910/1962; Hering, 1868/1977; Müller, 1842; Ono, 1991; Sherrington, 

direction are based on an assumption that the position information from both eyes 

contributes equally to the perceived visual direction, and that a (simple) averaging of 

position information from both eyes occurs during both monocular and binocular 

viewing. The perceived EVD is based on the direction signaled by the averaged eye-

position information.  
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Several views exist regarding whether the eye-position information of the non-

viewing eye is taken into account or not during monocular viewing. According to one 

view, the position information of the non-viewing eye is taken into account to determine 

perceived EVD. The results of several experiments support this view. For instance, Ono 

and Gonda (1978) determined the perceived direction of a single visual target, and later 

Ono and Weber (1981) measured open-loop pointing errors made in response to an 

isolated visual target presented in darkness during monocular viewing, by the right and 

left eye, to determine whether the eye-position information from both the viewing and 

non-viewing eye contributes to perceived EVD. 

visual direction is that if both eyes are aligned during monocular viewing (orthotropia) 

and if the position information from both eyes contributes equally to perceived EVD, 

then the perceived and the physical location of a target should be identical and there 

should be no shift in perceived EVD from binocular viewing. On the other hand, if there 

is misalignment of the eyes during monocular viewing (heterophoria) and a contribution 

of position information from both eyes, then the perceived EVD of the target should be 

non-veridical (Figures 1.1b and 1.1c). If there is an equal contribution of eye-position 

information from both the viewing and the non-viewing eye, then perceived EVD should 

shift in the direction of heterophoria by an amount equal to half the magnitude of 

heterophoria.  

The contribution of eye-position information from each eye to perceived EVD can 

be quantified by the direction and magnitude of perceived displacement with respect to 

the physical location or by the magnitude of the pointing errors. In both the studies by 
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Ono and Gonda (1978) and Ono and Weber (1981), the direction errors in relation to the 

heterophoria when either eye was occluded were qualitatively in accordance with the 

heterophoria and pointing errors across their 19 subjects with either esophoria or 

exophoria. Their overall results show that the position of both the viewing and non-

viewing eye is taken into account to determine perceived EVD.  

To determine the relative contribution of eye muscle proprioception to the 

determination of the eye position, Gauthier, Nommay and Vercher (1990a, 1990b) 

occluded an eye in four subjects, and passively deviated the occluded eye either nasally 

(esophoria) or temporally (exophoria), using suction contact lenses. They measured open-

loop pointing errors to a visual target presented against a dark background, and reported 

that the subjects made pointing errors in the direction of the eye deviation. The presence 

of pointing errors suggests that the position of both the viewing and the non-viewing eye 

is taken into account to determine perceived EVD. 

Simpson (1992) occluded one eye in each of his six subjects, and asked his 

subject to directionalize a target placed in front of the viewing eye as it was viewed 

through lenses between 0 and -4D. Minus lenses stimulate accommodation and 

accommodative vergence in both eyes, but results in a change in eye-position of only the 

non-viewing eye (Leigh & Zee, 1991). This experimental paradigm produced different 

magnitudes of eye-deviation within the same subject. Simpson reported that all his 

subjects misperceived the direction of the target, regardless of which eye was occluded. 

The non-
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the subject has eye-deviation suggests that the position of the non-viewing eye is taken 

into account to determine the perceived EVD.  

Park and Shebilske (1991) reported that subjects in their study noticed a shift in 

the perceived direction of a visual target when each eye was alternatively occluded. The 

direction of perceived displacement was in accordan

range of exophoria that they obtained for the same subjects by presenting the stimulus for 

one eye while occluding the other eye for different time periods between 1 and 9 s.       

Similarly, Khokhotva, Ono and Mapp (2005) determined the perceived shift of an 

isolated target during monocular viewing and found that their subjects reported a 

perceived shift of the target during monocular viewing in the direction predicted by 

 

The studies mentioned above concur that the eye-position information from both 

the viewing and the non-viewing eye contributes to perceived EVD. Nevertheless, in 

these studies (Ono & Weber, 1981; Park & Shebilske, 1991; Simpson, 1992) the amount 

of shift in perceived direction averaged across subjects was less than that expected for the 

 

Another opinion suggests that the position of the non-viewing eye is not taken in 

to account to determine the perceived direction during monocular viewing. For example, 

(an apparent shift of the direction of an object) during monocular viewing, as they 

alternatively fixated between a target placed in front of one eye at distance and near 

target and when they viewed the near target as it was moved in depth along the visual 
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axis of the viewing eye. Alternatively fixating between distance and near or following a 

target that moves in depth when one eye is occluded should result in a change in the 

oculomotor signals of both the viewing and the non-viewing eye as a result of 

accommodative vergence. However, because version and vergence are two separate 

systems, these two types of eye movements cancel out each other in the viewing eye, but 

add up in the non-viewing eye resulting in a deviation of the non-viewing eye (Leigh & 

Zee, 1991; Ono, 1983; Saida, Ono & Mapp, 2001). This change in the position of the 

non-viewing eye therefore should result in a shift in the visual direction of the target, 

of his 12 subjects did not 

condition and concluded that the position of the non-viewing eye is not taken into 

account for determining the perceived EVD.   

-viewing eye is not 

taken into account to determine the perceived EVD, Ono, Mapp and Howard (2002) 

repeated the experiment in 12 subjects with large magnitudes of exophoria at near. They 

used an experimental paradigm identical to that used by Erkelens (2000), and presented 

their subjects with a distance and near target, during monocular viewing. Subjects were 

asked to report whether there was a shift in the imaginary line connecting the targets 

(defined as the cyclopean shift), when they alternatively fixated at distance and near, and 

when the target was moved in front of one eye. Ono et al. (2002) report that the majority 

of their subjects did not perceive the cyclopean illusion because these subjects had very 
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little change in their eye position, and not because of non-contribution of the position 

information from the non-viewing eye, as Erkelens (2000) claimed.  

Another view that exists regarding the contribution of the position information of 

the non-viewing eye to the perceived EVD is that the position of the non-viewing eye 

might be taken into account only if the dominant eye is occluded (Rubin & Walls, 1969; 

Walls, 1942, 1950).   

The previous reports on whether eye-position information of the non-viewing eye 

is taken into account are conflicting. Therefore, the purpose of the first experiment was to 

clarify whether the eye-position information from both eyes contributes to determine 

perceived 

Another purpose of this experiment was to determine whether the eye-position 

information from the two eyes is taken into account similarly, regardless of which eye 

views the target.  

An open-loop pointing task is one of the commonly used tasks for determining 

perceived EVD (Admiraal, Keijsers & Gielen, 2003; Barbeito & Ono, 1979; Barbeito & 

Simpson, 1991; Barry, Bloomberg & Heubner 1997; Blouin, Amade, Vercher, Teasdale, 

& Gauthier, 2002; Bock, 1986; Bock & Kommerell, 1986; Gauthier, Vercher & Blouin, 

1995; Gegenfurtner & Franz, 2006; Mann, Hein & Diamond, 1979; Martel, Grealy & 

Coello, 2006; Miller, 1996; Morgan, 1978; Ono & Weber, 1981; Steinbach & Smith, 

1981; Steinbach, Smith & Crawford, 1988; Tadokoro, 1991; Velay, Roll, Lennerstrand & 

Roll, 1994). This task provides a direct measure of the perceived EVD (Ono & Gonda, 

1978), and is independent of the testing distance (Miller, 1996). For this experiment, 
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open-loop pointing errors were used to determine the contribution of eye-position 

information from the two eyes. Fixation disparity and dissociated phoria were measured 

using Nonius lines.   

1.2. Methods 

Seven subjects (23-61 years, Mean age: 35 years, Appendix Table A.I.) 

participated in the experiment, after providing written informed consent, in accordance 

with the tenets of Declaration of Helsinki. The University of Houston Committee for the 

Protection of Human Subjects approved the experimental protocol. All the subjects had 

best-corrected visual acuity of at least 20/20 in both eyes. None of the subjects had a 

history of abnormal binocular vision development. All subjects performed the experiment 

with the best refractive correction provided by either spectacles or contact lenses in place. 

MATLAB® (Version 7.2) programming language was used to generate the 

stimuli, to run the experiment, and to store the experimental results. The program was run 

from a Windows 2000 computer. The computer will be referred to as the main computer 

in the subsequent sections.   

Stimuli were drawn into the video memory of a VSG graphics card (model 2/5) 

using a MATLAB program, and displayed on a 120 Hz frame-rate Clinton Monochrome 

Monoray monitor (Cambridge Research Systems) at a distance of 50 cm. The monitor 

was calibrated and gamma corrected to linearize the luminance output using an Optical® 

photometer (Appendix Figure A.II). The monitor has a DP 104 phosphor that decays to 

0.1% of the peak value in 0.6 ms. The fast phosphor rate minimized the persistence of the 
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image from one frame to next. This monitor will be referred to as the display monitor in 

the subsequent sections.  

Subjects viewed the stimuli through ferro-electric goggles that were attached to a 

stand with a chinrest. Viewing through this set-up helped to minimize movement of the 

The VSG processor uses output values alternating between 0 and 1 from each frame of 

the monitor to drive the closing and opening of the ferro-electric goggles. The 

synchronization of the video frames of the monitor with the ferro-electric goggles 

allowed for dichoptic presentation of the targets during binocular viewing and for 

presentation of targets to only one eye during monocular viewing.  

tions) presented on the monitor 

with a black background. The horizontal and vertical bars of the cross had a length of 

39.7 arc min and width of 5.29 arc min (Figure 1.2). The targets for measuring the 

fixation disparity and dissociated phoria consisted of a fixation cross and dichoptic 

Nonius lines which were also presented on a black background. The fixation cross had 

the same configuration as the pointing target and was presented at the center of the 

monitor. Each Nonius line was 1.32 deg long and 5.29 arc min wide at a distance of 50 

cm. One Nonius line was presented above and one below the fixation cross. The fixation 

cross and each of the Nonius lines had a vertical center-to-center separation of 1.65 

degree (Figure 1.3).  
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Luminance of the stimuli was measured using a Minolta LS-100 photometer. To 

measure the luminance of the pointing target/fixation cross and the Nonius lines, their 

height and the width were increased to fill the approximately 1 degree aperture of the 

photometer. The toggling of the shutters of the ferro-electric goggles reduced the time-

averaged luminance by approximately 50%. All stimuli had a luminance of 2.5 cd/m2 

when the shutters of the VSG goggles were alternately toggling.1 

The experiment consisted of three viewing conditions: binocular viewing and 

monocular viewing with the left and right eye. During binocular viewing, the shutters of 

the goggles were open alternately for both eyes, and the target for pointing was seen by 

both eyes. During monocular viewing conditions, the shutter of the goggles for one eye 

was closed, and only one eye viewed the target for pointing. For this condition, the 

shutters were toggling, so that the luminance for an eye during monocular and binocular 

viewing remained the same.  

Horizontal fixation disparity was measured during the binocular viewing 

condition. The fixation cross was seen by both eyes, and the right and left eyes viewed 

the top and bottom Nonius lines, respectively. Dissociated lateral heterophoria was 

measured in the monocular viewing condition. During measurement of dissociated 

heterophoria, the fixation cross and the top Nonius line were seen by one eye, and only 

the bottom Nonius line was seen by the other eye. For measurement of both fixation 

disparity and heterophoria, subjects fixated on the fixation cross and used three of the 

four push buttons on a CRS CT3 response box to adjust the horizontal position of the 

                                                 
1 Closing the right and left shutters of the ferro-electric goggles attenuates light by 2.47 and 3.04 
log units, respectively. 
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bottom Nonius line until it appeared to be lined up with the top line. The step sizes for 

moving the bottom line were 2.6 arc min and 13.2 arc min for fixation disparity, and 

heterophoria measurements, respectively. The lateral distance on the monitor by which 

the subject moved the bottom line so that it appeared aligned with the top line gave an 

estimate of the fixation disparity during binocular viewing and the dissociated 

heterophoria during monocular viewing. The magnitude of dissociated heterophoria was 

determined separately for the right and left eyes.  

The viewing condition was randomized, and the target for pointing appeared at 

one of 15 horizontal locations. The locations were at the center of the screen, and seven 

locations to the right and left of the center, respectively. Each location was spaced 1 

prism diopter (PD) apart. At the end of 5 seconds after the onset of target presentation2 , a 

beep signaled the subject to make a response. The subject was instructed to press a 

pushbutton on the CT3 response box, and the shutters of the goggles for both eyes shut, 

to avoid visual feedback from viewing the hand while pointing. The subject touched the 

monitor with the index finger to point at the remembered location of the target. At the 

same time that the shutters closed, a horizontal scale replaced the pointing target on the 

screen. Each marking on the scale indicated a prism diopter. The center of the monitor 

was labeled zero, and numbers to the right and left of the center of the monitor had 

                                                 
2 A 5 sec interval was used because previous evidence suggests that the occluded eye reaches the 
heterophoric position at the end of 5 sec (Barnard & Thomson, 1995). Eye movement traces from 
another study show that the eye position remains stable after approximately 2 second of occlusion 
(Kim, Granger-Donetti, Vicci & Alvarez, 2010; Ludvigh, McKinnon & Zaitzeff, 1964; Park & 
Shebilske, 1991; Peli & McCormack, 1983). 
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the experimenter noted the horizontal pointing response to the closest half prism diopter. 

After the experimenter noted the pointing response, a beep signaled the subject to remove 

his/her hand from the monitor. The experimenter then entered the pointing response in 

the main computer. The value entered by the experimenter appeared on the display 

monitor, unseen by the subject, to allow the experimenter to verify that the correct 

response was entered into the main computer. After the experimenter recorded the 

pointing response, both shutters of the ferro-electric goggles opened and a white 

background replaced the black background on the computer monitor. The subject viewed 

this background binocularly for 3 s to allow for visual recalibration of sensed eye-

position (Blouin et al., 2002)3 and to minimize dark adaptation. The subject had no view 

of his/her hand during these 3 s. At the end of three sec, the pointing target appeared at 

another location on the monitor. The target was presented at each location once to the 

right eye, the left eye and both eyes in a random order. The experiment consisted of a 

total of 45 trials. All subjects pointed at the target with their right hand, which was the 

preferred hand.  

Fixation disparity and dissociated phoria were measured just before the pointing 

target appeared at the center of the screen, and at 6 PD to the right and 6 PD to the left. 

Therefore, fixation disparity and phoria for each eye were measured thrice.  

In addition to the 5 s wait time after target presentation, pointing responses were 

obtained in 10 subjects, without the 5 s time-period between the target presentation and 

the pointing response. 

                                                 
3 For the effect of viewing the white screen on the pointing responses, see Chapter 2. 
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Horizontal pointing errors were calculated as the difference between where the 

subject pointed and where the target was presented on the monitor. Corrected pointing 

errors were obtained by subtracting the mean of the errors during binocular viewing from 

those during monocular viewing. These corrected pointing errors were compared with the 

with each eye. 

1.3. Results 

The average fixation disparity found in the 7 subjects was 0.02 + 0.01 PD (Mean 

+ SD) exo-disparity. Figure 1.4 compares the dissociated heterophoria for the 7 subjects, 

obtained with Nonius lines when the right and left eye was occluded. All of the 7 subjects 

had exophoria at the test distance of 50 cm. The magnitude of heterophoria was similar 

for both eyes in all of the subjects (Figure 1.4). Four of the 7 subjects had exophoria more 

than 4.5 PD.4 

Table 1.1. shows the pointing errors in prism diopters, obtained binocularly. The 

mean pointing errors when averaged across all subjects was 0.51 + 4.59 PD (Mean + SD; 

Range: 0.17 to the left to 10.31 PD to the right). Table 1.2. shows the variability of 

pointing errors during the three viewing conditions for each subject 

Figure 1.5. shows the pointing errors for the different target locations for two 

subjects for the three viewing conditions (binocular viewing, and monocular viewing 

with the right and left eye). Because there was no systematic variation of the pointing 

                                                 
4 I attempted to include subjects with more than 5 PD exophoria, so that the expected pointing 
errors were more than the variability of the pointing errors.  
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errors for the different target locations, the pointing errors obtained for the fifteen target 

locations were averaged for each viewing condition, for each subject.  

rected pointing error should 

be equal to half the magnitude of heterophoria if the position information from both eyes 

contributes equally to the perceived EVD. Accordingly, half the magnitude of 

. Because the magnitude of 

exophoria was similar for both eyes, the expected errors were calculated based on the 

average phoria obtained with the right and the left eye occluded. The pointing errors were 

expected to be towards the left when the right eye viewed the target and towards the right 

when the left eye viewed the target. The expected and the corrected pointing errors to the 

right and left are denoted by positive and negative signs, respectively. Table 1.3. shows 

the magnitude of the dissociated heterophoria, and the expected and the corrected 

pointing errors in the seven subjects with exophoria. The corrected pointing errors for the 

7 subjects are plotted against the expected pointing errors in Figures 1.6a. and b. If 

he slope of the best-fit linear regression line on these plots 

should be 1. The figures show that the slopes of the lines fit to the corrected pointing 

errors with the right and left eye viewing the target were 0.53 (95% confidence intervals: 

-0.23, 1.29) and 0.34 (95% CIs: -0.73, 1.41), respectively. The slopes of neither line 

differed significantly from a slope of 0 (tdf=5 = 1.79, p = 0.133 when the right eye viewed 

the target and tdf=5 = 0.81, p = 0.455 when the left eye viewed the target) or from a slope 

of 1 (tdf=5 = 1.58, p = 0.175 when the right eye viewed the target and tdf=5 = 1.58, p = 

0.174 when the left eye viewed the target).  
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To determine whether there were differences in the pointing errors depending on 

which eye viewed the target, the corrected pointing errors made when the left eye viewed 

the target were plotted against the corrected pointing errors when the right eye viewed the 

target (Figure 1.6c). Even though the slope of the orthogonal regression line was negative 

as expected (Slope = -1.17, CIs of the slope: -3.858, 1.518), the correlation between the 

corrected pointing errors made by the right and left eye was not statistically significant (r 

= -0.368, p = 0.417).          

There was intersubject variability in the direction and magnitude of corrected 

pointing errors and expected pointing errors. Only three of the 7 subjects (DS, HB, NP) 

occluded (Table 1.3 and Figure 1.6). Two of these subjects had exophoria more than 4.5 

PD. Conversely, in two other subjects with exophoria more than 4.5 PD, the direction of 

the pointing error agreed with the expected direction only when the right eye viewed the 

target. 

Pointing responses were obtained in 10 subjects, without the 5 s time period 

between the target presentation and the pointing responses. These data are shown in 

Appendix Table A.1.1. and Figure A.1.3. In addition to subjects DS and HB, who 

performed the experiment also with 5 s wait time, one subject (Subject DN) had 

expected pointing error when the right eye viewed the target. The corrected pointing error 

was in the opposite direction of the expected direction when the left eye viewed the 

target. In other subjects with heterophoria less than 4.5 PD, the corrected pointing errors 
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varied idiosyncratically either in magnitude or direction or both. Nevertheless, significant 

correlation exists between the expected and measured pointing errors for the right and left 

eyes of the 10 subjects. 

Repeatability measures (without the 5 s wait time) for pointing errors are shown 

for two subjects in the Appendix Table A.1.2. For these two subjects, changes in the 

exophoria were accompanied by changes in the magnitude of the pointing errors. For 

both subjects, a larger magnitude of the exophoria resulted in larger pointing errors. 

 1.4. Discussion 

          Pointing errors were obtained during monocular viewing to determine whether eye-

position information from both the viewing and the non-viewing eye contributes to 

perceived EVD. It was also determined whether the position information from the non-

viewing eye is similarly taken into account, regardless of which eye was occluded.  

The magnitude of dissociated heterophoria obtained with the fixation cross and 

the dichoptic Nonius lines were approximately equal in magnitude for both eyes in each 

the phoria obtained for each eye was identical when recorded using both Maddox rod and 

an eye tracker. Similarly, Peli and McCormack (1983) measured eye movements using a 

photoelectric technique, when each eye was alternatively occluded. The exophoria in four 

of their six subjects for whom 2 s eye movement traces are provided show that the 

magnitude of the exophoria is similar between the two eyes  

The average standard deviations of the pointing errors obtained during both 

binocular and monocular viewing were similar in magnitude to the precision of the 
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pointing errors reported previously, for both subjects with normal and abnormal binocular 

vision (Barry et al., 1997; Bedell, Klopfenstein & Yuan, 1989; Bock & Kommerell, 1986; 

Gauthier, Beard, Deransard, Semmlow & Vercher, 1985; Mann et al., 1979; Steinbach & 

Smith, 1981; Steinbach et al., 1988; Tadokoro, 1991). These previous studies report the 

standard deviations of pointing errors have a magnitude of 1.5 to 3 deg (2.6 to 5.3 PD). In 

agreement with previous reports (Barbeito & Simpson, 1991; Ono & Weber, 1981; 

Steinbach & Smith, 1981), subjects made idiosyncratic constant pointing errors when 

viewing binocularly. The mean pointing error while viewing binocularly was 2.24 PD in 

ll smaller average magnitude of 

pointing errors during binocular viewing than that reported by Ono and Weber (1981).  

  

the perceived EVD from that during binocular viewing if the subject is heterophoric and 

if the position information from the non-viewing eye is taken into consideration to 

determine the perceived EVD. However, no shift in the perceived EVD is predicted if the 

position information of the non-viewing eye is not taken into account to determine the 

perceived EVD. All subjects made pointing errors when viewing monocularly with the 

right and the left eye, respectively. This result is consistent with the findings of previous 

studies (Gauthier et al., 1985; Khoktova et al., 2005; Ono & Gonda, 1978; Ono & Weber, 

1981; Park & Shebilske, 1991; Simpson, 1992) that the position information of the non-

viewing eye is taken into account, to determine perceived EVD in all the subjects in this 

study.  
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Ono and Weber (1981) found a correlation of 0.58 between the predicted and the 

observed pointing errors across their subjects. The correlations between the expected and 

the corrected pointing errors across all the subjects in our study when averaged across the 

two eyes (0.53) are similar to those reported by Ono and Weber (1981).  

In this experiment, the direction of the corrected pointing errors was in the 

expected direction for both eyes in some subjects, while it was not in others. Specifically, 

four of the 7 subjects made pointing errors in the direction opposite to the expected 

direction, with either one eye (3 subjects) or both eyes (1 subject). A similar difference in 

the direction of the expected and the actual pointing errors for some subjects is reported 

by Ono and Gonda (1978) and Park and Shebilske (1991). Ono and Gonda (1978) 

determined the shift in the perceived direction of a target when one eye was occluded in 

12 subjects with exophoria. An isolated LED was presented at a distance of 25 cm from 

the median plane in front of the subject, and the subject was asked to report the perceived 

direction of the LED. Although the magnitudes of the phoria are not mentioned, it is 

reported that in 3 of the 12 subjects with exophoria the perceived EVD was in the 

opposite direction to th

for this difference was that the direction of the heterophoria might have been unstable. 

However, in the present experiment, the direction of the heterophoria in the subjects who 

showed a difference in the expected and the predicted direction of errors did not differ 

during the three measurements of heterophoria. Also, these measurements were obtained 

at random times between the pointing responses. Therefore, the difference in the direction 

of errors is not likely to be due to the instability of the direction of the heterophoria over 
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the experimental time period. Park and Shebilske (1991) reported that their subject with 

the largest phoria had the opposite perceived direction error to that pred

law and attributed this result to an attentional factor. In the present study, there is no 

significant relationship between the magnitude of heterophoria, and the directional errors 

(difference between the actual and the expected direction of pointing errors). Specifically, 

subjects with small phorias (Subjects MM with 0.26 PD exophoria and subject CH with 

2.76 PD exophoria) and relatively larger phorias (Subject MD with 4.80 PD exophoria 

and subject VC with 9.5 PD exophoria) showed a difference between the actual and the 

expected direction of the pointing error. A similar effect was also seen in some subjects 

with the measurements made without a 5 s waiting time between the target presentation 

and the pointing response. However, as discussed subsequently, an attention factor is 

unlikely to contribute to the directional errors. 

Our findings of inter-subject variability in the magnitude of pointing errors are in 

agreement with those reported either for pointing errors, or for perceived displacement in 

other studies. For example, in the study by Ono and Weber (1981), even though the 

overall magnitude of the corrected pointing errors was less than that predicted by 

pointing errors of approximately 16 PD.5 Both Park and Shebilske (1991) and Simpson 

(1992) also report intersubject variability in the magnitude of perceived displacement. 

Specifically, in the study by Park and Shebilske (1991), one of the 4 subjects did not 

notice a perceived displacement with a change in eye-position during phoria. For the 

other 3 subjects, correlations between the actual and the expected displacement ranged 
                                                 
5  Ono and Weber (1981) do not provide data for other individual subjects. 
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t 

viewed monocularly was equal to the expected value in one subject, in four other subjects 

the displacement was between three-fourths and half of the expected displacement. In the 

sixth subject, the perceived displacement was equal to only one-tenth the expected value. 

Erkelens (2000) reported that only four of 12 subjects reported the cyclopean illusion 

during monocular viewing in darkness. Ono, Mapp and Howard (2002) in another study 

reported that two of their four subjects noticed the cyclopean illusion.  

Park and Shebilske (1991) predicted that differences in the attention and memory 

between the different subjects led to the differences in the perceived direction among the 

subjects. Simpson suggested the inter-subject differences occurred in his experiment due 

to individual differences in the vergence-velocity or inflow information or a combination 

of both factors. Ono et al. (2002) claimed that different subjects interpreted the 

experimental set-up differently, which led to differences in the perceived direction 

between the subjects. Even though the findings from this study agree with the previous 

reports, it is unclear why intersubject variability should exist during monocular viewing.  

In this study, a reduced contribution of eye-position information from the non-

viewing eye during monocular viewing in some subjects was found. Specifically, when 

the results of the four subjects with more than 4.5 PD of exophoria are considered, the 

magnitudes of the measured pointing errors were similar to the expected pointing errors 

in only one subject for both eyes. In the other three subjects, the actual errors were either 

smaller in magnitude for both eyes or opposite to the expected direction for one eye. Ono 

and Weber (1981) measured pointing responses in 19 subjects with both esophoria and 
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exophoria, when the right and the left eye were occluded. The average magnitude of 

heterophoria in their subjects was 8.42 + 6.5 PD exophoria at a viewing distance of 25 

cm. The magnitude of the expected pointing errors was therefore 4.21 + 3.26 PD, but the 

observed pointing errors were 2.36 + 4.05 PD. Similarly, Simpson (1992) compared the 

shift in perceived direction when one eye was deviated during monocular and binocular 

viewing. Simpson found that across subjects, the perceived shift in direction during 

monocular viewing was approximately 1.5 times less than that found during binocular 

viewing. Park and Shebilske (1991) found a general underestimation of displacement for 

the three subjects who noticed a shift in direction, and no perceived displacement for the 

fourth subject. Similarly, Erkelens (2000) reported that the magnitude of the cyclopean 

illusion reported by the 4 subjects who noticed this illusion was smaller when one eye 

was deviated as a result of accommodative vergence compared to what was observed 

during binocular viewing. Similarly, in another study, Ono, Mapp and Mizushina (2007) 

reported that the perceived displacement of a target during monocular viewing is 

approximately one-third of that found during binocular viewing when targets were 

presented on a dark background.  

Ono and Weber (1981) proposed that because subjects made smaller pointing 

error during the binocular viewing, they somehow remembered this location during 

monocular trials, and this resulted in t

variability in the pointing errors with target location during monocular viewing would be 

expected. However, Figure 1.2. shows that when the binocular and monocular trials were 
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randomized, the variability of pointing errors was similar for the different target locations 

for both monocular and binocular viewing. This result indicates that the responses during 

binocular trials did not influence the pointing during monocular trials.  

Park and Shebilske (1991) reported that one subject exhibited under-estimation in 

required attentional and memory demand that were too high for this subject. Differences 

between the monocular and binocular viewing in this study cannot be accounted by 

attentional demands and memory as suggested by Park and Shebilske (1991) because 

subjects pointed at the target at their own pace. Additionally, a white screen was 

presented in between each pointing trial, and both the viewing conditions and the target 

locations were randomized across 15 locations. Therefore, the subject should not have a 

cue to the previous target location or the eye-deviation (if any) on the previous trial.  

Furthermore, I show in Chapter 9 that the pointing errors were similar when the subject 

pointed at the target without any delay, or with a 9s delay indicating that the time taken to 

point does not significantly affect the remembered location of the target and the pointing 

responses.  

Erkelens (2000) interpreted the eye movement traces to show that the deviated 

eye moved by the same amount during both monocular viewing and during binocular 

viewing, and claimed that subjects did not see the cyclopean illusion during monocular 

viewing because the eye-position information from the non-viewing eye did not 

(2000) and their own (2002) findings to claim that the eye-movement traces were 
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different during these two conditions, and there is no shift or a reduced shift in the 

perceived direction during monocular viewing because the accommodative vergence eye-

movements during monocular viewing are smaller in magnitude and slower in velocity 

than the vergence eye movements during binocular viewing. In the experiment described 

in this chapter, the magnitude of pointing errors were relative to the magnitude of phoric 

eye movement, and I still found a less-than-expected contribution of the position 

information from the non-viewing eye. Therefore, it is unlikely that the shift in the 

eye-movement is small, as suggested by Ono et al. (2002).  

Furthermore, in contrast to the proposition by Ono et al. (2002), Simpson (1992) 

reported that differences in AC/A (and the amount of vergence eye movement) do not 

account for the smaller contribution of eye-position information during monocular 

viewing. Simpson (1992) proposed that it is likely that the velocity of eye movement 

rather than the actual amount of eye movement led to differences in the perceived 

direction between the monocular and binocular viewing conditions. 

Previous studies that compared the perceptual localization of targets during 

saccades and pursuits report that the perceived mislocalization is inversely related to the 

velocity of the eye movement (Festinger & Easton, 1974; Honda 1985, 1990; Mack & 

Herman, 1978; Pola & Wyatt, 1989; Wallach and Becklen, 1983). It is known that phoric 

eye movements have a lower velocity (Bernard & Thomson, 1995; Kim, Granger-

Donnetti, Vicci & Alvarez, 2010; Ludvigh, McKinnon & Zaiteff, 1964; Park & 

Shebilske, 1991; Peli & McCormack, 1983) than asymmetric vergence movements 
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(Hung, Ciuffreda & Semmlow, 1994; Maxwell, Tong & Schor, 2010; Semmlow, Hung & 

Ciuffreda, 1986, Semmlow, Hung, Horng & Ciuffreda, 1994). Because velocity signals 

can be integrated into position signals (Leigh & Zee, 1993), it is possible that the eye-

position signals are underestimated during heterophoria, which would result in the less-

than-expected pointing errors found in this chapter. I tested this possibility in Chapter 9.   

In conclusion, the results of this study show that the eye-position information 

from both the viewing and the non-viewing eyes may be taken into account to determine 

the perceived EVD, as reported previously (Gauthier, Nommay & Vercher, 1990a, 

1990b; Khoktova et al., 2005; Ono & Gonda, 1978; Ono, Mapp & Howard, 2002; Ono & 

Weber, 1981; Park & Shebilske, 1991; Simpson, 1992). However, measurements of 

perceived EVD during monocular viewing are variable among the subjects, also in 

agreement with previous reports. Specifically, there is a reduced contribution of eye-

position information from the non-viewing eye in some subjects, when either eye is 

occluded. In others, the contribution of eye-position information from either eye varies 

idiosyncratically. 
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Table 1.1. Binocular pointing errors. 
Pointing errors in prism diopters, for seven subjects while viewing binocularly. Mean pointing 
errors were obtained by averaging the pointing errors across the 15 target locations. 
 
 

 
 

Subject 

 
Mean binocular 
pointing error (PD) 

Standard 
deviation: 
binocular pointing 
error (PD) 

Standard error: 
binocular pointing 
error (PD)  

CH  -3.25 2.54 0.66 
DS  -2.90 2.30 0.59 
HB  10.31 2.26 0.58 
NP   -0.17 2.39 0.62 
MD    0.68 2.98 0.77 
MM  -1.50 1.92 0.49 
VC  0.43 2.42             0.62 

Mean  0.51 2.40             0.62 
SD of mean        4.59               -                - 

 
 
 
 
Table 1.2. Pointing error variability for binocular and monocular viewing. 
Variability of the pointing errors in prism diopters for seven subjects for the three viewing 
conditions (binocular viewing and right and left eye viewing). Values in parentheses indicate 
standard errors. Each condition consisted of 15 pointing trials.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Subject Std dev: 
Binocular 
viewing 

Std dev: 
Left eye 
viewing 

Std dev: 
Right eye 
viewing 

CH   2.54 (0.65) 3.86 (1.00) 3.92 (1.01) 
DS 2.30 (0.59) 3.63 (0.94) 2.19 (0.57) 
HB 2.26 (0.58) 2.44 (0.63) 2.09 (0.54) 
NP 2.39 (0.62) 2.71 (0.70) 4.20 (1.08) 
MD 2.98 (0.77) 2.45 (0.65) 2.98 (0.77) 
MM 1.92 (0.49) 3.07 (0.79) 2.26 (0.58) 
VC 2.42 (0.62) 2.70 (0.70) 3.73 (0.96) 

Mean 2.40 (0.62) 2.98 (0.21) 3.05 (0.34) 
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Table 1.3. Relationship between heterophoria and corrected pointing errors.  
Corrected pointing errors and dissociated phoria are shown for seven subjects. Negative values 
for the phoria indicate exophoria. The average phoria was based on three trials for each eye. The 

ich posits 
that the perceived visual direction is the average of the eye-position information from the two 
eyes. In this case, the expected pointing errors are equal to half the magnitude of the heterophoria. 

the RE and LE are based on 15 pointing trials. Values in parenthesis indicate standard errors.  
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

Subject Phoria (PD): 
RE & LE 
average (SE) 

Expected 
pointing 
error (PD): 
RE viewing 

Expected 
pointing 
error (PD): 
LE viewing  

Average 
pointing 
error (PD): 
 RE viewing 

Average 
pointing 
error (PD): 
LE viewing 

CH    -2.76 (0.30) -1.38 1.38  0.45 (1.19)   1.35 (1.20) 
DS  -13.66 (0.38) -6.83 6.83 -3.30 (1.10)  2.67 (0.81) 
HB    -6.03 (0.43) -3.02 3.02 -3.18 (0.86)  2.30 (0.79) 
NP    -2.50 (0.37) -1.22 1.22 -0.28 (0.93)  1.23 (1.25) 
MD    -4.80 (0.26) -2.40 2.40 -2.96 (1.01) -2.71 (1.09) 
MM  -0.26 (0.08) -0.13 0.13   1.42 (0.94) -2.22 (0.77) 
VC  -9.49 (0.77) -4.74 4.74 -0.13 (0.93) -1.87 (1.15) 



    Perceived EVD and Monocular Viewing 

 
 

29 

 

F igure 1.1a. Perceived EVD during binocular viewing. 
The perceived egocentric visual direction (EVD) of a target during binocular viewing, as 

of the two eyes lies on a line that extends from the midpoint of the two eyes to the intersection of 
the visual axes of the eyes. Fr and Fl indicate the fovea of the right and left eyes, respectively.  

                                

 
F igure 1.1b and 1.1c. Perceived EVD during monocular viewing. 
The shift in perceived EVD during monocular viewing, if the subject has heterophoria. Fr 
indicates the position of the fovea of the right eye during binocular viewing. During esophoria 
(figure on the left) or exophoria (figure on the right), there is nasal or temporal deviation of the 

the right eye under occlusion. Perceived EVD shifts from the straight-ahead location as indicated 
by solid arrows. 
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F igure 1.2. Stimulus for pointing error measurements. 
Stimulus for pointing in the experiment to measure the contribution of eye-position information 
towards the perceived egocentric visual direction. The fixation cross had the same configuration 
for both the left (LE) and the right eyes.  
 

 
 

 
 
F igure 1.3. Stimuli for fixation disparity and heterophoria measurements. 
Stimuli for measurement of horizontal fixation disparity during binocular viewing and dissociated 
horizontal heterophoria during monocular viewing. 
 
 

        

The fixation cross was presented at the center of the monitor. For measurement of fixation 
disparity during binocular viewing, both eyes viewed the fixation cross. The right and the left 
eyes viewed the bottom and the top Nonius lines, respectively. For measurement of heterophoria, 
one eye viewed the fixation cross and the top Nonius line, and the other eye viewed only the 
bottom Nonius line. 
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F igure 1.4. Dissociated phorias. 
Dissociated heterophorias obtained with the right and left eye occluded are plotted on the x- and 
y-axis respectively, for seven subjects. Each point represents the average phoria for one subject 
based on three trials. Error bars are + SE. Negative numbers indicate exophoria. The bold line 
indicates the orthogonal regression line. 
 

            

 

         

 

 

       

 

 



    Perceived EVD and Monocular Viewing 

 
 

32 

 

 
 
F igure 1.5. Relationship between pointing errors and target locations on the monitor. 
Relationship between pointing errors and target location on the screen for 2 subjects (HB and DS). The plots on the left, middle and the right 
shows pointing errors during binocular viewing, monocular viewing with the right eye, and monocular viewing with the left eye, respectively. The 
top and the bottom panels show pointing error data for different subjects.  
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F igure 1.6. Relationship between corrected pointing errors and heterophorias.  
Plots a and b show the corrected pointing errors obtained when the right and left eye, respectively, are viewing. Plot c compares the corrected 

ained from 15 pointing 
trials. Error bars are + SE of the mean. The continuous and dotted lines represent the best-fit line to the data, and the 1:1 line, respectively.  
 
                      a.                                                                                     b. 

                                                      
                                                                             c. 
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CHAPTER 2 

2.1. Introduction 

This chapter addresses the contribution of eye-position information to the 

perceived EVD during binocular viewing, in subjects with normal binocular vision. 

In contrast to the different views that exist regarding the contribution of eye-

position information to the perceived EVD during monocular viewing (see Chapter 1), 

there is general agreement between the previous studies about the contribution of eye-

position information during binocular viewing (Barbeito & Simpson, 1991; Erkelens, 

2000; Morgan, 1947; Morgan, 1978; Müller, 1842; Ono, Mapp & Howard, 2002; 

Simpson, 1992; Wells, 1818). The contribution of the eye-position information from both 

eyes during binocular viewing can be studied most easily when one eye is deviated 

during binocular viewing, as occurs in asymmetric vergence(Figure 2.1a). Asymmetric 

vergence during binocular viewing can be produced by placing a prism in front of one 

eye (Maddox, 1893; Ludvigh & McKinnon, 1968), or by stepping or ramping a target in 

front of one eye.6 An asymmetric vergence eye movement comprises both version and 

vergence components (Collewijn, Erkelens & Steinman, 1995; Dodge, 1903; Enright, 

1998; Erkelens, Steinman & Collewijn, 1989; Erkelens, van der Steen, Steinman & 

Collewijn, 1989; Hering, 1868/1977; Kenyon, Ciuffreda & Stark, 1981; King & Zhou, 

1995; Kumar, Han, Garbutt & Leigh, 2002; Mays, 1984; Mays, Porter, Gamlin & Tello, 

1986; Nitta, Akao, Karkin, Fukushima, 2008; Ramat, Das, Somers & Leigh, 1999; 

                                                 
6 Asymmetric vergence also occurs as a consequence of accommodation (accommodative 
vergence) during monocular vieing (eg., Müller, 1842; Saida, Ono & Mapp, 2001).  
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Rashbass & Westheimer, 1961; Saida, Ono & Mapp, 2001; Semmlow & Venkiteswaran, 

1976; Semmlow, Yuan & Alvarez, 1998; Westheimer & Mitchell, 1956; Yarbus, 1967). 

However, these two components are independent (Hering, 1868/1977; King & Zhou, 

1995; Mays, 1984; Mays et al., 1986; Nitta et al., 2008; Ramat et al., 1999; Rashbass & 

Westheimer, 1961; Semmlow et al., 1998; Westheimer & Mitchell, 1956; but also see 

Sylvestre & Cullen, 2002; van Horn & Cullen, 2008) and additive (Hering, 1868/1977; 

Kenyon et al., 1981; Maxwell & Schor, 2004; Ramat et al., 1999; Saida et al., 2001; 

Semmlow & Venkiteswaran, 1976; Semmlow et al., 1998) resulting in a final position 

change only in the eye in front of which the prism is placed or of the eye opposite which 

a target is stepped or ramped in depth. The change in the eye position results in a shift in 

the perceived EVD when compared to the perceived direction during binocular viewing 

with no change in the position of either eye.  

Barbeito and Simpson (1991) determined the contribution of eye-position 

information from the two eyes to perceived EVD during binocular viewing by measuring 

pointing errors for five different magnitudes of asymmetric vergence responses. 

Asymmetric vergence responses between 15 and 30 PD were obtained by stepping a 

of visual direction assumes that the eye-position information from both eyes contributes 

equally to the perceived visual direction, and predicts that the magnitude of the pointing 

errors should be half of the magnitude of the asymmetric vergence response, in the 

direction of the ocular deviation. Barbeito and Simpson (1991) found that the five 

subjects in their study made pointing errors when either eye made an asymmetric 

vergence movement in the predicted direction during binocular viewing.        
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In addition to determining the perceived shift of a target (the cyclopean illusion) 

moved smoothly or stepped in front of one eye during binocular viewing. He reported 

that all of his 12 subjects noticed the cyclopean illusion during binocular viewing. Ono, 

also perceived the cyclopean illusion during binocular viewing. 

The presen

(2002) studies suggest that the eye-position information from both eyes contribute to the 

perceived EVD during binocular viewing. The pointing errors made by the subjects in 

ocular deviation, which is in qualitative agreement with the prediction for direction of 

errors made by 

explicitly report the direction of the perceived cyclopean illusion reported by his subjects, 

and Ono, Mapp and Howard (2002) reported that the cyclopean illusion occurred in the 

direction of ocular deviation. 

Even though the eye-position information from both eyes is reported to contribute 

to the perceived 

(1991) study suggest that there might be a difference in the contribution of eye-position 

information depending on which eye makes the asymmetric vergence movement. 

Specifically, a difference was found in the magnitude of pointing errors when the right 

eye made the vergence movement, and when the left eye made the vergence movement, 
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in some subjects. A difference in the weighting of eye-position information from the 

deviating eye was suggested as one of the possible reasons for this finding, a greater 

weighting of the deviating eye resulting in a larger magnitude of pointing errors. Simpson 

(1992) reported a similar between-eye difference in the contribution of eye-position 

information to the perceived EVD using a different experimental paradigm in which each 

of the vergence components (disparity, accommodative and tonic) were varied separately.  

The second experiment determined whether the eye-position information from 

both eyes contribute to the perceived 

. I examined whether the 

eye-position information from the two eyes contribute unequally as reported by Barbeito 

and Simpson (1991). The results of this experiment also provided comparison data for the 

subsequent determination of the relative contribution of retinal-position information from 

the two eyes (See Chapters 3, 4 and 6).   

As in the previous experiment performed during monocular viewing, an open-

loop pointing task was used to determine the contribution of eye-position information 

from each eye to the perceived EVD during binocular viewing (Admiraal, Keijsers & 

Gielen, 2003; Barbeito & Ono, 1979; Barbeito & Simpson, 1991; Barry, Bloomberg & 

Heubner 1997; Bedell, Klopfenstein & Yuan, 1985; Blouin, Amade, Vercher, Teasdale, 

& Gauthier, 2002; Bock, 1986; Bock & Kommerell, 1986; Gauthier, Vercher & Blouin, 

1995; Gegenfurtner & Franz, 2006; Mann, Hein & Diamond, 1979; Martel, Grealy & 

Coello, 2006; Miller, 1996; Morgan, 1978; Ono & Weber, 1981; Steinbach & Smith, 

1981; Steinbach, Smith & Crawford, 1988; Tadokoro, 1991; Velay, Roll, Lennerstrand & 

Roll, 1994). Horizontal fixation disparities were monitored using Nonius lines. 
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Asymmetric vergence responses were obtained by displacement of the virtual target seen 

by one eye.  

2.2. Methods 
 
Thirteen subjects (Mean age: 31.75 years; Range: 23-61 years) participated in the 

experiment. Seven of the thirteen subjects had participated in experiment 1 also. Written 

consent was obtained from subjects who had not participated in experiment 1. All 

subjects had best-corrected visual acuity of at least 20/20 in each eye. One subject (JW) 

had anisometropia (For clinical profile of the subjects, see Appendix Table A.I). The 

experiment was performed on each subject with the best refractive correction in place, 

using either spectacles or contact lenses.  

As in Experiment 1, the stimuli were displayed on a Clinton Monoray 

Monochrome monitor, and viewed through ferro-electric goggles at a distance of 50 cm. 

The stimuli for pointing and for the measurement of horizontal fixation disparity were the 

same as those described in the previous experiment (Figures 1.2 and 1.3).  

Pointing responses were collected with no vergence demand and for four 

magnitudes of asymmetric vergence demand7 (5 PD divergence, 5, 10, and 15 PD 

convergence), all determined with respect to the plane of the display monitor.  

To ensure that the vergence response was equal to the vergence demand, 

horizontal fixation disparity was measured for each magnitude of asymmetric vergence 

                                                 
7 In this chapter the eye for which the target is displaced from its nominal position on the display 
monitor, and the eye which is deviated as a result, will be referred to as 

-
magnitude of the vergence stimulus and the eye movement of the deviated eye will be referred to as 
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demand. Once again, as in the previous experiment in Chapter 1, the target consisted of a 

fixation cross and dichoptic Nonius lines. The fixation cross was presented at the center 

of the screen for one eye, and was displaced laterally on the screen by an amount 

equivalent to the magnitude of the vergence demand for the other eye. The top Nonius 

line was presented above the central fixation cross, and was seen by the eye without the 

vergence demand. The Nonius line presented below the fixation cross was seen by the 

eye with the asymmetric vergence demand. The subject fused the fixation cross, and 

adjusted the bottom Nonius line until it appeared aligned with the top Nonius line. The 

distance by which the bottom Nonius line was moved either to the right or to the left of 

the top Nonius line gave an estimate of the fixation disparity.   

The pointing target was presented at one of 15 horizontal locations on the display 

monitor for the eye without the asymmetric vergence demand, and was displaced on the 

monitor by an amount equivalent to the magnitude of the required vergence demand for 

the eye with the vergence demand (Figure 2.1b). The target locations for the eye without 

the vergence demand were at the center of the monitor and seven locations, spaced one 

prism diopter apart, to the right and left of the center. After the subject fused the pointing 

target, he/she indicated using one of the four buttons on the CT3 button box that he/she 

was ready to point at the target. The shutters of the goggles then closed for both eyes, and 

a scale, marked in one PD intervals replaced the pointing target on the screen. The scale 

was visible only to the experimenter. The subject pointed at the remembered location of 

the target using the index finger of his/her preferred hand, and the experimenter read the 

pointing response to the nearest half prism diopter, as in the previous experiment 

(Chapter 1). This sequence continued for a total of 150 trials. The eye that responded to 
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the asymmetric vergence demand and the magnitude of the vergence demand was 

randomized from trial to trial. Fixation disparity for a particular magnitude of vergence 

demand was measured just before the target for the eye without the asymmetric vergence 

demand appeared at the center, at 6 PD to the right and 6 PD to the left. A white screen 

was presented for 3 s before each pointing response for recalibration of sensed eye-

position information (Blouin et al., 2002). Because the pointing target was presented at a 

constant distance, the accommodative demand was kept constant throughout the 

experiment.  

As in Experiment 1 (in Chapter 1), for each of the 13 subjects, pointing errors 

were calculated as the difference between the location where the subject pointed and the 

location of the target on the monitor for the eye without the vergence demand. The 

pointing error was calculated for each target location, and for each magnitude of 

asymmetric vergence demand for the two eyes. To account for idiosyncratic errors, the 

pointing errors obtained during binocular viewing without any vergence demand were 

averaged for each subject. These errors are referred to as constant errors. The pointing 

error on each trial for each subject, including the trials without any vergence demand was 

corrected for the constant pointing error by subtracting the constant error from each 

  

Because the magnitude of the vergence response (as determined from the fixation 

disparity measurements) was approximately equal to the magnitude of the vergence 

de

pointing errors were plotted against the magnitude of asymmetric vergence demand, 

separately for the right and the left eye, for each of the 13 subjects. A straight line was fit 
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to the data by minimizing the squared errors between the data and the fitted line, 

separately for the corrected pointing errors obtained for the right and the left eye. A t-test 

for equality of slopes determined whether the slopes fit to the pointing errors for each eye 

were similar. 

2.3. Results 

Figure 2.2. shows the pointing errors obtained for a sequence of target positions 

without and with a white screen between each pointing response for one subject (JW). 

The slope of the line fit to the pointing errors for a sequence of 12 trials shows that there 

was a decrease in the magnitude of the pointing errors with trial number for the set of 

trials without a white screen in between each pointing trial. This decrease in the 

magnitude of pointing errors was statistically significant (tdf=10 = 4.31, p = 0.001) for an 

asymmetric vergence demand for the left eye, but not for the right eye (tdf=10 = 1.43, p = 

0.18). The slope of the line fit to the pointing errors when a white screen was presented 

for 3 s in between each of the 15 pointing responses shows that there was no systematic 

variation in pointing errors over a sequence of trials for asymmetric vergence demand for 

either eye (for right eye: tdf=13 = 0.91, p = 0.38; for left eye: tdf=13 = 0.515, p = 0.62).8 This 

implies that the 3s of white screen presentation was adequate for the visual recalibration 

of sensed eye-position information.  

Table 2.1. shows the pointing errors (without normalizing for the constant errors) 

for each of the 13 subjects while viewing binocularly without any vergence demand. The 

                                                 
8 Subject (JW) made considerably smaller errors when there was an asymmetric vergence demand 
for the right eye than for the left eye. 
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mean of the pointing errors across all the 13 subjects was 1.37 PD + 2.96 PD (Mean + 

SD) before correction for the idiosyncratic pointing errors. The average standard 

deviation of the pointing errors without any vergence demand when compared for all the 

subjects was 3.27 PD (Table 2.1). 

Table 2.2. shows that there is no systematic variation of the corrected pointing 

errors for the different vergence demands. Figure 2.3. shows the corrected pointing errors 

for both the right and the left eye of 4 subjects, across different target locations for the 

largest magnitude of asymmetric vergence demand. These plots exemplify that the 

pointing errors did not vary systematically for the 15 target locations. Table 2.3. shows 

that of the 26 fitted regression lines fitted for all the subjects, only four had a significant 

variation of the corrected pointing error with target location (Range of t values = 0.01 to 

4.60; Range of p values = 0.99 to 0.0005). Because the number of significant 

relationships is small despite no correction for multiple statistical comparisons, it was 

the location of the target on the monitor. Therefore, in the subsequent analyses corrected 

pointing errors were pooled across the 15 target locations for each vergence demand. 

 Figure 2.4(i-

subjects. The corrected pointing errors are towards the eye that makes the asymmetric 

vergence movement. Specifically, asymmetric convergence of the right eye caused 

pointing errors towards the left, whereas asymmetric convergence of the left eye resulted 

in pointing errors towards the right. An opposite direction of shift in the perceived 

direction of the target is seen when the subjects made an asymmetric divergence 

movement with each eye. 
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For all the subjects, the corrected pointing errors increased as the magnitude of 

the vergence demand increased (Figure 2.4). On these plots, the expected slope of the 

best-

shows the slopes of the lines fit to the pointing errors for each eye for each of the 13 

subjects. The ratio of absolute values of the slopes (RE/LE) gives an estimate of the 

between-eye difference in the contributions of the eye-position information from each 

eye to the perceived EVD. A ratio of 1 indicates equal contribution of eye-position 

information from the two eyes, ratios more and less than 1 indicate a larger contribution 

of the position information from the right and left eyes respectively. The ratio of slopes 

differed from 1 in six of the thirteen subjects.9  A t-test for equality of slopes performed 

separately for the data of each subject showed that the slopes of the pointing errors for the 

two eyes differed significantly (p < 0.05 or less) in the same six subjects. The sum of the 

slopes differed statistically from 1 in five of the thirteen subjects (Table 2.4a). The mean 

sum of the slopes in the 13 subjects was 0.988 + 0.18. 

To test the repeatability of the pointing measurements, two subjects (DS and HB) 

repeated the experiment. For subject HB, pointing errors were obtained for four different 

magnitudes of base-in prism and one magnitude of base-out prism. The slopes of the 

straight lines fit to the pointing errors were similar for the two trials for both subjects 

(Figures 2.4iv. and 2.4v, Tables 2.4b and 2.4c). 

                                                 
9 The standard errors for the calculation of confidence interval for the ratio of slopes was 
determined using the formula: 
M = (A / B) + (((A* b / B) 2 + a2 ) / B2 )0.5, where A and B are the slopes of the right and left eyes; 
a and b are the standard errors associated with the slopes. The values of M are an approximation.  
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2.4. Discussion 
 

Moving or stepping the target in front of or away from only one eye results in 

asymmetric convergence or asymmetric divergence movements, respectively (Dodge, 

1903; Saida, Ono & Mapp, 2001; Westheimer & Mitchell, 1956). Both Erkelens (2000) 

and Ono, Mapp and Howard (2002) reported that all subjects in their study perceived a 

shift in the direction of a visual target that was either stepped or ramped in front of one 

eye. Similarly, Barbeito and Simpson (1991) reported that subjects made pointing errors 

when the position of only one eye was altered during asymmetric vergence produced by 

stepping a target in front of one eye. In the present study, asymmetric vergence 

movements were produced by presenting the targets seen separately by the two eyes at 

separate locations on the screen. The targets for both eyes were similar, and subjects 

reported the perceived direction of the fused target by pointing to its location. The 

difference in the perceived and the actual location of the target gave an estimate of the 

contribution of eye-position information to the perceived EVD. In agreement with the 

previous studies (Barbeito & Simpson, 1991; Erkelens, 2000; Morgan, 1978; Ono et al., 

2002; Ono et al., 2007; Simpson, 1992), it was found that the eye-position information 

from both eyes contributes to the perceived EVD during binocular viewing, because 

made an asymmetric vergence movement.  

The average standard deviation of the pointing errors without any vergence 

demand when compared for all the subjects is similar to the standard deviations between 

2.6 and 5.2 PD reported previously for the precision of pointing errors (Barry et al., 1997; 

Bedell, Klopfenstein & Yuan, 1985; Bock & Kommerell, 1986; Gauthier, Berard, 
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Derasand, Semmlow & Vercher, 1985; Mann, Hein & Diamond, 1979; Steinbach & 

Smith, 1981; Steinbach, Smith & Crawford, 1988; Tadokoro, 1991). Even though 

previous studies (Ono & Gonda, 1978; Ono & Weber, 1981) report that the results from 

pointing tasks are more variable when compared with other methods used to determine 

perceived EVD (Barbeito & Ono, 1979), the pointing errors that we obtained in this 

experiment were not as variable as reported previously. Additionally, the data of the two 

subjects who performed the experiment twice show that the pointing measurements are 

repeatable. The data for subject HB show also that the slope of the pointing error vs. 

vergence function is similar, regardless of the direction of vergence demand.  

In agreement with previous reports, subjects made idiosyncratic pointing errors 

constant error was 8.9 PD towards the right, other subjects generally had mean constant 

errors less than 2 PD. These idiosyncratic errors were also variable from day to day. For 

example, the idiosyncratic errors of one subject who performed the experiment twice 

were approximately 7.5 PD and 10.5 PD on two different days. Because we considered 

these errors to be idiosyncratic, we subtracted e

each of his/her pointing errors, so that the measurements for the different vergence 

conditions were not affected. 

The occurrence of head movements is likely in this experiment. The change in 

head-position, if any, should be accompanied by compensatory eye movements in both 

eyes so that the images fall on the foveas. If the change in the head position is sensed 

accurately either through neck muscle proprioception (Han & Lennerstrand, 1999) or 

possibly through efference copies, then no change in pointing errors should occur when 
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compared to no occurrence of head movements. However, an inaccurate registration of 

head-position interacting with the eye-position information could result in either an 

increase or decrease in pointing errors, depending on the direction of head movement, or 

to an increase in the variability of pointing errors. However, in this experiment, the 

variability of pointing errors was similar to that found in previous studies in which head 

movement was restrained using a bite-bar. Nevertheless, the extent to which head 

movements were likely to occur was tested, as described in Appendix Table A.2.1. 

Briefly, the average variability of change in head-position for three subjects was less than 

a degree, which is less than the variability of the pointing responses. Therefore, it is 

unlikely that the results of this experiment were influenced by a change in head position 

to a meaningful extent.  

  Barbeito and Simpson (1991) found better correlations between the actual and the 

expected pointing errors than the correlations found in our study. However, they fit a 

dividual pointing 

errors. This inclusion of trial-to-trial variability accounts for the lower correlation in this 

study. 

between the two eyes in some subjects was found. Spec

errors changed more when the position of one eye was deviated when compared to the 

other eye. These differences in the slopes of the pointing error functions show that, 

whether the position information from the deviated eye is taken into account completely 

or not may depend on which eye is deviated. Therefore, contrary to the assumption made 
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-position 

information from both eyes contributes equally to the perceived EVD, these results of this 

experiment indicate that the contribution of eye-position information from each eye can 

be dissimilar, based on which eye makes the asymmetric vergence movement.  

Barbeito and Simpson (1991) offered several explanations to account for the 

difference in the contribution of eye-position information from the two eyes. Some of the 

 eyes towards one eye (with the 

position of the eye towards which the cyclopean eye shifts contributing more to the 

perceived EVD), a difference in the weighting of eye-position information, and an ocular 

ibuting more to the perceived 

direction when it makes the asymmetric vergence movement).  

Barbeito and Simpson (1991) distinguished between a shift in the cyclopean eye 

and a differential weighting of eye-position information from the two eyes by proposing 

that the cyclopean eye could shift backward or forward as well as laterally, whereas a 

difference in the weighting of eye-position information is equivalent to only a lateral 

shift. However, they themselves conclude that the two explanations cannot be 

distinguished readily from one another.  

Another possible reason that is proposed by Barbeito and Simpson (1991) for the 

difference in the contribution of the position information from the two eyes is that there 

could have been a difference in the sensory dominance between the two eyes due to a 

difference in the retinal input. However, this explanation is not supported by this 

experiment because (1) an identical target with equal luminance was presented to both 
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eyes, (2) the accommodative demand was similar for both eyes, (3) the horizontal 

fixation disparity of the target was approximately zero for all the subjects, and therefore, 

the target should have fallen very close to the fovea for all the subjects, and (4) the best-

corrected visual acuity was similar for both eyes of all the subjects. All the above factors 

should have resulted in a retinal image that was likely to be similar in both eyes. 

Therefore, it is unlikely that the difference in the retinal image in the two eyes 

contributed to the difference in the contribution of eye-position information. 

Barbeito and Simspon (1991) suggested that ocular dominance might lead to a 

difference in the contribution of eye-position information from the two eyes. As pointed 

out in many studies (Barbeito, 1981; Fagard, Khan & Crawford, 2001; Li, Lam, Yu et al., 

2010; Mapp, Ono & Barbeito, 2003; Mansfield & Legge, 1996; Malott, Clare & Lowther, 

1996; Monzalvo-Lopez & Mamassian, 2008; Pointer, 2007; Porac & Coren, 1976, 1986; 

Purves & White, 1994; Rice et al., 2008; Robboy, Cox & Erickson, 1990; Seijas et al., 

2007; Suttle, Alexander, Liu, Ng, Poon & Tran, 2009; Walls, 1951; Washburn, 1934; 

Yang, Blake & McDonald, 2009), and as shown subsequently in Chapter 5, there is no 

general agreement between different measures of ocular dominance. Therefore it is 

unlikely that ocular dominance can account for the differences in the contribution of eye-

position information to perceived EVD in this study.  

Because the cyclopean eye is an imaginary structure, there is considerable 

controversy about its existence as a useful concept (Erkelens & van de Grind, 1994; 

Erkelens & van Ee, 2002; Ono, 2002). The between-eye difference in the contribution of 

eye-position information in our study could have occurred as a result of a difference in 
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the weighting of eye-position information, the eye which is given more weight 

contributing more to the perceived EVD.  

other to the perceived EVD, the slopes of the line fit to the pointing errors of the left and 

the right eyes added up to 1 in 9 of 13 subjects in this study. A similar additive effect can 

law, this result suggests that the decrea

offset by a commensurate and qualitative increase in the weighting of eye-position 

information from the other eye.  

The next experiment in Chapter 3 addresses whether a similar difference in 

weighting exists also for the contribution of the retinal-position information from each 

eye to the perceived EVD 
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Table 2.1. Pointing errors without a vergence demand.  
Pointing errors in prism diopters for thirteen subjects while viewing binocularly. The standard 
errors are based on 30 trials for each subject. These errors were obtained before correction for the 
idiosyncratic constant errors.  
 
 

Subject Mean (PD) Std Dev (PD) Std Error (PD) 
BN  1.41 2.36 0.44 
DJ  0 4.39 0.80 
DN  3.42 2.91 0.53 
 DS*  1.92 5.98 1.02 
 HB*  8.94 3.46 0.45 
JG  1.96 2.52 0.46 
JQ  1.05 2.04 0.37 
JW  0.24 1.98 0.36 
KI  1.03 3.38 0.62 
LG -2.05 4.30 0.79 
NP 1.16 2.34 0.43 
QL 2.48 3.16 0.58 
TP -3.79 3.76 0.68 

Mean 1.37 3.27 0.58 
Std. Dev 2.96                -                  - 

 
*Note: For these two subjects, the corrected pointing errors from two separate trials were 

combined. 
 
 
                                                                                                        

 

 
 
 
 
 
                                                 

With respect to the plane of the monitor. 
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Table 2.2. Pointing error variability for different vergence demands. 
Variability (standard deviation) of corrected pointing errors for all subjects for each vergence 
demand. BI and BO denote base-in and base out vergence demands, respectively. The top and the 
bottom row for each subject are the values obtained for right and left eye, respectively.  
 

 * Average of two sets of trials. 
   Subject TP did not perform pointing for 5 PD base-in vergence demand. 
 
 

Vergence 
demand / 
Subject 

 

 
5 BI 

 
0 

 
5 BO 

 
10 BO 

 
15 BO 

 
Mean 

RE & LE 

 
Mean 

Both eyes 

BN 3.34 
2.35 

1.46 
3.00 

3.17 
2.60 

2.23 
3.16 

4.43 
2.55 

2.93 
2.73 

2.83 

DJ 
 

1.92 
3.49 

2.27 
3.17 

2.87 
2.24 

2.89 
2.82 

2.40 
1.59 

2.47 
2.66 

2.57 

DN 3.39 
2.14 

2.67 
3.20 

3.17 
4.03 

2.14 
4.78 

3.27 
4.21 

2.88 
3.67 

3.27 

DS: Trial 1 
 

DS: Trial 2 

3.93 
2.36 
2.54 
2.40 

2.25 
3.13 
2.40 
3.39 

3.48 
2.01 
2.94 
3.46 

2.55 
3.34 
2.61 
3.41 

2.32 
3.04 
2.14 
4.74 

2.91 
2.78 
2.53 
3.48 

 
2.92* 

HB: Trial 1 
 

HB: Trial 2 
 

3.69 
2.64 
2.51 
3.38 

2.85 
2.00 
3.88 
3.00 

2.44 
1.63 
2.10 
3.61 

2.72 
3.12 
3.92 
4.70 

2.12 
2.37 
2.53 
3.13 

2.76 
2.35 
2.99 
3.56 

 
2.92* 

JG 1.92 
2.49 

2.50 
2.50 

2.44 
2.82 

1.98 
5.33 

2.67 
1.92 

2.30 
3.01 

2.66 

JQ 2.33 
1.83 

2.30 
2.47 

2.05 
2.44 

2.25 
1.81 

1.97 
2.54 

2.18 
2.22 

2.20 

JW 2.37 
2.45 

1.32 
2.31 

2.31 
2.50 

1.25 
2.13 

2.99 
1.69 

2.05 
2.22 

2.13 

KI 2.78 
3.87 

3.39 
3.48 

3.87 
2.87 

5.63 
4.96 

2.56 
3.31 

3.65 
3.70 

3.67 

LG 5.52 
4.97 

4.67 
4.06 

3.93 
4.41 

2.88 
3.76 

6.17 
2.99 

4.63 
4.04 

4.34 

NP 2.80 
2.91 

2.26 
2.41 

2.47 
1.45 

2.16 
2.98 

2.26 
3.16 

2.39 
2.58 

2.49 

QL 4.18 
2.75 

3.08 
3.25 

3.50 
3.10 

4.18 
3.19 

3.48 
3.08 

3.68 
3.07 

3.38 

TP  2.43 
- 

4.54 
2.37 

3.81 
3.86 

3.97 
2.89 

8.64 
5.61 

4.68 
3.68 

4.18 

Mean: all subjects                                                                                                        3.04 
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Table 2.3. Corrected pointing errors and target locations. 
Relationship between corrected pointing errors & target locations during asymmetric vergence for 
each of the thirteen subjects for the largest vergence demand (15 PD) used in the experiment. 
Except where combined values are reported, the degrees of freedom are 13 for each eye. For 
subjects DS and HB the degrees of freedom are 28 for each eye for the combined condition. 
Values in italics show slopes that were statistically different from the expected slope of 0. 
 

 
 

Subject 

 
Slope 

(Intercept) 

 
Right 

eye: R2  

 
Slope 

(Intercept) 

 
Left 

eye: R2  

 
Right eye: 
t value (P 

value) 

 
Left eye: 
t value (P 

value) 

BN -0.510 (-7.414) 0.253 -0.289 (5.003) 0.257 2.098 (0.056) 2.120 (0.054) 

DJ 0.112 (-11.893) 0.043  0.127 (4.400) 0.127 0.764 (0.458) 1.375 (0.192) 

DN -0.189 (-7.775) 0.079 -0.511 (5.092) 0.295 1.056 (0.310) 2.332 (0.036) 

DS: Trial 1 -0.127 (-8.150) 0.060 -0.275 (7.150) 0.164 0.911 (0.379) 1.597 (0.134) 

DS: Trial 2 0.155 (-6.641) 0.105 -0.646 (3.659) 0.372 1.235 (0.239) 2.775 (0.016) 

DS: Combined 0.014 (-7.396) 0.001 -0.461 (5.404) 0.222 0.167 (0.868) 2.827 (0.009) 

HB: Trial 1 0.070 (-7.403) 0.021 -0.084 (8.463) 0.025 0.528 (0.606) 0.577 (0.574) 

HB: Trial 2 0.514 (8.485) 0.425 0.177 (-11.380) 0.064 3.100 (0.008) 0.943 (0.363) 

HB: Combined 0.292 (7.944) 0.194 -0.046 (9.922) 0.004 2.596 (0.015) 0.335 (0.740) 

JG -0.227 (-7.517) 0.144 -0.045 (6.717) 0.011 1.479 (0.163) 0.380 (0.710) 

JQ -0.039 (-6.567) 0.006 0.071(6.500) 0.030 0.273 (0.789) 0.638 (0.534) 

JW 0.055 (-8.140) 0.007  0.126 (5.910) 0.110 0.301 (0.769) 1.268 (0.227) 

KI 0.181 (-7.292) 0.100 0.254 (10.575) 0.118 1.201 (0.251) 1.316 (0.211) 

LG -0.613 (-9.897) 0.198 0.004 (7.983) 4E-05 1.790 (0.097) 0.023 (0.982) 

NP -0.183 (-9.617) 0.131  0.160 (8.933) 0.051 1.400 (0.185) 0.836 (0.418) 

QL -0.003 (-7.133) 1E-05 -0.543 (2.117) 0.620 0.011 (0.991) 4.605 (0.0005) 

TP 0.214 (-5.843) 0.012 -0.107 (6.024) 0.007 0.402 (0.694) 0.303 (0.767) 

 
Note: The second trial for subject HB was performed with opposite magnitudes of vergence demand (i.e. 5, 
10, 15 base-in and 5 base-out). However, for both sets of trials, the pointing errors were in the expected 
direction. The signs of the pointing errors for the second set of trials were reversed to obtain the slopes and 
coefficient of determination for the combined values. 
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Table 2.4. Right and left eye  slopes. 
(a) Slopes fit to the pointing errors during binocular viewing obtained with the right and left eyes deviated, respectively. A ratio of the slopes 
(RE/LE) greater and less than 1 indicates greater contribution of the change in eye position for the right and left eye, respectively, to the perceived 
EVD. Values in brackets indicate 95% confidence intervals. Tables 2.4b and 2.4c are the results for subjects DS and HB obtained for two separate 
sets of trials. Numbers in bold indicate a statistically significant difference between the absolute values of the slope fit to the data for the right and 
left eye. 
 
2.4a. 

 
 

 
     Subject 

 
Slope RE 

 
Slope LE 

 
Ratio of Slopes 
(RE/LE) 

p-value 
(difference 
in slopes) 

 
Sum of slopes 
(RE+LE) 
 

BN -0.554 (-0.659, -0.448) 0.385 (0.295, 0.474) 1.439 (1.007, 1.871)    0.015 0.939 (0.804, 1.073) 
DJ -0.835 (-0.916, -0.754) 0.345 (0.253, 0.437) 2.420 (1.734, 3.107) < 0.001 1.180 (1.060, 1.300) 
DN -0.578 (-0.678, -0.478) 0.308 (0.186, 0.429) 1.877 (1.068, 2.685) < 0.001 0.886 (0.731, 1.040) 
DS -0.513 (-0.576, -0.449) 0.417 (0.340, 0.493) 1.230 (0.958, 1.502)    0.059 0.930 (0.939, 1.036) 
H B -0.526 (-0.543, -0.468) 0.693 (0.636, 0.754) 0.759 (0.675, 0.843) < 0.001 1.219 (1.139, 1.299) 
JG -0.416 (-0.490, -0.341) 0.488 (0.381, 0.596) 0.852 (0.613, 1.092)    0.319 0.904 (0.776, 1.032) 
JQ -0.473 (-0.545, -0.401) 0.456 (0.381, 0.530) 1.037 (0.806, 1.269)    0.753 0.929 (0.828, 1.030) 
JW -0.531 (-0.601, -0.461) 0.348 (0.276, 0.420) 1.526 (1.152, 1.900) < 0.001 0.879 (0.779, 0.979) 
KI -0.503 (-0.626, -0.380) 0.637 (0.516, 0.758) 0.790 (0.613, 1.092)    0.121 1.140 (0.971, 1.309) 
LG -0.548 (-0.701, -0.394) 0.573 (0.432, 0.713) 0.956 (0.600, 1.312)    0.847 1.121 (0.917, 1.325) 
NP -0.665 (-0.742, -0.587) 0.576 (0.489, 0.663) 1.154 (0.937, 1.372)    0.125 1.241 (1.164, 1.317) 
QL -0.481 (-0.604, -0.358) 0.158 (0.059, 0.257) 3.044 (0.984, 5.105) < 0.001 0.639 (0.518, 0.760) 
TP -0.417 (-0.583, -0.251) 0.420  (0.242, 0.599) 0.993 (0.415, 1.571)    0.998 0.837 (0.602, 1.071) 
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2.4b. DS* 
 
 
 
 
 
 
 
 
 
2.4c. HB* 
 
 
 
 
 
 
 
 
 
 

* For these two subjects, the corrected pointing errors from the two separate trials were combined to calculate the 
slopes listed in Table 2.4a. 

 
 
 
 

 
Trial No. 

 
Slope RE 

 
Slope LE 

Ratio of 
Slopes 
(RE/LE) 

p-value 
(difference 
in slopes) 

Sum of slopes 
(RE+LE) 
 

1 -0.507 (-0.604, -0.409) 0.482 (0.389, 0.576) 1.052 0.737 0.989 (0.856, 1.220) 
2 -0.519 (-0.603, -0.434) 0.352 (0.235, 0.469) 1.474 0.036 0.861 (0.730, 1.010) 

 
Trial No. 

 
Slope RE 

 
Slope LE 

Ratio of 
Slopes 
(RE/LE) 

p-value 
(difference 
in slopes) 

Sum of slopes 
(RE+LE) 
 

1 -0.553 (-0.647, -0.464) 0.661 (0.580, 0.741) 0.836 0.010 1.216 (1.096, 1.335) 
2 -0.493 (-0.602, -0.384) 0.679 (0.562, 0.796) 0.726 0.034 1.176 (1.020, 1.331) 
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F igure 2.1. Asymmetric vergence  

a. In the figure below, FR and FL indicate the fovea of the right and left eyes, respectively. Blue 
and red circles indicate the targets for the right and left eyes, respectively. The dashed red 
line indicates the visual axis of the left eye when looking straight ahead. Displacing the 
target for the left eye results in a change in the eye position of the left eye. F L indicates the 
fovea of the left eye after the change in the eye position of the left eye as a result of 
asymmetric vergence. Perceived EVD should lie at the intersection of the visual axes of the 
eyes if the eye-position information from each eye contributes equally to perceived direction, 
and is indicated by the orange circle. This target extended to the plane of the monitor is 
indicated as the light orange circle.  

 
 

 

 
 

 
b. Targets used in the experiment.  

Bright crosses indicate the dichoptic cross in each eye. Dim crosses are examples of different 
asymmetric vergence demands.  
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F igure 2.2. Pointing errors without a white screen and with a white screen between pointing trials. The top and the bottom pairs of 
panels show the variation in pointing errors with trial number with base-out prisms in front of the right and left eye, respectively. The plots on the left show 
the pointing errors without a white screen between trials, and the plots on the right shows the pointing errors when a white screen is presented for 3 s 
between the pointing trials.  
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JW:  Pointing  Error  in  complete  darkness  (without  
white  screen):  20  base-out  in  front  of  LE
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JW:  Pointing  errors  in  complete  darkness  (with  white  
sceen  between  each  trial):  15  base-out  in  front  of  LE
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Note: The set-up used for obtaining the pointing errors was different for the two experiments with and without the white screen. In the set-up for the pointing errors without 
the white screen, a prism was placed in front of one eye, and the pointing target was presented on the computer monitor. The subject opened her eyes to look at the target and 
closed her eyes while pointing at the target and between the pointing trials to minimize prism adaptation. The same magnitude of prism was used during the 12 consecutive 
trials. The pointing errors obtained with a white screen between trials were obtained using the VSG system as described in the methods section. Twenty PD base-out and 15 
PD base-out were the maximum magnitudes of the vergence demand that could be presented for each set-up. Also note that the number of trials without the white screen 
(panels on the left) was 12, and the number of trials with the white screen (panels on the right) was 15.                             
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F igure 2.3. Relationship between corrected pointing errors and target locations for 4 subjects. 
Pointing errors are shown for each target location for 4 of the 13 subjects for 15 PD base-out vergence demand. Pointing errors are shown for both 
eyes for the largest magnitude of asymmetric vergence demand. Blue circles and red triangles indicate corrected pointing errors of the right and 
left eye respectively.  
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F igures 2.4(i-xiii). Corrected pointing errors vs. asymmetric vergence demand. 

In the following pages, corrected pointing errors on each experimental trial are plotted 

against the magnitude of asymmetric vergence for each of the thirteen subjects.  

 

Each point represents a single pointing error. Red triangles and blue circles denote the pointing 

errors when the left and right eye is deviated, respectively.  

 

Positive and negative values on the x-axis indicate convergence and divergence demands, 

respectively. Positive and negative numbers on the y-axis indicate pointing errors towards the 

right and left respectively. 

 

Subjects DS and HB performed the experiment twice. Data for these two subjects are shown for 

the two trials combined as well as the two individual trials. For subject TP, pointing responses 

were not obtained with a 5 PD divergence demand. Note that the y-axis scale is different for each 

subject.  
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                           CHAPTER 3  

3.1. Introduction  

            This chapter addresses the contribution of oculocentric direction (OVD) to the 

perceived EVD. 

            Oculocentric visual direction is the direction of an image on the retina as 

referenced to an eye-centered co-ordinate system. The OVD of an object during 

monocular viewing can be assessed by determining its location with respect to intrinsic 

retinal landmarks or with respect to one or more images on the retina (Brewster in 

Wheatstone, 1838; Howard, 1982; Müller, 1842; Mansfield & Legge, 1996; Walls, 

1952). Even though the image of an object can be judged relative to any retinal location, 

the fovea is considered to be the center of the eye-centered co-ordinate system (Müller, 

1842; Howard, 1982). A local sign mechanism is thought to mediate OVD judgments 

(Charnwood, 1949,1965; Lotze, 1886; Helmholtz, 1910/1962; Matin, Pearce, Matin, & 

Kibler, 1966; Merton, 1961; Pitblado, 1966/1983; Rose, 1999; Walls, 1951). According 

to this mechanism, each point on the retina which in turn is associated with a region in 

the visual cortex signals a specific visual direction. Stimulation of a specific retinal 

receptor will result in a percept that is seen in a direction signaled by that specific retinal 

point for a specific position of the eyes.   

            s that the perceived OVD during 

binocular viewing is based on the direction signaled by the averaged retinal-position 

information from the two eyes (Halldén, 1952; Müller, 1842; Ono & Mapp, 1995; 

ar to the one made for 
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contribution of position information from the two eyes is that there is equal contribution 

of the retinal-position information from both eyes to the perceived OVD. However, some 

studies suggest that either the perceived egocentric direction (Charnwood, 1949; Francis 

& Harwood, 1951; see footnote on next page for use of the term egocentric instead of 

oculocentric direction) or the perceived OVD (Banks, van Ee & Backus, 1997; Mansfield 

& Legge, 1995, 1996, 1997; Verhoeff, 1925, 1933) might not be based on simple 

averaging of retinal-position information from the two eyes. Instead, the perceived OVD 

depends on the luminance or contrast ratios, or the amount of blur present in the images 

in the two eyes. Specifically, the perceived OVD is reported to shift away from the 

direction projected by the averaged local sign information towards the direction signaled 

by the local signs of the retinal images in the eye viewing the image with higher 

luminance or contrast, or lesser blur.  

            For instance, Charnwood (1949) placed two beads that were separated in depth at 

a distance of approximately 3.5 meters from a subject. These two beads in turn were 

by the subject. The subject was asked to place himself/herself so that the beads appeared 

to be in line with one another. After the subject aligned himself/herself in line with the 

rded 

using a camera. According to Charnwood (1949), the posterior extension of the plane 

along the two eyes from which the direction of targets was assessed. It was shown 

photographically that subjects aligned themselves so that the plumb bob was close to the 

midpoint of the two eyes when both eyes viewed similar targets. However, when the 
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subject shifted his/her position so that the plumb bob was now in closer alignment to the 

eye without the neutral density filter. Charnwood (1949) also reported a similar effect 

when a + 0.5 or +1D lens was placed in front of one eye. Charnwood (1949) attributed 

the apparent shift in the perceived 

image was reduced to a shift in the position of the binoculus10 along the interocular 

baseline. However, these effects reported by Charnwood (1949) are only qualitative and 

it is not clear what the perceived direction of each bead with respect to one another was 

cause a shift in the perceived OVD of the binocularly combined targets with respect to 

one another. 

            

Harwood (1951) quantified the effect of luminance on perceived egocentric direction 

during binocular viewing. An experimental paradigm similar to that used by Charnwood 

was employed by placing two discs separated in depth and also vertically at a distance of 

approximately 4m from the subject. A vertical thread was suspended in between these 

two discs to serve as a fixation point and to monitor if the two discs were separated 

                                                 
10 In the literature, it is generally believed that visual directions are judged from the midpoint of 
the two eyes. The midpoint between the two eyes from which egocentric visual direction is 
generally believed to be judged is referred by various terms such as the double eye (Hering, 
1868/1977), cyclopean eye (Mather, 1969; Ono, 1991), the binoculus, (Charnwood, 1949) and the 
center of projection (Francis & Harwood, 1951). It is also believed that the local signs from the 
two eye
binocular viewing. The OVD information is combined with the eye-position information to signal 
the egocentric visual direction. Wells (1818) proposed that the directions indicated by the two 
eyes are transferred to a common axis, formed by drawing a line connecting the intersection of 
the visual axes to the midpoint of the eyes. 
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vertically. A subject sat on a trolley that was free to move horizontally. He/she was then 

asked to view the beads monocularly, and adjust his/her position so that the two beads 

appeared to be in line with one another. The position of an imaginary line connecting the 

monocular estimates obtained when each eye was occluded was assumed to provide an 

lar distance, which they believed was the 

location from which visual direction judgments were made. This measurement was taken 

as the baseline, and was set on a ruler attached to the headrest on the trolley. They then 

asked their subject to align himself/herself with the discs again when different 

magnitudes of neutral density filters were placed in front of one eye, to reduce the 

without the filters gave an estimate of the shift in the perceived egocentric visual 

direction (see footnote on page 69). Francis and Harwood (1951) report that the perceived 

egocentric direction during binocular viewing is judged from a location that lies near the 

midpoint of the two eyes when the images in both eyes have equal luminance. However, 

there was a shift in the perceived egocentric direction towards the eye viewing the higher 

luminance image when the luminances of the images in the two eyes were unequal. A 

larger shift occurred with increasing differences in luminance for the images of the two 

eyes. Additionally, there were also differences in the shift depending on the eye in front 

of which the neutral density filter was placed. Francis and Harwood (1951) attributed the 

perceived shift in the direction of the targets with respect to the self to a change in the 

position of the projection center, towards the eye viewing the image with the higher 

luminance. As Francis and Harwood (1951) themselves mention, the main drawback of 
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their study is that the baseline measurements relative to which all other measurements 

were made themselves might have been inaccurate, because the authors found 

discrepancies between their measurements of the center of the inter-ocular distance, and 

estimates of the center of the pupillary distance measured by two other methods using, 

either pinholes with dichoptic red and green streaks of light, or Vernier alignment. 

Moreover, as in the Charnwood study (Charnwood, 1949) it is not clear how well the 

influence of eye movements was controlled. An additional concern is that the frames of 

reference used for comparing direction judgments appear to be different for the 

monocular and binocular measurements. Specifically, during monocular viewing, the 

frame of reference used for the direction judgment was oculocentric whereas, during 

binocular viewing the frame of reference used for direction judgement was egocentric11.  

            An approach to determine whether there is equal contribution of retinal-position 

information from both eyes to the perceived OVD is to present a target whose image falls 

on slightly non-corresponding retinal points, and compare the perceived direction of this 

target with respect to another target whose image falls on corresponding retinal points. 

According to 

retinal points of the two eyes should be seen in the visual direction associated with these 

-corresponding retinal points 

should be seen in a direction that is different from the direction associated with each 

monocular image (Halldén, 1952; Kaufman & Arditi, 1975; Mather, 1969; Ono, Agnus & 
                                                 
11 Both Charnwood (1949) and Francis and Harwood (1951) used an alignment task for the 
estimation of the perceived direction of targets placed in different depth planes, and altered the 
retinal images of the two eyes. However, the perceived direction of targets placed in depth were 
not judged relative to one another, but were judged with respect to the self during binocular 
viewing. Therefore, direction judgments were egocentric instead of oculocentric during binocular 
viewing.  
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ion 

that there is an equal contribution of retinal-position information from both eyes is true 

and if there is a simple averaging of the retinal-position information from the two eyes, 

then the fused target falling on the slightly non-corresponding retinal points should be 

perceived to be in the same direction as the target falling on the corresponding retinal 

there is an unequal contribution of the retinal-position information from the two eyes, 

then the perceived OVD of the target falling on non-corresponding retinal points should 

be different from the target that falls on corresponding retinal points, indicating a bias 

towards the direction of the monocular image in the eye whose retinal-position 

information contributes more to the perceived OVD.  

            Mansfield and Legge (1996) used the above approach to measure the perceived 

OVD during binocular viewing and assessed whether the perceived OVD shifts towards 

the eye that views the images with higher contrast, when horizontally disparate images in 

the two eyes were presented with different interocular contrast ratios. To make this 

measurement, observers viewed a reference Gabor target with a carrier spatial frequency 

of 1 cpd, and a space constant of 0.35 deg. The reference target had a mean Michelson 

between 1:4 and 4:1. This target was presented with a constant crossed disparity pedestal 

of 30 arc min with respect to a zero disparity fixation cross. Another Gabor test target 

was presented with the same contrast in both eyes, but with one of five different 

horizontal crossed or uncrossed disparities between 0 and 30 arc min with respect to the 

reference target. All three targets (the fixation, reference and the test targets) were 



Perceived Oculocentric Direction 

  71 

separated vertically with respect to one other, with a center-to-center vertical separation 

between the reference and the test targets of 2.1 deg.      

            Subjects judged the perceived direction of the test target relative to the reference 

target. Mansfield and Legge (1996) reported that in two of their three subjects, the test 

and the reference targets were seen in the same direction when the contrast of the images 

was the same for the two eyes, implying that in these subjects, the retinal-position 

information from both eyes contributes equally to the perceived OVD. However, contrary 

s in the two eyes 

differed, the perceived OVD shifted towards the eye viewing the image with the higher 

contrast in all subjects. In addition to the dependence of the perceived OVD on the 

contrast ratio of the images presented to the two eyes, the shift in the perceived direction 

was found to depend also on the direction of disparity. Specifically, when the test target 

had crossed disparity with respect to the reference target, in one subject the perceived 

shift of the test target was towards the right when the right eye had the higher contrast 

image and towards the left when the left eye had the higher contrast image. However, 

when the test target had uncrossed disparity with respect to the reference target, the 

perceived shift was always towards the left eye, irrespective of which eye had the higher 

contrast image. Mansfield and Legge (1996) concluded that the perceived OVD during 

binocular viewing might depend on a combination of spatial uncertainty and an ocular 

dominance factor indicated by the differential contribution of retinal-position information 

from each eye. They proposed a maximum likelihood model based on these two factors. 

The parameters in their model included two weighting components, one component based 

r based on the weighting of the retinal-position 
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information from the two eyes.  

            Banks, van Ee and Backus (1997) argued that the change in the perceived OVD 

reported by Mansfield and Legge (1996) might have been affected by vergence responses 

because the targets were presented for duration longer than the vergence latency of 160 

ms (Krishnan, Farazian and Stark, 1973; Rashbass & Westheimer, 1961). They proposed 

an alternative model that included the effect of vergence.  

            Using the same approach as Mansfield and Legge (1996), but with a different 

experimental paradigm, Ding and Sperling (2006, 2007) and Ding, Klein and Levi (2009) 

reported that the perceived contrast and phase of a binocularly combined single image 

was different from each of the monocular images, and was dependent on the contrast 

ratios of the images presented to the two eyes. Ding and Sperling (2006, 2007) presented 

horizontal sine-waves to their three subjects. This dichoptically presented test grating had 

different phase disparities and contrast ratios for the two eyes. The subject adjusted the 

fused test grating, by moving it up and down so that the central black component of this 

grating appeared to be aligned with a flanking reference line. Ding and Sperling (2006, 

the perceived phase of the binocularly combined grating is the weighted sum of the 

phases of the gratings seen by the two eyes, and therefore the predicted phase of the 

binocularly combined grating should be shifted towards the monocular image with the 

higher contrast. Although they found this to be true, the experimentally determined shift 

in the perceived phase of the grating towards the image with the higher contrast was 

larger than that predicted by the linear summation model. To account for the difference 

between the predictions made by the linear summation model and their experimental 
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the 

magnitude of the perceived phase shift of the grating towards the eye with the higher 

contrast. Based on the perceived phase shift, they proposed that the perceived contrast of 

the binocularly fused grating could be predicted based on the following equation: 

                                    

where Î is perceived contrast of the binocularly fused grating, IL and IR are the left and 

right eye images, mL and mR are the contrasts of the images presented to the right and the 

t that determines the slope of the line fit to the perceived 

contrast data. The parameters mL  and mR denote the perceived contrasts of the images 

seen by the left and right eyes, respectively. According to the gain control model, there is 

attenuation of the contrast from the eye viewing the image with the lower contrast and an 

accentuation of the contrast from the eye viewing the image with the higher contrast. The 

that a similar equation describes the shift in the perceived phase of the fused binocular 

grating. 

Previously, Sheedy and Fry (1979) using an alignment task found that a shift in 

the perceived OVD occurs for equal-contrast targets presented with vertical disparities. 

In this third chapter, experiments were carried out to confirm previous findings 

that retinal-position information from the two eyes can contribute unequally to perceived 

OVD. In combination with the data of the experiment described in Chapter 2, the results 

of the experiments in this chapter also were used to determine whether the contributions 

of retinal and eye-position information are similar in the same observers (Chapter 6). 
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In the first experiment described in this chapter, the perceived OVD was 

determined for horizontally disparate targets presented with different contrast ratios in 

the two eyes. In the second experiment of this chapter, the perceived OVD was 

determined for horizontally disparate targets presented with different interocular 

luminance ratios. In addition, two control experiments determined the effect of induced 

fixation disparity and the horizontal binocular disparity of the fused target, respectively, 

on the perceived OVD. In all of these experiments, an alignment task was used to 

determine the perceived OVD (Mansfield & Legge, 1996).  

In this chapter, equal and unequal contributions of the retinal-position information 

from the two eyes to the perceived OVD during binocular viewing are assumed to occur 

as results of differential weighting of retinal-position information from the two eyes, 

instead of a shift in the hypothetical cyclopean eye. These outcomes will be referred to as 

 

 

3.2. Experiment 1  

3.2.1. Methods 

The same thirteen subjects who participated in the experiment that determined the 

relative contribution of eye-position information to the perceived EVD (Chapter 2) 

participated in this experiment (Appendix Table A.I).  

3.2.1.A. Experimental determination of perceived OVD of targets with different 

interocular contrast ratios: 

The targets were generated using MATLAB® (Version 7.2), and presented on a 

120 Hz frame-rate Clinton Monochrome Monoray monitor. The monitor was gamma-



Perceived Oculocentric Direction 

  75 

corrected for linearity of luminance output using an Optical photometer® (Appendix 

Figure AII). Luminance calibration of the targets for the experiment was done using a 

Minolta LS 100 photometer, as described in Chapter 1.  

Subjects viewed the targets at a distance of 50 cm through ferro-electric goggles 

that provided dichoptic views to the two eyes. The toggling of the shutters of the goggles 

was synchronized with the video-frames of the monitor. This allowed for presentation of 

alternate frames to the left and the right eyes, and the targets seen by each eye were kept 

completely separate. The frames for the right and the left eyes lasted for 0.008 sec each.   

The experiment consisted of determination of fixation disparity, and of the 

assessment of perceived OVD for targets with different contrast ratios for the two eyes.  

Perceived OVD was assessed using a fixation cross, a reference target and a test 

target (Figure 3.2). The horizontal and vertical bars of the fixation cross had a length of 

39.7 arc min and width of 5.3 arc min. The two Nonius lines had vertical center-to-center 

separation of 1.75 deg. The dimensions of the reference and the test targets were similar, 

and consisted of an approximately 45 arc min wide one-dimensional Gaussian luminance 

distribution. The standard deviation of the Gaussian was 7.96 arc min, yielding a full 

width at half-height of 14.8 arc min. The height of the blurred Gaussian line was 52.9 arc 

min (Figure 3.3). If the width of the Gaussian distribution is considered to represent one 

half cycle of a grating, the fundamental spatial frequency of the Gaussian can be 

estimated as 0.66 cpd. Blurred Gaussian lines were used to allow subpixel resolution. The 

peak luminance of the blurred Gaussian line for the reference and the test targets is 

described in the following paragraphs.  
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          The targets for the determination of fixation disparity consisted of a fixation cross 

and dichoptic Nonius lines, presented one each above and below the fixation cross. The 

dimensions of these targets were identical to that presented for the determination of the 

perceived OVD, but the standard deviation of the luminance distribution of the Nonius 

lines was reduced to 5.29 arc min. The luminances of the background and the Nonius 

lines were 8 cd/m2 and 12 cd/m2, as seen by each eye. 

          For the measurement of perceived OVD, the luminances of the background and the 

reference target also were 8 cd/m2 and 12 cd/m2, respectively, for both eyes, when 

viewed through the ferro-electric goggles. The luminance of the fixation cross was also 

12 cd/m2 for a Weber contrast of 50%. However, the test target had either the same 

contrast or different contrast ratios for the two eyes. The log contrast ratios used were  

-0.6, -0.3, 0, 0.3, and 0.6. Log contrast ratios other than 0 were achieved by decreasing 

the contrast of the test target in one eye and increasing it in the other eye, so that the 

mean contrast remained at 50% (Table 3.1.A). 

Fixation disparity was assessed by presenting the fixation cross to both eyes 

(Figure 3.4). The top Nonius line was seen by one eye and the bottom Nonius line was 

viewed by the other eye. The subject determined whether the two Nonius lines were 

vertically aligned. If the two lines appeared misaligned, the method of adjustment was 

used to move the bottom Nonius line until it appeared aligned with the stationary top 

Nonius line. The distance by which the bottom Nonius line was displaced gave an 

estimate of the fixation disparity. The minimal fixation disparity was determined for each 

subject by presenting the fixation cross, and the two Nonius lines with different 

separations on the monitor corresponding to various eso- and exo-vergence demands. 
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After the subject fused the fixation cross, the top and the bottom Nonius lines were 

presented and the subject made alignment judgments as before. A bracketing technique 

was used to determine the vergence demand at which fixation disparity was minimal.   

After the assessment of the minimal fixation disparity, the perceived OVD of an 

image presented with different contrast ratios for the two eyes was determined using the 

following steps. The fixation cross was presented to each eye with the horizontal 

disparity. The upper reference target was presented with no horizontal retinal image 

disparity with respect to the fixation cross. The lower test targets were presented with a 

horizontal binocular image disparity of 10.58 arc min (5.29 arc min for each eye), either 

in the crossed or uncrossed direction, with respect to the fixation and the reference 

targets. For each set of measurements, one of the six different log contrast ratios (-0.6,  

-0.3, 0, 0.3, and 0.6) was chosen pseudorandomly for the test target seen by the two eyes. 

While keeping the horizontal binocular disparity constant, the average horizontal location 

of the test target was varied from trial to trial. The method of constant stimuli was used to 

present the test target randomly ten times each, centered at one of nine horizontal 

locations between 7.92 arc min to the right and left of the reference target. Each step was 

1.98 arc min apart. From trial to trial, the test target was presented randomly with crossed 

and uncrossed disparity. Therefore, one set of measurements for a specific interocular 

contrast ratio consisted of 180 trials (90 trials each for the test target with crossed and 

uncrossed disparity). 

          The subject fixated on the fixation cross, and then pushed one of the four buttons 

on the CT3 button box. The reference and the test targets then appeared simultaneously 
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for 150 ms. The fixation cross disappeared for 150 ms when the reference and the test 

targets appeared, to minimize any possible alignment cue. After each trial, the subject 

determined whether the fused test target appeared to the right or left of the reference 

target, using two other push buttons on the button box. The proportion of responses to the 

plotted against the nine horizontal locations at which the test target was presented. A 

cumulative Gaussian function was fit to the crossed and the uncrossed disparity data. The 

value that corresponded to 50% of the responses to the right gave an estimate of the 

lateral offset (in arc min) at which the test and reference targets appeared in the same 

target and the reference targets were perceived to be in the same direction when the test 

target was presented to the right and to the left of the reference target, respectively 

(Figure 3.5). 

The above procedure was repeated for the other interocular contrast ratios. 

Fixation disparity was evaluated before and at the end of the assessment of perceived 

OVD for each interocular contrast ratio. Each subject repeated the experiment at least 

twice, either on the same or on a different day.  

          The sections below deal with the determination of between-eye differences in 

weighting of retinal-position information from the two eyes to the perceived OVD for the 

test target presented with an equal contrast ratio for the two eyes and for the test targets 

presented with different interocular contrast ratios.   
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3.2.1.B. Constant error in alignment and its calculation:   

          With the subject fixating on the fixation cross and with the fixation disparity 

neutralized, the test target with the crossed and uncrossed disparities and equal contrast 

ratios for the two eyes should be displaced in depth, and should appear in the same 

direction if there were equal contributions of retinal-position information from the two 

eyes. Specifically, the PSEs for the crossed and the uncrossed disparity targets should be 

same and approximately equal to zero. However, the PSEs obtained for the crossed and 

the uncrossed test targets presented with equal contrast ratios showed that some subjects 

perceived the crossed and the uncrossed test targets to be displaced laterally with respect 

to the fixation cross. The expectation is that if there is any perceived lateral displacement 

of the test target because of unequal weighting of the retinal-position information from 

the two eyes, then the crossed and the uncrossed disparity targets should be seen laterally 

displaced by the same magnitude but in opposite directions with respect to the fixation 

cross so that a line drawn through the crossed and the uncrossed disparities can pass 

through the fixation cross. However, in most subjects the lateral displacement of the 

PSEs for the crossed and the uncrossed targets were not symmetrical around the fixation 

cross. Specifically, in some subjects the PSEs for crossed and the uncrossed disparity 

targets were both to the right or left of the fixation cross, and in some subjects the 

magnitude of the displacement of the PSEs for the crossed and the uncrossed disparity 

target from the fixation cross was unequal. The asymmetrical lateral displacement of the 

crossed and the uncrossed disparity targets away from the fixation cross were considered 

to occur as a result of a systematic error in the alignment task, and are henceforth referred 

 (Figure 3.6).  
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         To determine the direction and the magnitude of the constant errors for each 

subject, the PSEs obtained for the crossed disparity test target for the sets of trials when 

the interocular contrast ratio was 1 were averaged. Similarly, the PSEs obtained for the 

uncrossed disparity targets for sets of trials when the interocular contrast ratio was equal 

were averaged. The mean of the averaged values for the PSEs of the crossed and the 

uncrossed disparity targets with the signs retained to indicate the direction of the PSEs 

(i.e. positive for right and negative for left) gave an estimate of the constant errors of 

alignment.  

 

 3.2.1.C . Calculation of the perceived OVD and between-eye difference in weighting of 

retinal-position information when the images in the two eyes have an equal contrast 

ratio:  

         The following calculations were done to determine the between-eye difference in 

weighting of retinal-position information from the two eyes to the perceived OVD when 

the uncrossed disparities with respect to the fixation cross were determined using the 

formula (Howard & Rogers, 1995):  

                                                
            
            
                        2a = Pupillary distance (mm) 
                         
                         D = Testing distance (mm)  
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Secondly, the average PSEs of the targets with a 1:1 contrast ratio were determined 

across sets of trials separately for the test targets with crossed and uncrossed disparities. 

Based on the PSE (in arc min) and the depth of the target (in mm), the separation of the 

crossed disparity target with respect to the fixation point (in mm) was determined. 

Similarly, the separation of the uncrossed disparity (in mm) with respect to the fixation 

cross was determined. The difference between the two values gave an estimate of the 

relative shift of the crossed and the uncrossed disparity test targets with respect to the 

fixation cross in space, in mm. The line joining the spatial locations of the crossed and 

the uncrossed disparities was extended back to the interocular axis, first by finding the 

resulting shift in angular units, and then reconverting it back to spatial units in mm. 

Positive and negative values of shift indicate that the line intersects the interocular axis to 

the right and left of the midline, which in turn suggests a larger contribution of the right 

and left eye respectively towards the perceived OVD (Figure 3.7). The weighting of the 

retinal-position information when the contrast ratio of the test target in the two eyes was 

1 was calculated using the equation below:  

 

             

  

Re tinal - position information we ighting =

In terpupilla rydistance (mm)
2

Shift in OVD (mm)

In terpupilla rydistance (mm)
2

Shift in OVD (mm)

 

 

of the weighting of retinal-position information for targets with contrast ratio of 1.  
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3.2.1.D . Calculation of the weighting of the retinal-position information from the two 

eyes to the perceived EVD based on all interocular contrast ratios:  

           The contribution of retinal-position information from each eye to the perceived 

OVD was determined using three different fits namely, (i) straight-line fit, (ii) linear 

model fit, and (iii) modified Ding and Sperling model fit, as described below.  

(i) Straight-line fit:   

          Each of the PSEs determined for the crossed and the uncrossed disparity test 

targets for each contrast ratio were plotted against the log of the contrast ratios. Straight 

lines that minimized the sum of the squared errors were fit separately to the crossed and 

uncrossed disparity data.  The intersection point of the straight lines fit to the data of the 

crossed and the uncrossed disparity was obtained by solving for the contrast ratio from 

the slopes and the intercepts of the two straight lines. The log contrast ratio at the 

intersection of straight lines indicated whether there was a between-eye difference in 

weighting of retinal-position information. Specifically, if there were no between-eye 

differences in the weighting of retinal-position information, then the lines that best fit the 

crossed and the uncrossed disparity data should intersect at a log contrast ratio of 0. 

However, if there were between-eye differences in the weighting of retinal-position 

information, then the log contrast ratio at the intersection point gives an estimate of 

-position information is weighted more, as well as an estimate of the 

magnitude of weighting. Specifically, an intersection of the two lines at a contrast ratio 

greater than 0 on a log scale (value greater than 1 on a linear scale) indicates that, for the 

crossed and the uncrossed disparity targets to be seen in the same direction, the contrast 

-position 
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-position information by a 

magnitude equivalent to the contrast ratio at the intersection point. The opposite is true 

when the intersection point of the two straight lines lies at a point with a log value less 

than 0, or a linear value less than 1. 

(ii) Linear model fit:  

          The line that best fit the crossed and the uncrossed data was fit also by a weighted 

summation of the retinal image contrast and position of the crossed and the uncrossed 

disparity target in the two eyes. The equation that was used to fit this line was 

 

where DL = Offset of the target from the fixation point in the left eye (one half of total 

binocular disparity, in arc min); DR = Offset of the target from the fixation point in the 

right eye (one half of total binocular disparity, in arc min); WL = Weighting of the left 

eye; WR = Weighting of the right eye (1-WL); CL & CR = Contrasts of the test target 

presented to the left and right eyes, respectively.                     

          The two parameters that were free to vary in this model were the weighting of the 

left eye, and the constant error. The known parameters were the retinal offsets (+ 5.29 arc 

min) produced by the retinal image disparity in each eye and the contrast of the images 

presented to the left and the right eyes.12 

 

 

                                                 
12 The linear model is considered to be linear as it assumes that the perceived contrast is 
equivalent to the physical contrast, and that the contrast in the two eyes can be summed.  
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(iii) Modified Ding and Sperling model fit:  

The equation provided by Ding and Sperling (2006, 2007) was modified to 

include the weighting of the retinal-position information from the two eyes, and the 

constant errors.  This model is identical to the linear model, but includes an additional 

free parameter, namely the exponent g. The predicted PSE can be calculated as 

follows:

   

 

In this modified Ding and Sperling equation13, the parameters that were free to 

vary were the retinal-position information weighting (WL) for the left eye, the exponent 

g, and the constant error. The physical contrasts of the targets for the left and the right 

targets.  

For both the linear and the modified Ding and Sperling model, the sum of the 

weights of the retinal-position information from the left and the right eyes was assumed 

- the weight given to the left 

 

                                                 
13 The terms mL, mR 73) were replaced by CL, CR and 
g respectively in the modified Ding and Sperling model fit.  
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The linear model fits and the modified Ding and Sperling model fits were 

onent g and the constant error for 

the modified Ding and Sperling model fit. For both of these model fits, lines were fit to 

both the crossed and the uncrossed data simultaneously, and the parameters that resulted 

in the minimum sum of the squared errors when both sets of data were fit together were 

obtained. 

Both the linear and modified Ding and Sperling models provided estimates of the 

weights applied to the retinal images in the right and the left eyes separately. For both the 

linear and the modified Ding and Sperling model, the ratio of weights (WR/WL) was 

obtained by dividing the weights predicted by the models for the right and left eyes. A 

ratio of the weights greater and less than 1 indicates that the retinal-position information 

from the right and the left eye contributed more to the perceived OVD, respectively.   

 

3.2.1.E . Comparison of the weighting of retinal-position information obtained from the 

fits of the three models: 

The between-eye differences in weighting of retinal-position information 

provided by the three models were compared by determining the percentage of variances 

that was accounted for by each model.  
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3.2.1.F . Precision of direction estimates: 

 The precisions of direction estimates were obtained from the slopes of the 

psychometric functions.  

 

3.2.2. Results 

          Appendix Table A.3.1. shows the magnitude of vergence demand and the minimal 

fixation disparity values in arc min for each subject. The following sections describe and 

compare the results obtained for constant errors, and inferred between-eye difference in 

weighting of retinal-position information when the test target had equal contrast for the 

two eyes, and when the test target had different interocular contrast ratios in the two eyes.         

         

3.2.2.A. Constant errors:  

Table 3.2.A. shows the constant errors when the test target had the same contrast 

for the two eyes. The constant errors for the 13 subjects ranged from 1.96 arc min to the 

left to 0.48 arc min to the right. Four of the 13 subjects had constant errors in alignment 

that were to the right.  

 

3.2.2.B. Comparison of weighting of retinal-position information from the two eyes for 

targets with the same contrast in the two eyes:  

The averaged value of the PSEs for test targets presented with crossed and 

uncrossed disparity and equal contrast in the two eyes shown in Table 3.2.A. were used to 

calculate the shift of the perceived OVD of the test target from the direction associated 

with the midpoint of the interocular axis, for each of the 13 subjects. The shift in the 
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perceived OVD of the test target with 1:1 contrast ratio along the interocular axis ranged 

from 0.08 mm to 6.5 mm (Table 3.3.A). For each of the 13 subjects, this shift in turn was 

used to estimate between-eye difference in weighting of the retinal-position information 

from the two eyes to the perceived OVD. In the table, values greater and less then 1 

indicate higher weighting of retinal-position information from the right and left eyes, 

respectively. Based on these estimates, twelve of the thirteen subjects had a higher 

weighting of retinal-position information from the right eye (Table 3.3.A). The 

differences in weighting of retinal-position information from the two eyes ranged from 

0.91 to 1.56 times (log -0.04 to 0.19) the weighting given to the retinal-position 

information from the other eye. 

 

3.2.2.C . Comparison of weighting of retinal-position information from the two eyes for 

the test target with different interocular contrast ratios in the two eyes:  

(i) Straight-line fit: Figures 3.8.A.i. to 3.20.A.i. show the PSEs of each trial for the 

different interocular contrast ratios for each subject. The direction of the constant errors 

for each subject can be observed qualitatively from the vertical shift in the PSEs from 0 at 

a log value of 0 on the x-axis. The intersection of the straight lines give an estimate of the 

relative contrast in the two eyes for which the targets with crossed and uncrossed 

disparity were perceived to be in the same direction. The slopes and the intercepts of the 

straight lines for each subject are tabulated in Table 3.4.A. Values lesser and more than 1 

(0 on log scale) for the intersection of the straight lines fit to the PSEs of crossed and 

uncrossed disparity targets indicate higher weighting of the retinal-position information 

from the left and right eyes, respectively to the perceived OVD. This intersection was to 
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the left of a log contrast ratio of 0 in three of the thirteen subjects (JG, KI and TP), 

implying that to achieve equal weighting of retinal-position information from both eyes, 

the contrast of the image for the right eye has to be increased relatively. Therefore the 

retinal-position information from the left eye is given more weight than the right eye in 

these three subjects. For the 13 subjects tested, the magnitude of between-eye difference 

in weighting based on the contrast ratio ranged from 0.88 to 2.69 times (log contrast 

ratios of -0.06 to 0.43) more weighting of the retinal-position information for one eye 

than the other, with a median value of 1.18 times (log contrast ratio of 0.07) higher 

weighting for one eye. Bootstrapping using MATLAB functions gave an estimate of the 

95% confidence intervals, to determine whether the between-eye differences in the 

weighting of retinal-position information from the two eyes was statistically significant. 

The between-eye differences in weighing of retinal-position information are statistically 

significant in four of the 13 subjects (DN, DJ, JQ and QL). For each of these four 

subjects, a higher weighting was given to the retinal-position information from the right 

eye (Table 3.5.A).  

(ii) Linear Model fit:  The parameters that were free to vary in the linear model were the 

constant error and the weighting of retinal-position information from the left eye. The 

constant errors predicted by the linear model fit were towards the right in 4 of the 13 

subjects (Table 3.6.A). Figures 3.8.A.ii. to 3.20.A.ii. show the lines predicted by the 

model for each of the thirteen subjects. The figures and Table 3.6.A. show that the 

retinal-position information from the left eye was weighted more than that from the right 

eye in two of the thirteen subjects (JG and KI). The between-eye differences in weighting 

of the retinal-position information calculated from the ratio of weights (RE/LE) ranged 
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from 0.90 to 2.24 times (log contrast ratio of -0.04 to 0.35) more weight for one eye than 

the other, with a median value of 1.115 (log value of 0.047). For the subject DN who 

showed the largest between-eye difference in weighting of retinal-position information, 

the model predicts weights of 0.69 and 0.31 for the images from the right and left eyes, 

respectively, assuming that the sum of the weights of the retinal-position information 

from the two eyes add up to 1.  

 (iii) Modified Ding and Sperling Model: The parameters that were free to vary in the 

model were the constant error, the weight of the retinal-position information given to the 

left eye, and the exponent g. The constant errors for all the 13 subjects predicted by this 

model fit were similar to those found using the linear model (Table 3.6.A). Figures 

3.8.A.iii. to 3.20.A.iii. show the lines fit by this model for each of the thirteen subjects. 

Table 3.6.A(i) shows the between-eye difference in weighting for the 13 subjects. The 

retinal-position information from the left eye was given more weighting than the right 

eye in the same two subjects (JG and KI) as by the linear model. The between-eye 

differences in weighting of the retinal-position information calculated from the ratio of 

weights (RE/LE) ranged from 0.93 to 1.83 times (log contrast ratio of -0.03 to 0.26) with 

a median value of 1.07 (log contrast ratio 0.03). For the subject DN who showed the 

largest between-eye difference in weighting of retinal-position information, the model 

predicts weights of 0.65 and 0.35 for the images from the right and left eyes, respectively, 

assuming as for the linear model that the sum of the weights of the retinal-position 

determines 

the curvature of the lines fit to the PSEs of the crossed and uncrossed disparity targets 

ranged from 0.32 to 0.94, with a median of 0.57.  
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3.2.2.D . Correlation between the three models: 

Figures 3.21.A. to 3.23.A. compare the contribution of retinal-position 

information from each eye to the perceived OVD, as determined from the fits from the 

three models. Orthogonal regression revealed that a statistically significant relationship 

existed for the between-eye differences in the weighting of retinal-position information 

obtained with the three models, across the 13 subjects. However, estimates of weighting 

provided by the linear model and modified Ding and Sperling model fits were 

significantly lower than that obtained with the straight-line fit (Straight-line fit vs. Linear 

model fit: slope = 0.79, 95% CI for slope: 0.73, 0.84; Straight-line fit vs. modified Ding 

& Sperling model fit: slope = 0.61, 95% CI for slope: 0.55, 0.67). The weighting obtained 

by the modified Ding & Sperling model was lower than weighting estimates by linear 

model fit (Slope = 0.78, 95% CI for slope = 0.74, 0.81).  

 

3.2.2.E . Percentage of variance accounted for by each model: 

          Table 3.7.A. shows the averaged sum of the squared errors for the crossed and the 

uncrossed alignment data for the straight line fit. The averaged values were combined to 

-line fits. 

Similarly, the errors were determined for the crossed and uncrossed disparity data fit 

simultaneously by the linear and modified Ding and Sperling model fits. For most of the 

subjects, the percentage of variance accounted for by the straight-line fits and the 

modified Ding and Sperling model fits was similar. For the 13 subjects, the percentage of 

variance accounted by the straight line fit and the modified Ding and Sperling fit ranged 

between 34% and 89%, and 34% and 85%, respectively. The percentage of variance 
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accounted for by the linear model fit was less than that accounted for by either the 

straight line or the modified Ding and Sperling model fits. The values of the percentage 

of variance accounted for the data by the linear model fit for the thirteen subjects ranged 

from 0 to 85%.  

 

3.2.2.F . Comparison of weighting of retinal-position information based on targets 

presented with equal contrast ratio targets and targets with different interocular contrast 

ratios: 

            The between-eye difference in the weighting of retinal-position information based 

on targets presented with equal contrast ratios as determined from the shift in the 

perceived OVD from the direction associated with the midpoint of the two eyes, and that 

obtained with the straight line fits for targets with different interocular contrast ratios was 

in the same direction in 10 of the 13 subjects. Orthogonal regression revealed that the 

weighting estimated by the straight line fit was significantly higher than that weighting 

estimated from an equal contrast ratio (Slope = 2.19, 95% CI for slope: 1.10, 3.38, Figure 

3.24.A). A statistically significant relationship was also found between the weighting 

estimated by the modified Ding and Sperling model and the weighting obtained by equal 

contrast targets (Slope = 1.33, 95% CI for slope: 0.71, 1.95, Figure 3.24.B). 

 

3.2.2.G . Repeatability of the measurements:  

          Three of the 13 subjects repeated the experiment twice. Comparison of the 95% 

confidence intervals for the two trials in Table 3.6.A(ii-iv) shows that the weighting of 

retinal-position information was not significantly different for the two trials for the 3 
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subjects. The straight-line fits for the three subjects are shown in Appendix Figure 

A3.2.A. 

 

3.2.2.H . Precision of direction estimates:  

 The average (SD) Vernier acuity for contrast-varying targets with horizontal 

disparity was 2.66 + 1.08 arc min. The mean (standard errors) of precision of direction 

estimates across the 13 subjects contrast-varying targets with crossed and uncrossed 

disparity were 2.71 (0.31) and 2.70 (0.29) arc min, respectively (Table 3.8.A). These 

values for the crossed and uncrossed disparity did not differ statistically for individual 

subjects or across the 13 subjects (Orthogonal regression slope = 0.92, 95% CI for slopes: 

0.69, 1.15, Appendix Figure, A.3.3).  

  

3.3.1. Exper iment 2 

          Measurements of the perceived OVD were obtained also for targets with different 

interocular luminance ratios instead of contrast ratios. Eight of the 12 subjects who 

participated in the experiment in Chapter 2, and in the first experiment in this chapter 

participated in this experiment.  

 

3.3.1.A . Methods 

          The following alterations were made to the experimental set-up from experiment 1: 

The room in which the experiment was carried out was kept completely dark to minimize 

any visible frame of reference. For the measurement of both fixation disparity and of the 

perceived OVD, the background of the monitor was kept also completely dark, so that its 
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luminance was approximately zero. For measurement of fixation disparity, the fixation 

cross and the top and the bottom Nonius lines were kept at 2.5 cd/m2. For measurement 

of the perceived OVD, the luminances of the fixation cross and the reference targets were 

the same for the two eyes (2.5 cd/m2, See Figure 3.2). The luminance of the test target 

was altered to obtain interocular log luminance ratios of -1.2, -0.6, -0.3, 0, 0.3, 0.6 and 

1.2 (Table 3.1.B).  

          The measurements of fixation disparity and the determination of perceived OVD 

were similar to that in the previous experiment. The calculation of constant errors, and 

between-eye differences in weighting of retinal-position information for targets with 

equal luminance for the two eyes and different inter-ocular luminance ratios also were 

determined as in the previous experiment.  

 

3.3.2. Results 

          The minimal fixation disparities for the 12 subjects were identical to those found in 

Experiment 1.  

 

3.3.2.A. Constant errors:  

           Table 3.2.B. shows the constant errors when the target had the same luminance in 

the two eyes. The constant errors for the 12 subjects ranged from 0.92 arc min to the left 

to 1.75 arc min to the right. Five of the 12 subjects made constant errors to the right. 
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3.3.2.B. Comparison of weighting of retinal-position information from the two eyes for 

targets with the same luminance in the two eyes:  

           The averaged value of the PSEs for the crossed and uncrossed disparity test targets 

presented with equal luminance in the two eyes, shown in Table 3.3.B. were used to 

calculate the shift in the perceived OVD of the test target from the direction associated 

with the midpoint of the two eyes, in each of the 12 subjects. Nine of the 12 subjects had 

a shift to the right of the midpoint. The shift in the perceived direction for the twelve 

subjects ranged from 2.49 mm to the left to 6.5 mm to the right. For each of the 12 

subjects, this shift in turn was used to estimate the between-eye difference in weighting 

of retinal-position information from the two eyes to perceived OVD. Based on this 

estimate, one subject (JG) had equal weighting of retinal-position information from both 

eyes, eight and three of the 12 subjects had a higher weighting of retinal-position 

information from the right and left eye, respectively The differences in weighting of 

retinal-position information from the two eyes ranged from 0.85 to 1.55 times the 

weighting given to the other eye.  

 

3.3.2.C . Comparison of weighting of retinal-position information from the two eyes for 

the test target with different interocular luminance ratios in the two eyes:  

The data of subject JW with anisometropia were considered an outlier, and are not 

included for analysis in this section. The result of subject JW is discussed in Section 3.4. 

(i) Straight-line model: Figures 3.8.B.i. to 3.20.B.i. shows the PSEs of each individual for 

the different interocular luminance ratios, and the intersection point of the best-fit straight 

lines to the crossed and uncrossed disparity data. The slopes and the intercepts of the 
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straight lines for each subject are tabulated in Table 3.4.B. The best-fit lines for the 

crossed and the uncrossed disparity data intersected to the left of the log luminance ratio 

of 0 in three of the 12 subjects (HB, JG and KI), implying that to achieve equal weighting 

of retinal-position information from both eyes, the contrast of the image in the right eye 

has to be increased relatively. Therefore the retinal-position information from the left eye 

is given more weighting than the right eye. The median of between eye differences in 

weighting was 1.48 (0.17 log units). The magnitude of between-eye differences in 

weighting ranged from 0.55 to 5.49 times (log values of -0.26 to 0.69) more weighting 

for the retinal-position information for one eye than the other. The between-eye 

differences in weighting of retinal-position information were statistically significant in 

four of the 11 subjects (BN, DJ, QL and TP). In all the 4 subjects, a higher weighting was 

given to the retinal-position information from the right eye based on the 95% confidence 

intervals obtained by bootstrapping (Table 3.5.B).  

(ii) Linear Model:  The parameters that were free to vary in the linear model were the 

weighting of retinal-position information from the left eye, and the constant error. The 

constant errors were to the right in 7 of the 11 subjects. Figures 3.8.B.ii. to 3.20.B.ii. 

show the lines predicted by the model for each of the eight subjects. The figures and 

Table 3.6.B. show that the retinal-position information from the left eye was weighted 

more than that from the right eye in 3 of the 11 subjects (HB, JG and KI), as for the 

straight line fit. The between-eye differences in weighting of the retinal-position 

information ranged from 0.88 to 2.20 times (log of -0.06 to 0.38) more weight for one eye 

than the other with a median value between 1.174 (log 0.07).  
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(iii) Modified Ding and Sperling Model: The parameters that were free to vary in the 

model were the constant error, the weighting of the retinal-position information to the left 

eye, and the exponent g. Figures 3.8.B(iii) to 3.20.B(iii) shows the lines predicted by the 

model for each of the 11 subjects. The retinal-position information from the left eye was 

given more weighting than the right eye in two of the same subjects as for the linear 

model (Table 3.6.B.i). However, for subject JG, a higher weighting was given to the right 

eye for the linear model, but for the left eye for the modified Ding and Sperling model. 

The between-eye difference in weighting for the 11 subjects obtained with this model 

ranged from to 0.92 to 1.54 times (log -0.03 to 0.189) the weighting given to the retinal-

position information in the other eye with a median value of 1.12 (log 0.049). Table 

0.26. As for the contrast data in the previous experiment, the constant errors for all the 

subjects for this model were similar to those predicted by the linear model. 

 

3.3.2.D . Correlation between the three models:  

Figures 3.21.B. to 3.23.B. compare the contribution of retinal-position 

information from each eye to the perceived OVD, as determined from the fits from the 

three models. Orthogonal regression revealed that a statistically significant relationship 

existed for the between-eye differences in the weighting of retinal-position information 

obtained with the three models, across the 11 subjects. However, estimates of weighting 

provided by the linear model and modified Ding and Sperling model fits were 

significantly lower than that obtained with the straight-line fit (Straight-line fit vs. Linear 

model fit: slope = 0.47, 95% CI for slope: 0.40, 0.54; Straight line fit vs. modified Ding 
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& Sperling model fit: slope = 0.24, 95% CI for slope: 0.21, 0.28). The weighting obtained 

by the modified Ding & Sperling model was lower than weighting estimates by linear 

model fit (Slope = 0.51, 95% CI for slope = 0.47, 0.55).  

 

3.3.2.E . Percentage of variance accounted for by each model: 

          For most of the subjects, the percentage of variance accounted for by the straight-

line model was higher (between 0.32 and 0.81) than either the linear (0 for most of the 

subjects), or the modified Ding and Sperling model (0.32 and 0.70) (Refer to Table 

3.7.B).  

 

3.3.2.F . Comparison of weighting of retinal-position information based on targets 

presented with equal luminance ratio targets and targets with different interocular 

luminance ratios: 

          The between-eye difference in the weighting of retinal-position information based 

on targets presented with equal luminance for the two eyes as determined from the shift 

in the perceived OVD from the direction associated with the midpoint of the two eyes, 

and that obtained with the straight line fits for targets with different interocular luminance 

ratios was in the same direction in 9 of the 11 subjects (excluding subject JW). As for the 

contrast-varying targets, orthogonal regression revealed that the weighting estimated by 

the straight line fit was significantly higher than that weighting estimated from an equal 

luminance ratio (Slope = 3.07, 95% CI for slope: 1.82, 4.27, Figure 3.24c). Orthogonal 

regression also revealed a statistically significant relationship between the weighting 
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estimated by the modified Ding & Sperling model fit and the weighting estimated from 

equal luminance ratio targets. (Slope = 0.74, 95% CI for slope: 0.40, 1.08, Figure 3.24D).  

      

3.3.2.G . Repeatability of the measurements:  

 Three of 11 subjects repeated the experiment twice. The 95% confidence intervals 

for the weighting estimated by the straight-line fits for the two trials for these three 

subjects indicate that weighting obtained during the two trials are not statistically 

different (Table 3.6.B(ii-iv), Appendix Figure A.3.2.B. plots the straight-line fits for the 

three subjects for the two trials.  

 

3.3.2.H . Precision of direction estimates for luminance-varying targets:  

 The mean (standard errors) of precision of direction estimates across the 12 subjects 

for luminance-varying targets with crossed and uncrossed disparity were 2.70 (0.32) and 

2.58 (0.35) arc min, respectively (Table 3.8.B). As for the contrast-varying targets, these 

values for the crossed and uncrossed disparity for luminance defined targets did not differ 

statistically either for individual subjects or across the 12 subjects (Orthogonal regression 

slope = 1.07, 95% CI for slopes: 0.86, 1.27, Appendix Figure, A.3.3).  

 

3.4. Comparison of Experiment 1 and Experiment 2 

 For the 11 subjects (excluding subject JW with anisometropia) who performed the 

experiments using targets that differed both in contrast and luminance, orthogonal 

regression revealed a significant relationship between the log contrast and the log 

luminance ratios that produced perceived alignment for targets with crossed and 
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uncrossed horizontal retinal-image disparities (Figure 3.25, Slope = 1.72, 95% confidence 

intervals for the slope = 0.30, 3.12; Pearson product-moment correlation r = 0.63, 95% CI 

= 0.04, 0.89, p = 0.04).  

 The precision of direction estimates determined from the slope of the psychometric 

functions for the crossed- and uncrossed-disparities were not different statistically either 

for individual subjects or across the 11 subjects (Table 3.8, & Appendix Figure A3.3, 

Slope of the orthogonal regression line = 1.07, 95% CI for slope = 0.78, 1.36).  

 The straight-line fits accounted for percentages of variance that were similar for the 

contrast and the luminance-varying targets.  

 However, some differences exist between the perceived OVD determined by the 

contrast- and luminance-varying targets. Specifically, the correlation between the 

constant errors obtained with the two targets was not significant (Pearson correlation = 

0.419, p = 0.176). Furthermore, the linear model provided better fits for the contrast- than 

luminance-varying targets. Similarly, the values of expo

Sperling model obtained across 11 subjects (excluding JW) with the contrast- and 

luminance-varying targets did not show a statistically significant relationship (Figure 

3.26, Slope = 0.58, 95% CI for slope = -2.07, 3.34).  

 Furthermore, for the subject JW with anisometropia, the between-eye difference in 

weighting of retinal-position information obtained when the luminance of the test target 

was equal in both eyes was 0.010 mm. When the between-eye difference was estimated 

from the straight lines fit to the PSEs of test targets with different interocular contrast 

ratios, the luminance ratio required to achieve equal weighting of retinal-position 

information from the two eyes was approximately 75 times more in one eye than the 
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other eye as determined from the straight line fit. This subject performed the experiment 

twice, and on both trials, the contrast ratios required for equal weighting was larger than 

those obtained for the other 10 subjects. Specifically, log luminance ratios of 2.07 (117 

times on a linear scale) and 1.72 (52 times on a linear scale) were required to achieve 

equal weighting for the first and the second trial, respectively (Figures 3.15.B). 

 

3.5. Control Experiments 

Two control experiments were performed using either contrast- or luminance-varying 

targets to assess the effects of varying test-target disparity and induced fixation disparity 

on perceived OVD. 

 

3.5.1.a. Experiment C1 

          To assess the effect of vergence posture on the weighting of retinal-position 

information from the two eyes, two subjects performed the OVD experiment with 

different magnitudes of induced fixation disparity. Fixation disparities in the eso- and the 

exo-direction were introduced by displacing the fixation target on the computer monitor 

by different amounts in the crossed and the uncrossed direction for the two eyes.  As 

above, the reference target was presented with no disparity with respect to the fixation 

cross. The test target was presented with different interocular luminance ratios for the two 

eyes, with a horizontal binocular disparity of 10.5 arc min, as in Experiment 2. The 

weighting of retinal-position information was determined for three different magnitudes 
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of induced fixation disparity for each of the two subjects by determining the intersection 

point of the straight-line fit to the PSEs for the crossed and the uncrossed targets. 

 

3.5.1.b. Results  

          Vergence demands between 8PD base-out and either 12 PD or 20 PD base-in with 

respect to the plane of the display monitor generated fixation disparities between 8.7 arc 

min exo and 7.3 arc min eso in one subject (HB), and between 13.5 arc min and 

approximately 0 arc min in the other subject (DS). As the direction of fixation disparity 

changed from exo to eso, there was a decrease in slopes of the lines fit to the PSEs for the 

crossed disparity targets, and an increase in slopes for uncrossed-disparity targets. 

Despite sizable changes in fixation disparity, and in the slopes of the best-fit straight 

lines, neither subject exhibited a systematic variation in the estimated weighting of 

retinal-position information (range of log contrast ratios = 0 to -0.26 in subject HB and -

0.21 to 0.02 in subject DS, Tables A.3.4.i and ii).  

 

3.5.2.a. Experiment C2 

 It is possible that the observed shifts of the perceived OVD for contrast- and 

luminance-varying targets towards the eye viewing the image with higher contrast or 

luminance occur because the disparity of + 10.6 arc min is too large for the observer to 

fuse. In particular, subjects could have reported alignment when the two overlapping 

monocular images of the test target was aligned with the fused image of the reference 

target. Although this scenario is unlikely, subject DS performed the OVD experiment 
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with different contrast ratios and crossed and uncrossed horizontal disparities of 0, 5.3 

and 15.8 arc min with her fixation disparity neutralized.  

          As in Experiment 1, test-targets with different contrast ratios were used for this 

experiment. Straight lines were fit to the PSEs of the crossed and the uncrossed disparity 

targets to obtain the intersection point and the between-eye differences in weighting of 

the retinal-position information from the two eyes.   

 

3.5.2.b. Results 

          For the control experiment C2, Figure 3.27 a-d. shows the PSEs and the straight-

line fits for targets with different interocular contrast ratios presented with four different 

horizontal binocular disparities. Figure 3.28. and Table 3.9. show a systematic variation 

in the slopes of the best-fit straight lines that were fit to the PSE data points for the 

crossed and the uncrossed disparity test targets when the disparity of the test target was 

altered. As the disparity of the test target was increased, there was an increase in the 

steepness of the slopes fit to PSEs of the targets with crossed and uncrossed disparity 

(Slope = 0.33 times the test target disparity, r = 0.99). However, the intersection points of 

the straight-line fits for each of the three horizontal disparities of the test target show that 

the weighting of the retinal-position information from both eyes remains similar to values 

obtained with + 10.58 arc min disparity (Table 3.9).  

 

3.6. Discussion  

          The two experiments (1 and 2) in this chapter determined whether the retinal-

position information from the two eyes contributes equally to the perceived OVD using 
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an alignment task. To evaluate this, the perceived OVD of a target when the images in 

each eye had equal and unequal contrasts was determined. Similarly, the perceived OVD 

when the images in the two eyes had equal and unequal luminances was also determined.  

          Previous studies show that the sensory fusional range depends on the size (Kertesz, 

1981), complexity (Boman & Kertesz, 1985), spatio-temporal frequency characteristics 

of the target (Schor & Tyler, 1981; Schor, Wood & Ogawa, 1984; Woo, 1974) and the 

area is larger for large targets, and for targets of lower spatial and temporal frequency. I 

used a low spatial frequency reference and test targets, and a test target with 

approximately 10 arc min horizontal binocular disparity so that subjects would be able to 

readily fuse the disparate monocular test targets. The relatively brief duration of the target 

in this study contains high temporal frequency information (Yang & Stevenson, 1997) 

Nevertheless, our subjects did not report diplopia. 

          One view to explain the perceived singleness of an object during binocular viewing 

is that objects are seen as single because there is suppression of information from one eye 

(Asher, 1953; Kaufman & Arditi, 1976). Suppression of retinal-position information can 

occur if the target is not detectable. Contrast detection thresholds are reported to be 

approximately 0.008 (Bradley & Ohzawa, 1986) and 0.0025 (Chen, Levy, Shremata, 

Nakayama, Matthysse & Holzman, 2003) for a 0.50 cpd grating. Westheimer (1990) 

reported a detection threshold of 0.016 Michelson contrast for a line target that was 20 

arc min high and 14 arc min wide presented on a background with a luminance of 860 

cd/m2
. In the current study, the lowest contrast used for the test target was 0.2, which is 
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substantially above the contrast detection thresholds reported previously for both gratings 

and line targets.  The lowest luminance used in the current experiment was 0.3 cd/m2, 

which is also substantially above the reported luminance detection thresholds (Bailey, 

2002).  

          An analysis of the psychometric functions for each subject for each of the contrast 

unlikely. For example, if there was suppression of retinal-position information from the 

left eye, and the test target was presented with 10.58 arc min crossed disparity, then this 

target should have been seen always to the left of the reference target, at least up to an 

offset of the test targets equal to half the retinal image disparity of approximately 5.28 arc 

min. However, the maximum unsigned PSEs for all subjects were 4.11 + 0.29 arc min 

and 4.09 + 0.31 (Mean + SE) respectively, for contrast-varying and luminance-varying 

targets with horizontal disparity. PSEs that are smaller than the monocular component of 

disparity were obtained even when the target disparity was increased to 15.9 arc min in 

the control experiment. Moreover, if there were alternate suppression of retinal-position 

information from the two eyes, then the slope of the psychometric functions for each of 

the interocular contrast ratios for all of the subjects should have been shallow, resulting in 

an estimated Vernier acuity in the range of approximately 5 arc min. In contrast to this 

expectation, the slopes of the psychometric functions were similar to those reported 

previously for non-dichoptically viewed low spatial frequency targets (Bradley & 

Skottun, 1987; Chung & Bedell, 2003; McKee & Levi, 1987; Toet & Koenderink, 1988; 

Whitaker, Bradley, Barrett & McGraw, 2002). Therefore, the targets in this study should 

have appeared single as a result of fusion, and not suppression.  
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          Vergence eye movements were suggested to have a significant effect on the 

measurement of perceived OVD. For example, Banks, van Ee and Backus (1997) argued 

that the perceived OVD measurements made by Mansfield and Legge (1996) were 

presented their targets on a disparity pedestal for an unlimited viewing time, a condition 

that could have stimulated vergence eye movements, thereby producing a horizontal 

fixation disparity.  In the current experiment, the targets were presented randomly on 

each trial with crossed and uncrossed disparity for a duration less than the 160 ms latency 

of vergence eye movements (Krishnan, Farazian & Stark, 1973; Rashbass & Westheimer, 

1961) to minimize the possibility of motor fusion. Additionally, the test targets were 

presented on each trial with either crossed or uncrossed disparity, to minimize the 

likelihood of predictive vergence eye movements (Kumar, Han, Garbutt & Leigh, 2002; 

Yuan, Semmlow & Munoz, 2000).  

          I measured the perceived OVD with induced fixation disparities between 8.6 exo- 

and 7.3 arc min eso-disparity for one subject, and 13.5 and 0 exo-disparity for another 

subject and did not find a systematic effect of fixation disparity on the weighting given to 

the retinal-position information from the two eyes. Similarly, Sheedy and Fry (1979) 

was negligible. To understand the effect of fixation disparity on direction judgments, the 

following scenarios with equal and unequal weighting of retinal-position information 

from the two eyes can be considered (Figure 3.29):  

(i) Assume that a subject has approximately 10 min arc of exo-fixation disparity and 

equal weighting of retinal-position information from the two eyes when the images in the 
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two eyes have the same contrast. In this case, because of the exo-fixation disparity, the 

fixation target should fall on non-corresponding points (temporal to the fovea in both 

eyes), and the directions signaled by each eye are different. However, based on the 

direction midway between the two monocular views. Because the reference target in this 

experiment was presented with no disparity with respect to the fixation cross, the 

reference target should have the same disparity as the fixation cross and should be seen in 

the same direction as the fixation cross. The direction of the crossed and uncrossed 

disparity test targets is judged with respect to the reference target, and because there is 

equal weighting of retinal-position information from both eyes, the test target should be 

seen in the same direction as that of the reference target, irrespective of whether the test 

target falls on corresponding points, as for a test target with uncrossed disparity, or on 

non-corresponding points, as for a test target with crossed disparity (Figure 3.29a and b) 

Therefore, although the reference and the test targets should be seen in different depth 

planes, they should be perceived in the same direction regardless of any fixation disparity 

because of equal weighting of the retinal-position information. 

(ii) Assume that a subject has exo-fixation disparity equal to the magnitude of the 

disparity of the test target, and unequal weighting of retinal-position information from the 

two eyes, for example, 2 times more weighting of retinal-position information from the 

right eye compared to the left eye. In this case, the fixation target falls on non-

corresponding points and should be seen to the left of its physical location (i.e., closer to 

the direction specified by the image of the fixation cross in the right eye). Because the 

reference target is presented with no disparity with respect to the fixation cross, it still 
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should be seen in the same direction as the fixation target. If the magnitude of exo-

fixation disparity is equal to the disparity of the test target (approximately 10 arc min), 

then the test target should fall on corresponding points if it is presented with uncrossed 

disparity (Figure 3.29c). Because the test target falls on corresponding retinal points, it 

should be seen in the correct direction, regardless of how the information from the two 

eyes is weighted. Therefore, unlike the condition of equal weighting of the retinal-

position information, there is a difference in the perceived direction of the crossed and 

the uncrossed disparity targets with respect to the reference target when a difference in 

the weighting of retinal-position information exists for the two eyes and when the subject 

has a fixation disparity.  

          In the current experiment, even though fixation disparity was minimized as much 

as possible, it was not completely neutralized in all subjects (see Appendix Table A.3.1). 

This residual fixation disparity would be expected have an effect on the slope of the lines 

fit to the PSEs of the crossed and the uncrossed disparity test targets. For instance, 

assume that the test target is presented with different interocular contrast ratios for the 

two eyes and that a higher weighting is given to the eye viewing the image with the 

higher contrast. Figure 36 shows examples of how the slopes of the straight lines fit to the 

PSEs for the crossed and the uncrossed disparity targets vary according to the presence or 

absence of fixation disparity. In panels a and b, the fixation disparity is considered to be 

zero and one arc min exo-disparity, respectively. When the test target has equal contrast 

in the two eyes, there is no shift in the perceived direction of the crossed and the 

uncrossed disparity targets relative to each other. However, as the interocular contrast 



Perceived Oculocentric Direction 

  108 

occurs in the PSEs for the crossed and the uncrossed disparity targets, compared to a test 

target presented with equal contrast in both eyes. If there is no fixation disparity, then the 

slopes of the straight lines fit to the PSEs for crossed and the uncrossed disparity targets 

should be equal. This is because the image of the reference target falls on the fovea, and 

the targets presented with crossed and uncrossed disparity fall on symmetrically disparate 

retinal points in the two eyes. However, if there is a fixation disparity, then the reference 

target falls on non-foveal points in the two eyes. Because the images of the crossed and 

the uncrossed targets are displaced with respect to the image of the non-foveal fixation 

target, the crossed and the uncrossed targets fall on asymmetrically disparate retinal 

locations in the two eyes, even though they have the same disparity with respect to the 

image of the fixation and reference target. When combined with the differential 

weighting given to the images in the two eyes based on a difference in image contrast, 

this asymmetry results in a difference in the slopes of the fits to the PSEs for the crossed 

and the uncrossed disparity data points (Figure 3.30a and b). Note that the intersection 

point of the straight lines fit to the crossed and the uncrossed disparity targets remains the 

same, despite the difference in the slopes in the presence of fixation disparity. In our 

experiment, this intersection point of the straight lines fit to the PSEs of the crossed and 

the uncrossed disparity targets provided an estimate of the weighting of the retinal-

position information from the two eyes. Therefore, in the current experiment, the 

determination of weighting of retinal-position information from the two eyes should not 

have been affected by the fixation disparity.   

          Contrary to Heinrich, Kromier, Bach and Kommerell (2005), who reported that the 

ocular prevalence (an analogous term to ocular dominance) varies with the disparity of 
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the binocular target for smaller disparities, we did not find any difference in the 

weighting of retinal-position information from the two eyes for targets presented with 

different horizontal disparities. In one subject who performed the direction experiments 

when the test target had different disparities, the calculated weighting of retinal-position 

information from the straight-line fits remained similar for the different test target 

disparities, as shown in the control experiment C2. As expected, when both the test and 

the reference targets were presented with zero disparity with respect to the fixation cross, 

the test targets presented with the crossed and the uncrossed disparity were seen in the 

same visual direction, irrespective of changes in the interocular contrast ratio. This 

finding is in agreement with Mansfield and Legge (1996) who reported that when both 

the test and the reference targets had the same disparity, both the targets were seen in the 

same direction for all interocular contrast ratios. Similarly, Verhoeff (1933) reported that 

when the images in the two eyes had the same disparity, there was no apparent change in 

the position of the fused target towards the image with the higher luminance. In the 

control experiment, the slopes of the lines fit to the PSE of the crossed and uncrossed 

disparity targets with different interocular contrast ratios showed a systematic linear 

increase with increasing horizontal disparity of the test target. Despite the linear increase 

in the slopes of the best-fit line, the between-eye difference in weighting of the retinal-

position information remained the same. This result shows that the weighting of the 

retinal-position information from the two eyes is unaffected by the binocular disparity of 

finding of no apparent change in the weighting of retinal-position information is in 
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agreement with the observation by Sheedy and Fry (1979) that the same eye is dominant 

for the range of vertical disparities (2-6 arc min) that they used.  

Vernier acuities are reported to deteriorate with increasing separation between the 

targets (Beard, Levi & Klein, 1997; Westheimer, 1998). The relatively high value of 

Vernier acuities found in this study could be accounted for by the larger separation 

between the test and the reference target.  

As reported previously (Bedell, Flom & Barbeito, 1985; French, 1920) for 

bisection and Vernier tasks for measurement of monocular OVD, most of the subjects in 

the current study made constant errors in alignment.  

Several previous studies (Francis & Harwood, 1951; Mansfield & Legge, 1996; 

Ding & Sperling, 2006, 2007) reported a shift in the perceived EVD/OVD towards one 

eye when the images for the two eyes have the same luminance or contrast. In the 

experiment of Francis and Harwood (1951), subjects were asked to align themselves with 

two discs placed collinearly with one another. The authors reported that some subjects 

aligned themselves such that the discs appeared to project closer to either to the left or the 

right eye, even in the absence of a reduction of the luminance of 

Similarly, Mansfield and Legge (1996) reported that the perceived OVD was shifted 

towards the left eye in one of their three subjects even when the contrast of the images for 

the two eyes was the same. Ding and Sperling (2006) asked their subjects to indicate the 

phase of a grating having the same contrast ratio and no phase disparity for the two eyes, 

with respect to the position of a flanking reference line. They reported that there was a 

shift in the perceived phase of the binocular grating towards the phase of one of the 

monocular images even when the monocular images had the same contrast in both the 
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eyes, and attribute this shift to eye-dominance. However, they did not find the shift to be 

quantitatively significant. Sheedy and Fry (1979) also reported that for targets presented 

with vertical disparities, the perceived OVD is shifted towards one eye in some subjects, 

even when the images in both the eyes were equated in terms of contrast or luminance. 

They attribute the shift in the perceived 

-

position information from the two eyes to the perceived OVD by measuring the shift of 

the perceived OVD from the direction associated with the midpoint of the two eyes for 

the test target with equal contrast in the two eyes. In a majority of subjects, a larger 

weight was given to the retinal-position information of one eye than the other even when 

the interocular contrast ratio of the images in the two eyes was 1. A similar between-eye 

difference in weighting of retinal-position information was seen in several subjects when 

targets were presented with the same luminance in each eye.  

In agreement with Francis and Harwood (1951), and Mansfield and Legge (1996), 

we found that when compared to the perceived OVD of a target presented with equal 

contrast in the two eyes, the perceived OVD of a target presented with different 

interocular contrast ratios shifted towards the eye that viewed the image with the higher 

contrast, and that this shift was systematic in most subjects. A similar shift was also seen 

when targets were presented with different interocular luminance ratios.  

The shift of the perceived OVD for targets with different interocular contrast 

ratios does not seem to depend on the spatial frequency content of the target. Specifically, 

the PSEs for the targets presented with different interocular contrast ratios in the current 

study, and the Point of Perceived Alignment (PPA) in the Mansfield and Legge (1996) 
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study give an estimate of the shift in perceived OVD for different interocular contrast 

ratios. I used a test target with a spatial frequency content of 0.67 cpd and found a 

maximum PSE of approximately 4 arc min for both contrast and luminance-varying 

targets, whereas Mansfield and Legge (1996) used targets with 1.0 cpd spatial frequency 

and found approximately similar magnitudes of PPAs for the approximately equivalent 

values of test target disparity. However, both these PSEs are lower than found by Ding 

and Sperling (2006, 2007) using vertically-disparate targets.14 

Many models have been previously proposed to account for the shift in the 

perceived OVD of a target presented with different interocular contrast ratios. For 

example, Mansfield and Legge (1996) estimated the weighting of retinal-position 

information from the two eyes based on a maximum likelihood model for targets 

presented with different interocular contrast ratios. According to their model, the 

perceived OVD depends on two weighting factors, one based on the relative contrast of 

the stimulus in each eye, and the other based on the inherent weighting given to the two 

ihood model,15 as the contrast of a target is reduced, the spatial 

certainty of localization decreases. An estimate of the spatial uncertainty can be obtained 
                                                 
14 In the next Chapter that addresses the perceived OVD for vertically-disparate targets, I found a 
larger shift in perceived OVD for vertically- than horizontally-disparate targets.  
 
15 Maximum likelihood model:  

                        
where  is perceived OVD, 
 is LE/RE image contrast, 
 and  are the disparities of the images presented to the left and right eyes respectively, and  

 is the slope of the monocular Vernier acuity for targets presented with different contrasts. 
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from the slope (k) of the monocular Vernier acuity measures for a target presented with 

different 

during monocular viewing can be applied to the binocular viewing condition as well. The 

contrast ratio of the targets presented to the two eyes raised to the exponent k gives an 

estimate of the spatial uncertainty associated with the targets with different interocular 

contrast ratios. In their model, the parameters that were free to vary were the exponent 

ge (1996) 

obtained an average value of 0.48 for the exponent k, and values of W between 0.97 and 

1.79 for their three subjects. A higher value of W indicated larger weighting of the 

retinal-position information from the left eye. The direction of weighting predicted by 

their model agreed qualitatively with their experimental findings.  

Ding and Sperling (2006, 2007) found that the perceived phase of the binocularly 

fused grating in their experiment was closer to the phase of the monocular grating with 

the higher contrast. They fit their data using a linear summation model, and found that 

this model did not accurately predict the perceived phase of a binocular grating when the 

monocular gratings for each eye had different contrasts and phase disparities. To account 

The Gain control model assumes that the contrast information from each eye is not 

independent, but rather that the contrast of the image in each eye exerts an influence on 

other depends on the exponent in their model. The exponents between 1.18 and 2.27 

predicted by their model for their three subjects suggest an attenuation of contrast 
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information from the eye viewing the image with the lower contrast and an accentuation 

of contrast information from the eye viewing the image with the higher contrast.   

The Ding and Sperling model (2006, 2007) was modified to include weights for 

the retinal-position information from the two eyes, the disparity of the test target and the 

constant error. In addition to fitting our data with the modified Ding and Sperling model, 

the data using the linear model and the linear regression straight lines, to obtain between-

eye differences in weighting of retinal-position information for the test target presented 

with interocular contrast ratios. We found that overall, there was a good agreement in the 

between-eye differences in weighting of retinal-position information obtained from the 

straight-line fits and the predictions made by the two models. However, the between-eye 

difference in weighting of retinal-position information obtained from the straight-line fit 

and the two models generally differed from the between-eye difference obtained for the 

test target with equal contrast ratio calculated based on the perceived shift of the OVD 

from the direction associated with the midpoint of the two eyes. A factor that may 

contribute to this discrepancy is that the estimates of retinal-position information 

weighting for the targets with the same interocular contrast ratio were based on fewer 

values than the estimates from the different interocular contrast ratios. Another possible 

contributing factor is that the s

estimating the shift and weighting of retinal-position information for a test target with 

equal contrast for the two eyes, whereas it was taken into consideration for the straight-

line fits, and the two models fit to the PSEs of the crossed and the uncrossed disparity test 

used and constant errors were corrected, the between-eye differences determined for 
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targets with different interocular contrast ratios are likely to be more reliable than the 

weighting of retinal-position information obtained for just the equal contrast targets.    

Both the linear (Ding & Sperling, 2006, 2007) and the Ding and Sperling model 

(2006, 2007) assume that the PSE reaches an asymptote equal to one half of the total 

target disparity at high contrast ratios. However, this asymptotic behavior was generally 

not seen in our data, and the PSEs did not reach the expected value of approximately 5.3 

arc min. The failure to find PSEs equal to the monocular target disparity provides 

additional evidence that there was no suppression of retinal-position information from 

one eye, at least for the contrast or luminance ratios that we used.  

The values of the exponent g we obtained for the modified Ding and Sperling 

model were considerably lower than the values that Ding and Sperling (2006, 2007) 

obtained from their data using vertically disparate targets. One explanation for the lower 

g values in our study is that the shift in the perceived PSEs was much smaller in 

magnitude than the phase shifts that Ding and Sperling obtained for their targets with 

high interocular contrast ratios.  

With the straight-line fits, the linear model fit and the modified Ding and Sperling 

model fit, we found a larger range of between-eye difference than Mansfield and Legge 

(1996) found in their three subjects. The wider range of between-eye difference in 

weighting of retinal-position information for the different interocular contrast- and 

luminance-ratios targets in the current study could possibly be due to larger number of 

subjects included in our study. 

As can be seen from the percentage of the variance accounted for by each model 

that we tested in the current study, the straight-line fit to the data for the crossed and 
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uncrossed disparity test targets with different interocular contrast ratios generally 

accounted for a larger percentage of variance than the linear model and the modified 

Ding and Sperling model. The straight-line fit always provided a better fit than the other 

two models for the target with different interocular luminance ratios. One possible 

explanation for the better fit provided by the straight-line model is that unlike the linear 

and the modified Ding and Sperling models, the straight-line model does not assume that 

the PSEs of the crossed and the uncrossed disparities are similar. Therefore, the slopes of 

the straight-line model could differ for the crossed and the uncrossed disparity targets, 

unlike the fits provided by the linear and the modified Ding and Sperling models which 

were symmetrical for the crossed and uncrossed disparity targets. A second possible 

explanation is that the straight-line fits do not assume that the PSEs asymptote at one-half 

of the target disparity as the linear and the modified Ding and Sperling model does. 

Another related explanation is that there were more parameters that were free to vary for 

the straight-line fit (four) than for the linear model (two), or for the modified Ding and 

Sperling model (three). 

One unexpected finding of this study is the difference in the weighting of the 

retinal-position information found for targets with difference contrast and luminance 

ratios. The slopes of the straight line fit to the PSEs of the crossed and uncrossed 

disparity targets were different. Similarly, because the value of the exponent in the 

modified Ding and Sperling model was related to the slopes of the line fit to the PSEs of 

the crossed and uncrossed disparity targets, the values of the exponent g for the two 

stimuli were also different. Except for the differences in the stimulus (contrast vs. 

luminance) used for the measurements of the perceived OVD, other experimental 
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conditions were kept as similar to each other as possible, and a similar protocol was used 

for measuring the perceived OVD. Therefore, it is not likely that these differences in the 

weighting of retinal-position information obtained with the contrast vs. luminance stimuli 

are due to differences in the experimental set-up. Moreover, the targets for the two 

experiments were presented with the same binocular retinal image disparity, and 

therefore should have fallen on the same non-corresponding points. Thus, it is unclear 

why the direction of a target on the same non-corresponding points and associated with 

presumably the same local signs should be different. One explanation that can be 

suggested is that the processing of retinal-position information might occur at different 

levels, with the luminance information undergoing more processing at the retinal level, 

and the contrast information being processed primarily at the cortical level. The data of 

one subject (JW) with anisometropia suggests that the processing of contrast and 

luminance stimuli for the determination of perceived visual direction might be different. 

For instance, this subject had only a small between-eye difference in weighting of retinal-

position information for the stimuli presented with different interocular contrast ratios 

and a substantially larger difference for the weighting of the retinal-position information 

from the two eyes when the stimuli were presented with different interocular luminance 

ratios.  

In summary, the findings of this study are (1) the retinal-position information 

from both eyes contributes to the perceived 

direction information might be unequal even when the images in both eyes have the same 

contrast, (3) as the contrast or the luminance of the image in one eye increases, the 

perceived OVD shifts towards that eye, (4) the between-eye differences in weighting of 
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retinal-position information are not likely to depend on the spatial frequency content, or 

the disparity of the target, (5) for the experimental paradigm we used, the between-eye 

differences in weighting of retinal-position information does not seem to depend on the 

vergence posture, (6) differences in interocular weighting of retinal-position information 

depend to some extent on whether the stimulus is contrast- or luminance-defined.  

Using the results obtained in this chapter, and that from the previous chapter, I 

determined whether the contribution of retinal-and eye-position information from the two 

eyes vary similarly within the same subjects.  
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      Tables 3.1. Test target contrasts and luminances 
      Table 3.1.A. The contrast ratios, and contrast of the test target presented to the right and the left eyes (Experiment 1).  
      Table 3.1.B. The luminance ratios, and the luminances of the test target presented to the right and left eyes in (Experiment 2).  
 
 
         Table 3.1.A.                                                                                     Table 3.1B.                                                                                                                                                         
 

 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Mean luminance of the test target: 2.5 cd/m2 

Luminance ratio  
 (log) 

Right eye test 
target 
luminance 
(cd/m2) 

Left eye test 
target 
luminance 
(cd/m2) 

1:16 (-1.2) 0.30 4.80 

1:4 (-0.6) 1.00 4.00 

1:2 (-0.3) 1.60 3.40 

      1:1 (0) 2.50 2.50 

      2:1 (0.3) 3.40 1.60 

      4:1 (0.6) 4.00 1.00 

    16:1 (1.2) 4.80 0.30 

Mean Contrast of test target: 50% Weber contrast 

Contrast ratio Right eye test 
target contrast 

Left eye test 
target contrast 
 

    1:4 (-0.6) 0.80 0.20 

   1:2 (-0.3) 0.67 0.33 

     1:1 (0) 0.50 0.50 

2:1 (0.3) 0.33 0.67 

4:1 (0.6) 0.20 0.80 
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Tables 3.2. Points of subjective equality and constant errors for contrast and luminance targets. Mean PSEs and constant errors in the 
perceived OVD for the crossed and uncrossed disparity test targets presented with a contrast or luminance ratio of 1 for the two eyes. The constant 
errors were determined by averaging the PSEs of the crossed and the uncrossed disparity targets. Values in parenthesis indicate standard errors. 

 
Table 3.2.A. Contrast target                            Table 3.2.B. Luminance target 

 
* Indicates that the values were obtained from two sets of trials.  
 

        
                                                                                                                             
 

Subject Crossed 
Disparity 
(arc min) 

Uncrossed 
Disparity 
(arc min) 

Constant Error 
(arc min)  

BN    0.496 (0.496) - 0.236 (0.305)   0.130 (0.582) 
DJ    0.395 (0.736) - 1.869 (0.286) - 0.737 (0.790) 
DN    0.355 (0.123) - 1.010 (0.031) - 0.327 (0.126) 

 DS* -  2.006 (0.398) - 1.909 (0.551) -1.958 (0.680) 
HB -  0.203 (0.992) - 0.891 (0.101) - 0.547 (0.997) 
JG -  0.073 (0.268)   0.500 (0.693) 0.213 (0.743) 

 JQ*    1.244 (0.198) - 0.729 (0.201) 0.257 (0.282) 
JW    0.094 (0.260) - 1.361 (0.119) - 0.634 (0.286) 
KI -  1.093 (0.262) - 1.459 (0.103) - 1.276 (0.282) 

    LG     0.931 (0.225)   0.019 (0.456) 0.475 (0.509) 
NP   -  0.330 (0.826) - 0.812 (0.247) - 0.571 (0.863) 

    QL*    0.600 (0.220) - 1.043 (0.493) - 0.221 (0.540) 
    TP  -  0.904 (0.904) - 0.833 (0.054) - 0.869 (0.906) 

Subject 
 
 

Crossed 
Disparity  
(arc min) 

Uncrossed 
Disparity 
(arc min) 

Constant Error 
(arc min)  

  BN*    2.454 (0.218)   1.043 (0.576)   1.748 (0.616) 
    DJ    2.568 (0.841) - 2.023 (0.621)   0.273 (1.045) 

DN    0.327 (1.170) - 0.935 (0.505) - 0.304 (1.275) 
 DS* - 0.077 (0.328) - 1.026 (0.170) - 0.552 (0.370) 
HB - 0.037 (0.185)    0.146 (0.477)    0.055 (0.511) 

    JG 0.684 (1.068) 0.614 (0.220) 0.649 (1.091) 
JW*   0.331 (0.438) -1.769 (0.266) -0.719 (0.513) 
JQ   - 0.097 (0.691)    0.387 (1.783)    0.145 (1.913) 

    KI - 0.950 (0.902)  - 0.072 (0.640)  - 0.511 (1.106) 
    LG - - - 

NP  -0.182 (0.129) -1.664 (0.234) -0.923 (0.267) 
    QL 0.098 (0.285) -0.906 (0.358) -0.404 (0.458) 

  TP*   0.333 (0.374)   - 1.241 (0.339) - 0.454 (0.505) 
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Table 3.3. Shift in perceived direction from direction associated with midpoint of the eyes. 
3.3.A. Shift in the perceived direction from the direction associated with the midpoint along the interocular axis, when the test targets 
have equal contrast for the two eyes, for the thirteen subjects. Positive and negative numbers denote a shift towards the right and left, 
respectively. Values more than and less than 1 for weighting of retinal-position information denoted higher weighting of the right and 
left eye, respectively. 
3.3.B. Shift obtained when the luminance of the test target was similar for the two eyes for eleven subjects in Experiment 2.  
                     
      Table 3.3.A.                                                                            Table 3.3.B.   

 
   
                                                             
 

 
 
 
 
 
 
 
 
 
 
 

 
      *The data of subject JW who had 3.50 D anisometropia are reported in the text. 
 
 
 
 

Subject Shift (mm) Retinal weighting 
BN 2.000 1.143 
DJ 6.523      1.556 
DN 3.927 1.301 
DS 0.078 1.005 
HB 1.998 1.142 
JG -1.347 0.914 
JQ 5.524 1.454 
JW 4.303 1.339 
KI 1.199 1.083 
LG 2.490 1.181 
NP 1.440 1.064 
QL 4.629 1.365 
TP 0.430 1.016 

Subject Shift (mm) Retinal weighting 
BN 3.752 1.286 
DJ 6.500 1.553 
DN 3.595 1.272 
DS 2.500 1.182 
HB -1.699 0.893 
JG 0.017 1.000 
JQ  -1.349 0.914 
 JW* - - 
KI -2.489 0.847 
LG - - 
NP 4.503 1.355 
QL 5.270 1.426 
TP 4.600 1.362 



Perceived Oculocentric Direction 

  

122 

 
 
Tables 3.4. Straight-line fit parameters. 
Straight-line fit parameters, and weighting that result in equal contribution of retinal-position information from the two eyes.  
Table 3.4.A.Parameters for straight-line fit for 13 subjects for contrast-varying test targets (Experiment 1). 
Table 3.4.B. Parameters for straight-line fit for 12 subjects for luminance-varying test targets (Experiment 2).  
 
Table 3.4.A. Contrast targets                                                                      Table 3.4.A. Luminance targets 

 
                                                                                                                     
 
 
 
 

Subj
. 

Crossed 
disparity: 

Slope 
(Intercept) 

Uncrossed 
disparity:  

Slope 
(Intercept) 

 
Intersection 
(Log scale) 

 
Intersection 

(Linear scale) 

BN -2.747 (1.785) 1.105 (0.416) 0.356 2.267 
DJ -1.279 (1.435) 2.185 (-0.956) 0.690 4.900 
DN -1.180 (-0.485) 1.185 (-1.612) 0.376 2.378 
DS -1.172 (-0.313) 1.995 (-0.886) 0.155 1.427 
HB -1.283 (-0.453) 0.851 (-0.034) -0.196 0.636 
JG -1.610 (0.647) 1.757 (0.855) -0.062 0.867 
JQ -1.809 (1.542) 0.711 (1.177) 0.145 1.396 
JW* - - - - 
KI -0.928 (-0.548) 0.337 (-0.224) -0.256 0.554 
LG - - - - 
NP -1.444 (-0.542) 0.917 (-0.772) 0.097 1.251 
QL -2.261 (0.083) 0.845 (-0.718) 0.258 1.181 
TP -1.223 (0.007) 1.437 (-0.967) 0.366 2.323 

Subj. Crossed 
disparity: 

Slope 
(Intercept) 

Uncrossed 
disparity:  

Slope 
(Intercept) 

 
Intersection 
(Log scale) 

 
Intersection 

(Linear scale) 

BN -2.900 (1.291) 2.545 (0.991) 0.055 1.135 
DJ -2.663 (0.356)  3.360 (-1.864) 0.368 2.337 
DN -4.575 (0.789) 1  1.947 (-2.014) 0.430 2.690 
DS -3.213 (-1.489)  4.072 (-2.306) 0.112 1.293 
HB -1.915 (-0.711)  1.986 (-0.985) 0.070 1.176 
JG -3.000 (0.482) 3.227 (0.823)     -0.055 0.882 
JQ -3.950 (1.265)  3.483 (-0.846) 0.028 1.923 
JW -5.244 (-1.380)  5.037 (-1.987) 0.057 1.146 
KI -3.934 (-0.728)  3.057 (-0.534)     -0.028 0.938 
LG -2.694 (0.425) 2.482 (0.064) 0.070 1.174 
NP -2.513 (-0.324)  2.182 (-0.661) 0.072 1.180 
QL -5.256 (0.539)  2.670 (-0.824) 0.172 1.486 
TP -2.063 (-0.809)  4.678 (-0.855)     -0.007 0.984 



Perceived Oculocentric Direction 

  

123 

 
 
Tables 3.5.A . Interocular contrast ratios and 95% CIs for equal contribution. 
Intersection point of the straight-lines fit to the PSEs of the crossed and the uncrossed disparity test targets and 95% confidence intervals of the 
intersection points for contrast-varying targets.  
 
       
 
 

 
                     
                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
Intersection 

point 

 
Confidence 

Intervals 

 
Intersection 
point (Log) 

Confidence 
Intervals 

(Log) 
BN 1.135 0.880, 1.466  0.055  - 0.055, 0.166 
DJ 2.337 1.450, 4.026  0.368     0.161, 0.605 
DN 2.690 1.713, 5.562 0.430     0.233, 0.745 
DS 1.293 0.944, 1.828 0.112 -  0.025, 0.262 
HB 1.176 0.416, 4.889      0.070 -  0.381, 0.689 
JG 0.882 0.720, 1.072    - 0.055 -  0.142, 0.030 
JQ 1.923 1.181, 3.484 0.284      0. 072, 0.542 
JW 1.146 0.896, 1.481 0.059 -  0.048, 0.170 
KI 0.938 0.678, 1.329    - 0.028 -  0.169, 0.123 
LG 1.174 0.812, 1.644 0.070 -  0.090, 0.216 
NP 1.180 0.866, 1.167 0.072 -  0.062, 0.671 
Q L 1.486 1.192, 1.872 0.172     0.076, 0.272 
TP 0.984 0.707, 1.276    - 0.007 -  0.151, 0.106 
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Tables 3.5.B . Interocular luminance ratios and 95% CIs for equal contribution 
Intersection point of the straight-lines fit to the PSEs of the crossed and the uncrossed disparity test targets and 95% confidence intervals of the 
intersection points for luminance-varying targets.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Intersection 

point 

 
Confidence 

Intervals 

 
Intersection 
point (Log) 

Confidence 
Intervals 

(Log) 
BN 2.267 1.403, 5.179   0.356   0.147, 0.714 
DJ 5.486   1.752, 15.538   0.739   0.244, 1.191 
DN 2.378 0.863, 7.598   0.376 - 0.064, 0.881 
DS 1.427 0.708, 3.279   0.155 - 0.150, 0.516 
HB 0.636  0.069, 4.055  - 0.196 - 1.161, 0.608 
JG 0.847 0.598, 1.219 -0.072  -0.223, 0.086 
JQ 1.396  0.905, 2.078   0.145 - 0.043, 0.318 
JW 71.450 - 1.854 - 
KI 0.554 0.207, 1.387     - 0.256 - 0.684, 0.142 
NP 1.250 0.537, 2.285 0.097 -0.270, 0.359 
Q L 1.181 1.811, 3.448 0.258 0.014, 0.542 
TP 2.323 1.309, 4.205   0.366  0.117, 0.624 
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Table 3.6.A . Contribution of retinal-position information from the two eyes for contrast-varying test-targets (Exper iment 1): 
Parameters for models. Table 3.6.A.i. shows the weighting of the contribution of the retinal-position information from the right and the left 
eyes for the three fits, namely the straight-line fit, the linear model fit and the modified Ding & Sperling model fit. Tables 3.6.A (ii, iii, & iv) 
shows the weighting obtained for three subjects (DS, JQ, & QL) for two separate sets of trials. 
 
Table 3.6.A .i. 

 
 

 
 
 
 Subject 

Parameters: 
Straight-
line fit 

 
Parameters: Linear Model 

 
Parameters: Ding & Sperling Model 

 
Intersection 

point 

Right Eye 
(RE) 

Weight 

Left Eye 
(LE) 

Weight 

Ratio  
(RE / 
LE) 

Weights 

Constant 
Error 
(Arc 
Min) 

Right eye 
(RE) 

Weight 

Left eye 
(LE) 

Weight 

Ratio 
(RE/LE) 
Weights 

 
Exponent 

 

Constant 
Error 
(Arc 
Min) 

BN 1.135 0.527 0.473 1.115  1.141 0.519   0.481 1.078 0.459   1.141 
DJ 2.337 0.649 0.351 1.849 -0.754     0.613   0.387 1.581 0.541 - 0.754 
DN 2.690 0.691 0.308 2.241 -0.604     0.646   0.354 1.826 0.601 - 0.603 
DS 1.293 0.549 0.451 1.217 -1.897     0.541   0.459 1.178 0.628 - 1.897 
HB 1.176 0.501 0.499 1.003 -0.749     0.513   0.487 1.054 0.320 - 0.846 
JG 0.882 0.475 0.525 0.903  0.652     0.482   0.518 0.931 0.530 0.653 
JQ 1.923 0.631 0.368 1.714  0.209     0.610   0.390 1.564 0.678 0.209 
JW 1.146 0.533 0.467 1.141 -1.684     0.532 0.477 1.137 0.936 - 1.684 
KI 0.938 0.490 0.510 0.960 -0.631     0.491 0.509 0.964 0.598 - 0.631 
LG 1.174 0.527 0.473 1.115 0.245     0.518 0.481 1.080 0.434 0.245 
NP 1.180 0.527 0.473 1.115 -0.492     0.517 0.483 1.069 0.393 - 0.492 
QL 1.486 0.589 0.411 1.433 -0.142     0.573 0.427 1.342 0.707 - 0.142 
TP 0.984 0.505 0.494 1.024 -0.834     0.503 0.497 1.012 0.573 - 0.832 
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Table 3.6.A .ii. Subject DS* 
 

 
 

Trial 
No. 

Parameters: Straight-
line fits 

 
Parameters: Linear Model 

 
Parameters: Modified Ding & Sperling Model 

Intersection point Right Eye 
Weight 

Left Eye  
Weight 

Ratio  
(RE / LE) 
Weights 

Constant 
Error (Arc 
Min) 

Right Eye 
(RE) Weight 

Left eye 
(RE) 

Weight 

Ratio 
(RE/LE) 
Weights 

 
Exponent 

 

Constant 
Error (Arc 
Min) 

1. 1.177 (1.011, 1.365) 0.528 0.472 1.119 -1.372 0.525 0.475 1.105 0.620  -1.372 
     2.  1.334 (1.162, 1.797) 0.566 0.434 1.304 -2.375      0.555   0.445    1.247    0.639  -2.375 

   
 
   Table 3.6.A .iii. Subject JQ* 

 
 
 

Trial No. 

Parameters: 
Straight-line fits 

 
Parameters: Linear Model 

 
Parameters: Modified Ding & Sperling Model 

 
Intersection point 

Right Eye 
(RE)Weight 

Left Eye 
(LE) 

Weight 

Ratio  
(RE / LE) 
Weights 

Constant 
Error (Arc 
Min) 

Right eye 
(RE) Weight 

Left eye 
(LE) 

Weight 

Ratio 
(RE/LE) 
Weights 

 
Exponent 

 

Constant 
Error (Arc 
Min) 

 1. 2.067 (1.031, 4.991) 0.653 0.347 1.881 0.103 0.599  0.401 1.494    0.557 0.103 
       2.  1.834 (1.643, 2.028) 0.638 0.362 1.762 0.327      0.624  0.376    1.660    0.809 0.327 

 
 
    Table 3.6.A .iv. Subject QL* 

 
 
 

Trial No. 

Parameters: 
Straight-line fits 

 
Parameters: Linear Model 

 
Parameters: Modified Ding & Sperling Model 

 
Intersection point 

(95% CIs) 

Right Eye 
(RE)Weight 

Left Eye 
(LE) 

Weight 

Ratio  
(RE / LE) 
Weights 

Constant 
Error (Arc 
Min) 

Right eye 
(LE) Weight 

Left eye 
(LE) 

Weight 

Ratio 
(RE/LE) 
Weights 

 
Exponent 

 

Constant 
Error (Arc 
Min) 

 1. 1.521(1.206, 1.935) 0.589 0.411 1.433 -0.066     0.571 0.429 1.331 0.653 -0.066 
       2.  1.456(1.229, 1.714) 0.554 0.389 1.424 -0.218     0.576 0.424 1.358 0.764 -0.218 

    * For these subjects, the PSEs from two sets of trials were combined to obtain the perceived OVD in Table 3.6.A.i. 
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Table 3.6.B . Contribution of retinal-position information from the two eyes for test target with luminance-varying targets (Experiment 
2): Parameters for models. 
Table 3.6.B.i. shows the weighting of the contribution of the retinal-position information from the right and the left eyes for the three fits, 
namely the straight-line fit, the linear model fit and the modified Ding & Sperling model fit. Tables 3.6.B(ii, iii, & iv) shows the weighting 
obtained for three subjects (BN, DS, & TP) for two separate sets of trials. 

 
  Table 3.6.B .i. 

   *  

 
 
 
 Subject 

Parameters: 
Straight-
line fit 

 
Parameters:  Linear Model 

 
Parameters: Modified Ding & Sperling Model 

 
Intersection 

point 

Right 
Eye (RE) 
Weight 

Left Eye 
(LE) 

Weight 

Ratio  
(RE / LE) 
Weights 

Constant 
Error 
(Arc 
Min) 

Right 
eye 

(RE) 
Weight 

Left eye 
(LE) 

Weight 

Ratio 
(RE/LE) 
Weights 

 
Exponent 

 

Constant 
Error 
(Arc 
Min) 

BN 2.267 0.629 0.371 1.695  1.100 0.571   0.429 1.331 0.344  1.100 
DJ 5.486 0.706 0.294 2.401  0.127 0.607 0.393 1.545 0.261  0.127 
DN 2.378 0.619 0.381 1.625 -1.049 0.557 0.443 1.257 0.268 -1.049 
DS 1.427 0.540 0.460 1.174 -0.600 0.528 0.472 1.119 0.320 -0.600 
HB 0.636 0.467 0.533 0.876 -0.243 0.480 0.520 0.923 0.179 -0.243 

    JG 0.867 0.505 0.495 1.020 0.747 0.498 0.502 0.992 0.282 0.747 
    JQ 1.396 0.525 0.475 1.105  1.360 0.517 0.483 1.070 0.212  1.360 
    JW* - - - - - - - - - - 
    KI 0.554 0.465 0.515 0.903 -0.386 0.485 0.515 0.942 0.104 -0.386 
    LG - - - - - - - - - - 

NP 1.251 0.536 0.464 1.155 -0.657 0.512 0.488 1.049 0.198 -0.657 
QL 1.181 0.579 0.421 1.375 -0.317 0.541 0.459 1.179 0.272 -0.317 
TP 2.323 0.610 0.395 1.544 -0.480 0.548 0.452 1.212 0.204 -0.480 
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Table 3.6.B .ii. Subject BN* 
 

 
 

Trial No. 

Parameters: Straight-
line fits 

 
Parameters:  Linear Model 

 
Parameters: Modified Ding & Sperling Model 

 
Intersection point 

Right Eye 
(RE) Weight 

Left Eye 
(LE) 

Weight 

Ratio  
(RE / LE) 
Weights 

Constant 
Error (Arc 
Min) 

Right Eye 
(RE) Weight 

Left eye 
(RE) 

Weight 

Ratio 
(RE/LE) 
Weights 

 
Exponent 

 

Constant 
Error (Arc 
Min) 

 1. 2.094 (1.374, 3.342) 0.630 0.370 1.703   1.378 0.578 0.422 1.370 0.401  1.378 
       2.  2.510 (1.551, 3.574) 0.629 0.371 1.695   0.842      0.567   0.432    1.312     0.292  0.842 

     
 
   Table 3.6.B .iii. Subject DS* 

 
 
 

Trial No. 

Parameters: Straight-
line fits 

 
Parameters:  Linear Model 

 
Parameters: Modified Ding & Sperling Model 

 
Intersection point 

Right Eye 
(RE) Weight 

Left Eye 
(LE) 
Weight 

Ratio  
(RE / LE) 
Weights 

Constant 
Error (Arc 
Min) 

Right eye 
(RE) Weight 

Left eye 
(LE) 

Weight 

Ratio 
(RE/LE) 
Weights 

 
Exponent 

 

Constant 
Error (Arc 
Min) 

1. 1.393 (0.954, 1.710) 0.546 0.454 1.200 - 0.808 0.528 0.472 1.119 0.328 -0.808 
       2.  1.454 (0.811, 2.468) 0.533 0.466 1.144 - 0.419 0.528 0.472 1.119 0.314 -0.419 

    
 
   Table 3.6.B .iv. Subject TP* 

 
 
 

Trial No. 

Parameters: Straight-
line fits 

 
Parameters:  Linear Model 

 
Parameters: Modified Ding & Sperling Model 

 
Intersection point 

Right Eye 
(RE) Weight 

Left Eye 
(LE) 

Weight 

Ratio  
(RE / LE) 
Weights 

Constant 
Error (Arc 
Min) 

Right eye 
(LE) Weight 

Left eye 
(LE) 

Weight 

Ratio 
(RE/LE) 
Weights 

 
Exponent 

 

Constant 
Error (Arc 
Min) 

1. 2.013 (1.053, 3.759) 0.587 0.413 1.380 -0.469     0.539 0.461 1.169 0.220 -0.469 
     2.  2.677 (1.781, 4.053) 0.632 0.368 1.717 -0.491     0.557 0.433 1.286 0.227 -0.491 

 
   * For these subjects, the PSEs from two sets of trials were combined to obtain the perceived OVD in Table 3.6.B.i 
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Table 3.7. A . Comparison of the sum of the squared er rors and the percentage of variance accounted for by each of the three models for 
contrast-varying test targets. For the straight-line fit, lines were fit separately to the PSEs of the crossed and uncrossed disparity test targets. The 
coefficient of determination multiplied by 100 gives the percentage of variance accounted by the model fits.  Note: Values less than or equal to 0 
for coefficient of determination are indicated as 0. For the straight-line fits, the data for the crossed and uncrossed disparity targets were averaged.  
 

 
 
 
 

 
 

Subj. 

Straight-line Fit Linear Model Fit Modified Ding and Sperling Model Fit 
SSE: 

Crossed 
Disparity 

SSE: 
Uncrossed 
disparity 

Average 
SSE:  

Crossed & 
uncrossed 
disparity 

 
Coeff. of 

determination 

 
SSE: 

Crossed 
Disparity 

 
SSE: 

Uncrossed 
disparity 

 
Average 

SSE:  
Crossed & 
uncrossed 
disparity 

 
Coeff. of 

determination 

 
SSE: 

Crossed 
Disparity 

 
SSE: 

Uncrossed 
Disparity 

 
Average 

SSE:  
Crossed & 
uncrossed 
disparity 

 
Coeff.  
of 
determination 

BN 0.680 9.194 0.800 0.617 18.295 22.640 2.047 0.021 0.658 1.001 0.483 0.643 
DJ 13.367 1.155 0.726 0.696 23.669 6.751 1.521 0.364 13.377 1.232 0.730 0.694 
DN 10.814 26.395 1.550 0.624 9.643 50.62 2.511 0.329 14.193 31.372 1.898 0.539 
DS 16.149 20.156 0.641 0.864 33.027 27.507 1.441 0.548 16.750 21.224 0.9041 0.722 
HB 22.301 3.989 1.314 0.344 46.335 25.463 3.590 0 22.492 4.013 1.326 0.339 
JG 3.142 3.538 0.334 0.840 13.921 11.889 1.290 0.384 3.232 3.494 0.336 0.840 
JQ 14.833 12.010 1.224 0.789 18.896 21.340 0.981 0.675 8.748 7.655 0.685 0.685 
JW 7.975 8.020 0.780 0.857 7.856 8.677 0.826 0.852 7.891 8.496 0.819 0.853 
KI 8.558 15.056 1.181 0.646 13.010 23.191 1.810 0.512 9.058 13.550 1.130 0.661 
LG 6.656 2.333 0.303 0.711 20.685 18.500 1.781 0 6.790 3.213 0.455 0.708 
NP 2.990 2.920 0.295 0.772 18.074 21.952 2.001 0 1.602 1.283 0.300 0.786 
QL 5.562 9.402 0.374 0.893 5.293 33.958 0.981 0.679 11.136 15.291 0.660 0.812 
TP 4.123 4.353 0.424 0.848 22.681 5.878 1.527 0.452 3.012 2.996 0.333 0.768 
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Table 3.7.B . Comparison of the sum of the squared er rors and the percentage of variance accounted for by each of the three models for 
luminance-varying test targets. Comparison of the sum of the squared errors and the percentage of variance accounted for by each of the three 
models for targets presented with different interocular luminance ratios. For the straight-line fit, lines were fit separately to the PSEs of the crossed 
and uncrossed disparity targets. The coefficient of determination multiplied by 100 gives the percentage of variance accounted by the model fits.  

Note: Values less than or equal to 0 for coefficient of determination are indicated as 0.   
 
 
 
 
 
  

 
 

Subj. 

Straight-line Fit Linear Model Fit Modified Ding and Sperling Model Fit 
SSE: 

Crossed 
Disparity 

SSE: 
Uncrossed 
disparity 

Average 
SSE:  

Crossed & 
uncrossed 
disparity 

 
Coeff. of 

determination 

 
SSE: 

Crossed 
Disparity 

 
SSE: 

Uncrossed 
disparity 

Average 
SSE:  

Crossed & 
uncrossed 
disparity 

 
Coeff. of 

determination 

 
SSE: 

Crossed 
Disparity 

 
SSE: 

Uncrossed 
Disparity 

Average 
SSE:  

Crossed & 
uncrossed 
disparity 

 
Coeff.  
of 
determination 

BN 29.005 39.674 1.184 0.798 58.500 189.10 4.270 0.060 38.286 49.961 1.522 0.563 
DJ 28.967 18.347 23.657 0.461 117.16 50.394 5.585 0 32.703 22.342 1.835 0.373 
DN 39.468 36.355 2.708 0.321 104.82 71.933 6.312 0 40.345 36.143 2.731 0.315 
DS 13.888 20.755 0.617 0.711 106.06 92.730 3.550 0 14.430 21.117 0.635 0.704 
HB 21.423 14.284 1.274 0.336 92.966 101.62 6.949 0 22.504 17.046 1.412 0.264 
JG 10.609 2.603 0.508 0.755 65.130 48.975 4.389 0 10.917 2.801 0.528 0.745 
JQ 5.068 1.775 0.244 0.807 56.670 97.696 5.513 0 7.425 4.059 0.410 0.676 
JW - - - -    - - - - - 
KI 11.528 1.735 0.474 0.358 104.70 119.97 8.024 0 11.660 2.371 0.501 0.321 
NP 9.695 11.115 0.694 0.522 104.78 103.60 6.922 0 17.325 11.583 0.964 0.337 
QL 7.182 13.033 0.808 0.660 37.315 95.172 5.299 0 11.705 17.963 1.187 0.501 

 TP 20.432 13.453 0.605 0.614 181.55 151.03   5.937 0 22.200 14.192 0.650 0.585 
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Table 3.8.A . (a) Mean Vernier acuity for contrast-varying targets with horizontal disparity, and (b) Confidence intervals of the Vernier acuity, 
shown for each subject.  
                                                                                    
                      a.                                                                              b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Subject 

C rossed 
disparity:  

Mean 
 (Std Dev) 
A rc min 

Uncrossed 
disparity: 

Mean  
(Std Dev) 
A rc min 

BN  2.019 (0.599)  2.607 (0.502) 
DJ  2.508 (0.660)  2.788 (1.008) 
DN  5.808 (1.737)  5.233 (1.289) 
DS  1.797 (0.673)  1.695 (0.509) 
HB  1.498 (1.088)  1.375 (0.384) 
JG  1.979 (1.127)  1.793 (0.498) 
JQ  2.906 (0.896)  2.538 (0.879) 
JW  2.477 (1.340)  3.282 (1.124) 
KI  2.252 (0.502)  2.129 (0.566) 
LG 3.466 (1.400)  3.230 (1.316) 
NP  2.287 (1.032)  1.811 (0.839) 
QL  3.657 (1.265)  3.501(1.495) 
TP  2.633 (1.267)  3.152 (0.977) 
Mean 2.714 2.703 
SD 1.115 1.026 
SEM 0.309 0.289 
95% CI 2.108, 3.320 2.145, 3.260 

 
 

Subject 

C rossed disparity: 
Std E r ror 
A rc min 

(95% C I) 
 

Uncrossed disparity:  
Std E r ror 
A rc min 

(95% C I) 

BN 0.189 (1.647, 2.390) 0.159 (2.296, 2.918) 
DJ 0.209 (2.099, 2.917) 0.387 (2.029, 3.547) 
DN 0.145 (5.524, 6.092) 0.139 (4.960, 5.506) 
DS 0.154 (1.494, 2.099) 0.163 (1.377, 2.014) 
HB 0.344 (0.823, 2.172) 0.197 (0.988, 1.761) 
JG 0.356 (1.127, 2.677) 0.186 (1.427, 2.158) 
JQ 0.196 (2.523, 3.290) 0.196 (2.154, 2.923) 
JW 0.424 (1.647, 3.308) 0.732 (1.848, 4.716) 
KI 0.159 (1.941, 2.563) 0.202 (1.732, 2.526) 
LG 0.422 (2.638, 4.293) 0.397 (2.452, 4.007) 
NP 0.326 (1.647, 2.297) 0.265 (1.290, 2.330) 
QL 0.283 (3.103, 4.211) 0.334 (2.846, 4.157) 
TP 0.401 (1.848, 3.418) 0.309 (2.546, 3.758) 
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Table 3.8.B . (a) Mean Vernier acuity for luminance-varying targets with horizontal disparity, and (b) Confidence intervals of the Vernier acuity, 
shown for each subject.  
                     
                     a.                                                                                       b. 
                                                                                                           
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Subject 

Crossed 
disparity:  

Mean 
 (Std Dev) 
Arc min 

Uncrossed 
disparity: 

Mean  
(Std Dev) 
Arc min 

BN  2.143 (0.554)  2.103 (1.031) 
DJ  3.207 (1.259)  3.032 (1.008) 
DN  5.478 (1.769)  5.958 (1.289) 
DS  2.696 (0.905)  1.875 (0.509) 
HB  1.538 (0.672)  1.557 (0.384) 
JG  1.221 (0.889)  1.369 (0.498) 
JQ  3.468 (0.800)  2.921 (0.879) 
JW  3.402 (1.113)  2.924 (1.124) 
KI  2.454 (0.465)  2.223 (0.566) 
LG - - 
NP  1.779 (0.814)  1.797 (0.908) 
QL  2.646 (0.852)  2.716 (0.866) 
TP  2.406 (0.565)  2.490 (0.704) 
Mean 2.703 2.580 
SD 1.124 1.201 
SEM 0.324 0.346 
95% CI 2.067, 3.339 1.901, 3.260 

 
Subject 

Subject 

Crossed disparity: 
Std Error 
Arc min (95% CI) 
 
 

Uncrossed disparity: 
Std Error 
Arc min 
(95% CI) 

BN      0.107 (1.934, 2.352)      0.191 (1.727, 2.478) 
DJ      0.337 (2.547, 3.867)      0.260 (2.522, 3.542) 
DN      1.464 (2.608, 8.347)      1.592 (2.837, 9.079) 
DS      0.171 (2.361, 3.031)      0.096 (1.686, 2.064) 
HB      0.180 (1.186, 1.891)      0.103 (1.356, 1.759) 
JG      0.314 (0.605, 1.837)      0.157 (1.060, 1.678) 
JQ      0.214 (3.049, 3.887)      0.235 (2.460, 3.381) 
JW      0.210 (2.990, 3.815)      0.212 (2.508, 3.341) 
KI      0.124 (2.210, 2.698)      0.151 (1.926, 2.519) 
LG                 -                      - 
NP      0.198 (1.392, 2.166)      0.220 (1.365, 2.229) 
QL      0.228(2.199, 3.092)      0.232 (2.262, 3.170) 
TP      0.109 (2.193, 2.619)      0.133 (2.229, 2.751) 
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Table 3.9. Weighting for test-targets with different disparities. 
Slopes of the line fit to the PSEs for the crossed and uncrossed disparities, and contrast ratio (linear) required to achieve equal 
weighting.  
 
                                                                                                

  Disparity 
(arc min) 

Crossed 
disparity 

slope 

Uncrossed 
disparity 

slope 

Crossed 
disparity 
Intercept 

Uncrossed   
disparity 
Intercept 

Contrast 
ratio for 

equal 
weighting 

       0 -0.220 
 

0.713 
 

-2.690 
 

-2.547 
 

-  

    5.26 -0.860 
 

2.561 
 

-2.015 
 

-2.354 
 

1.25 

  10.58 -3.084 
 

4.185 
 

-1.115 
 

-1.629 
 

1.18 

15.87 -3.801 
 

6.955 
 

-2.349 
 

-2.349 
 

1.11 
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F igure 3.1. Perceived OVD based on corresponding and non-corresponding retinal images. The figures in the top panel show the perceived direction of targets falling on non-
corresponding points with respect to a fixation cross falling on corresponding retinal points. In these figures, circles represent the crossed and the uncrossed disparity targets (dark 
and shaded circles). In the figures on the left and middle, targets are presented with crossed and uncrossed disparities, respectively. The targets for the right and left eyes are 
indicated by red and blue circles, respectively. The figure on the right shows the OVD of the crossed and the uncrossed targets together for equal weighting. FL and FR indicate the 
fovea of the left eye and right eyes respectively. Panels on the bottom show the -position 
information (left panel) contributed more to the perceived OVD. 

                                                                       
 
 
 

                                                                                           
                       inal-position information: higher 

higher higher contribution 
-position 

information:   
higher contribution 

Crossed disparity Uncrossed disparity Crossed & uncrossed disparity 
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F igure 3.2. Stimuli used for determination of the perceived OVD.  
The cross, the top line and the bottom line represent the fixation reference and the test targets respectively. All targets were viewed dichoptically. 

ng a Gaussian function. 
The fixation crosses seen by each ey

or each eye. The bottom 
line was presented with either the same or a different contrast ratio for the two eyes. Crossed disparity is shown in this figure. If the assumption 

Panels a and b show the contrast and luminance 
targets, respectively. 
 
                                 
                                         a.                                                                                                                             b. 
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F igure 3.3. Gaussian profile of the targets used in the experiment. 
The figure below shows the horizontal luminance profile of the Gaussian that was used as a 
reference target (or as one of a pair of equal contrast test targets). The width of the Gaussian was 
45 arc min. The peak luminance of the reference Gaussian was 12 cd/m2.  
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F igure 3.4. Stimuli for the measurement of fixation disparity.  
The fixation cross was seen by both eyes. The top Nonius line was seen by the left eye and the 
bottom Nonius line was seen by the right eye.  
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F igure 3.5. Assessment of points of subjective equality (PSEs). Each pixel on the monitor 
corresponded to 2.65 arc min at a distance of 50 cm. The test target for each eye was presented randomly at 
one of nine horizontal locations on the screen. Each location was spaced 0.75 pixel apart. Positive and 
negative numbers on the x-axis denote that the center of the test target was presented to the right and left of 
the reference target, respectively. The subject determined whether the fused test target was to the right or to 
the left of the reference target. The values on the y-

-fit cumulative Gaussian function, determined 
using code written in MATLAB. The value on the x-axis that corresponded to the 0.5 value on the y-axis 
gave the estimate of the direction at which the fused test and the reference targets were perceived to be in 

test and the reference targets were seen in the same direction when the test target was presented to the right 
of the reference target. Similarly, a negative value for PSE indicates that the test and the reference targets 
were seen in the same direction when the test target was presented to the left of the reference target. The 
PSE was determined separately for targets with crossed and uncrossed disparities for each of six contrast 
ratios. The figures below show the psychometric function for targets presented with crossed and uncrossed 
disparities when the contrast ratio of the test target was 4:1 (Left eye having higher contrast than the right 
eye) for subject DS, for one set of measurements. 
  
                       Crossed Disparity 

                         
 
 
                       Uncrossed disparity 

                        
 
Note: In the figures, the slopes of the line give an estimate of the Vernier acuity (in pixels). Values in 
paranthesis indicate standard errors for PSEs and Vernier acuities, in pixels. 
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F igure 3.6. Constant er rors. Figures on the top show the perceived direction of both crossed and uncrossed test targets to be shifted to the left 
and right of the fixation cross, by the same magnitude, indicating constant errors to the right and left respectively. The figure on the bottom shows 
that both the crossed and the uncrossed disparity targets to be shifted in opposite directions. Note that the figures on the bottom are identical to 
those illustrated in bottom panels of Figure 3.1. 
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F igure 3.7. Calculation of retinal weighting for test-targets with equal contrast in the two eyes.  
The targets for the left and the right eyes, indicated here in panel a by the two lines were presented with either 10.56 arc min crossed and 
uncrossed disparity, shown by the filled gray lines (Figure a). When these two line targets are fused, the targets presented with crossed disparity 
should appear closer than the fixation cross, and the targets presented with uncrossed disparity should appear farther than the fixation cross. In 
panels b  e, the fused crossed and uncrossed test targets are shown in red and green, respectively.  
 
Calculations: 
1. The separation of the crossed and the uncrossed targets with respect to the fixation cross were determined using the formula:                                
 
                                 n       &  f    
                                          D2                                   D2 

  

   Where, ; 2a = Pupillary distance (mm);  
n & n = Depth of the crossed and the uncrossed disparity targets with respect to the fixation cross in mm. 

D = Testing distance (mm). 
  n + f , as depicted in panel b. 

  
2. The pupillary distance was assumed to be 60 mm in all the subjects. The apparent distance of the crossed and uncrossed disparity 
targets, d1 and d2, were calculated as D - n and D + n, respectively (panels c and d).  

            
3. In panels c and d, the angles x and y were the PSEs obtained for the 1:1 ratio crossed and uncrossed disparity targets. The values of 
x and d1, and y and d2 were used to find the horizontal separation, m and n, respectively, between the crossed and the uncrossed 
disparity targets from the fixation cross, in millimeters (mm). The horizontal separation p (p = m - n) between the direction lines to 
the crossed and the uncrossed disparity targets gives an estimate of the relative shift of the crossed and uncrossed disparity targets 
with respect to the fixation cross. In the figure it is assumed that the shift for the crossed disparity target is more than that for the 
uncrossed disparity target.  
 
4. The distances,  (mm) and p (mm) were used to determine the angular relationship between the crossed and uncrossed disparity 
targets with respect to a line from midway between the eyes to the fixation cross (This shift in angular units is not shown in the  
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figures). The line that joined the spatial locations of the crossed and uncrossed targets was extended back towards the observer to 
determine the shift in the perceived OVD along the inte
on the interocular axis.  The expression, (a-s) / (a+s), gives an estimate of the weighting of retinal-position information from the two 
eyes when the test target has a 1:1 contrast ratio.  
 
 
Note: For all calculations, the signs of the PSEs were retained. The constant errors were not taken into for the calculation above. 
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                                 a.                                                                                        b.                                                                      

                                                                         
           c.                                                                     d.                                                                       e.  
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F igures 3.8-3.20. Straight-line and two model fits for individual subjects. 
In the following figures, the Point of Subjective Equality (PSE) is plotted against the log 
contrast/luminance ratios for test targets having crossed and uncrossed disparity with respect to 
the reference target.  
 
Positive and negative values on the x-axis indicate higher contrast/luminance in the left eye and 
right eye, respectively. Positive and negative values on the y-axis indicate a shift in the direction 
towards the right and left, respectively.  
 
Figures labeled i., ii., and iii. indicate the best-fit line provided by the straight-line fit, the linear 
model fit and the modified Ding and Sperling model fit.  
 
Plots labeled A indicates the direction estimates for Experiment 1 obtained with targets with 
different interocular contrast ratios, and plots labeled B indicates the direction estimates for 
Experiment 2 obtained for targets with different interocular luminance ratios. 
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   F igure 3.8. A . 
     i.                                                                    ii.                                                                    iii.                                                                    

   

BN:  Straight  Line  Model
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R2  =  0.56
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BN:  Linear  Model
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    F igure 3.8.B .    
     i.                                                                    ii.                                                                    iii.                                                             
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BN:  Linear  Model  (Combined  Data)
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     F igure 3.9. A .                     
       i.          ii.                                                                   iii. 

      

DJ:Straight  Line  Model

y  =  -2.663x  +  0.356
R2  =  0.49

y  =  3.360x  -  1.864
R2  =  0.95

-6

-4

-2

0

2

4

6

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Log  Contrast  Ratio  (LE/RE)

P
S
E
  (
a
rc
  m
in
)

Crossed  Data
Uncrossed  Data

`

   

DJ:  Linear  Model
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     F igure 3.9.B .        
       i.        ii.                                                                 iii. 

      

DJ:  Straight  Line  Model

y  =  2.185x  -  0.956
R2  =  0.664

y  =  -0.745x  +  1.210
R2  =  0.127

-6

-4

-2

0

2

4

6

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Log  Luminance  Ratio(LE/RE)

P
S
E
  (
a
rc
  m
in
)

Crossed
Uncrossed

   

DJ:  Linear  Model
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DJ:  Modified  D&S  Model  
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  F igure 3.10.A .           
         i.                                                                         ii.                                                                         iii. 

       

DN:  Straight  Line  Model

y  =  1.947x  -  2.014
R2  =  0.267

y  =  -4.575x  +  0.789
R2  =  0.806
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DN:  Linear  Model  
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DN:  Modified  D&S  Model
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 F igure 3.10.B. 
         i.                                                                          ii.                                                                          iii. 

       

DN:  Straight  Line  Model

y  =  1.815x  -  1.612
R2  =  0.408

y  =  -1.180x  -  0.485
R2  =  0.211

-6

-4

-2

0

2

4

6

-1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5

Log  Luminance  Ratio  (LE/RE)

P
S
E
  (
a
rc
  m
in
)

Crossed

Uncrossed

   

DN:  Linear  Model
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DN:  Modified  D&S  Model
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                 F igure 3.11. A . 
                  i.                                                                         ii.                                                                            iii. 

       

DS:  Straight  Line  Model  (Combined  Data)

y  =  -3.213x  -  1.489
R2  =  0.698

y  =  4.072x  -  2.306
R2  =  0.749
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DS:  Linear  Model  Data  (Combined  Data)
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DS:  Modified  D&S  Model  (Combined  Data)
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        F igure 3.11.B . 
         i.                                                                          ii.                                                                         iii. 

       

DS:  Straight  Line  Model  (Combined  Data)

y  =  -1.712x  -  0.313
R2  =  0.722

y  =  1.995x  -  0.886
R2  =  0.707
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DS:Linear  Model  (Combined  Data)
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DS:Modified  D&S  Model  (Combined  Data)

-6

-4

-2

0

2

4

6

-1.5 -1.2 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2 1.5

Log  Luminance  Ratio  (LE/RE)

P
S
E
  (
a
rc
  m
in
)

Crossed  Data
Uncrossed  Data
Crossed  Model
Uncrossed  Model

 
 
     
 



Perceived Oculocentric Direction 

 148 

      F igure 3.12. A . 
      i.             ii.                       iii. 

     

HB:Straight  Line  Model

y  =  1.986x  -  0.985
R2  =  0.642

y  =  -1.915x  -  0.711
R2  =  0.230-6
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HB:Linear  Model  Data
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HB:Modified  D&S  Model

-6

-4

-2

0

2

4

6

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Log  Contrast  Ratio  (LE/RE)

P
S
E
  (
a
rc
  m
in
)

Crossed  Disparity  Data
Uncrossed  Disparity  Data
Crossed  Disparity  Model
Uncrossed  Disparity  Model

 
  
     F igure 3.12.B .    
      i.                                                                        ii.                        iii.              

    

HB:Straight  Line  Model

y  =  -1.283x  -  0.453
R2  =  0.370

y  =  0.851x  -  0.034
R2  =  0.278
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HB:  Linear  Model
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HB:  Modified  D&S  Model
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 F igure 3.13. A . 
 i.                                                                         ii.                                                                         iii. 
JG:  Straight  Line  Model

y = 3.227x + 0.823
R2 = 0.842

y  =  -3.00x  +  0.482
R2  =  0.839
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JG:  Linear  Model
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JG:  Modified  D&S  Fit
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    F igure 3.13.B . 
    i.                                                                          ii.                                                                           iii. 
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F igure 3.14. A . 
JQ:  Straight  Line  Model  (Combined  Data)

y  =  -3.950x  +  1.265
R2  =  0.792

y  =  3.483x  -  0.846
R2  =  0.784
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JQ:  Linear  Model  (Combined  Data)
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F igure 3.14.B . 
   i.                                                                       ii.                                                                      iii. 
JQ:  Straight  Line  Model

y  =  -1.809x  +  1.542
R2  =  0.830

y  =  0.711x  +  1.177
R2  =  0.683

-6

-4

-2

0

2

4

6

-1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5

Log  Luminance  Ratio  (LE/RE)

P
S
E
  (
a
rc
  m
in
)

Crossed  
Uncrossed

  

JQ:  Linear  Model
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JQ:  Modified  D&S  Model  
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   F igure 3.15. A . 
   i.                                                                           ii.                                                                         iii. 

  

JW:  Straight  Line  Model

y  =  5.037  -  1.987
R2  =  0.851

y  =  -5.244x  -  1.380
R2  =  0.862-6
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JW:  Linear  Model
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JW:  Modified  D&S  Model
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   F igures 3.15.B  
    i.                                                                          ii.                                                                          iii. 

  

JW:  Straight  Line  Fit:  Combined  Data

y  =  0.341x  -  1.785
R2  =  0.093

y  =  -0.802x  +  0.335
R2  =  0.222
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JW:  Straight  Line  Fit:  Trial  1

y  =  -0.849x  +  0.070
R2  =  0.273

y  =  0.051x  -  1.792
R2  =  0.002
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JW:  Straight  Line  Fit:  Trial  2

y  =  -0.756x  +  0.600
R2  =  0.197

y  =  0.631x  -  1.778
R2  =  0.284
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     F igure 3.16.A 
            i.                                                                         ii.                                                                        iii. 

          

KI:  Straight  Line  Model

y  =  -3.934x  -  0.728
R2  =  0.766

y  =  3.057x  -  0.534
R2  =  0.561
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KI:  Linear  Model  
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KI:  Modified  D&S  Model
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          F igure 3.16.B. 
            i.                                                                         ii.                                                                         iii. 

          

KI:  Straight  Line  Model

y  =  -0.928x  -  0.548
R2  =  0.362

y  =  0.337x  -  0.224
R2  =  0.332
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KI:  Linear  Model  
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KI:  Modified  D&S  Model
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            F igure 3.17.A .   
            i.                                                                         ii.                                                                        iii. 

          

LG:  Straight  Line  Model

y  =  2.482x  +  0.064
R2  =  0.775

y  =  -2.694x  +  0.425
R2  =  0.664
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LG:  Linear  Model
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LG:Modified  D&S  Model
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                       Subject LG did not participate in experiment 2 for interocular luminance ratios. This space is intentionally blank. 
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          F igure 3.18. A .  
           i.                                                                         ii.                                                                        iii. 

         

NP:  Straight  Line  Model

y  =  2.182x  -  0.661
R2  =  0.747

y  =  -2.513x  -  0.324
R2  =  0.794
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NP:  Linear  Model  Fit

-6

-4

-2

0

2

4

6

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Log  Contrast  Ratio  (LE/RE)

P
S
E
  (
a
rc
  m
in
)

Crossed  Disparity  Data
Uncrossed  Disparity  Data
Crossed  Disparity  Model
Uncrossed  Disparity  Model

v

  

NP:  Modified  D&S  Model
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F igures 3.21.-3.23. Comparison of weighting with different models. 
The following figures compares the between-eye differences in weighting of retinal-position information obtained from the straight-line fit to the 
PSEs and from the linear and modified Ding and Sperling models for (A) Contrast-varying and (B) Luminance-varying test-targets. Note that the 
scales are different for the weighting of contrast- and luminance-targets. 

 
  3.21.A .                                                                           3.22.A .                                                                          3.23. A .            

      
 

   3.21.B .                                                                           3.22.B .                                                                         3.23.B .        
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F igures 3.24. Comparisons of weighting with equal contrast/luminance and model fits. 
Figures on the left indicate the comparison of between-eye differences in weighting of retinal-position information based on targets presented with equal contrast 
and that obtained with the straight-line fits for the crossed and uncrossed disparity test targets with different interocular contrast ratios (A) or with modified Ding 
and Sperling model (B). Figures on the right show the comparison of between-eye differences in weighting of retinal-position information based on targets 
presented with equal luminance with different interocular contrast ratios from straight-line fits (C) or with modified Ding and Sperling model (D). The dashed 
line and the bold lines are the 1:1 line, and the orthogonal regression line.  
 
                             A.                                                                                   C. 

                
                             B.                                                                                   D. 
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F igure 3.25. Comparison of weighting obtained with straight-line fits for targets with 
different contrast and luminance ratios.  
The figure shows the log contrast ratio  
The figure shows the log contrast ratio vs. log luminance ratio required to achieve equal 
weighting of retinal-position information from the two eyes. The solid and the dashed line are the 
orthogonal regression and 1:1 lines.  
 

                    
          
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



Perceived Oculocentric Direction 

 160 

 
F igure 3.26. Exponents for contrast and luminance targets with modified Ding & 
Sperling model. Each data point represents the exponents obtained with the modified Ding & 
Sperling model fit a subject. As before, the solid line is the orthogonal regression line, and the 
dashed line is the 1:1 line. 
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F igure 3.27(a-d). Best-fit straight lines for varying test-target disparity. The figures below show the mean direction in which the test target 
presented with different magnitudes of crossed and uncrossed disparity were seen in the same direction as the reference target (PSE). The test 
target had different contrast ratios, which are indicated on logarithmic x axes. Each plot represents a single magnitude of disparity for the test 
target. Each triangle and circle represents a PSE for a particular contrast ratio, for the crossed and the uncrossed target, respectively.   
The lines are the best-fit regression lines.       
            a.                                                                                              c. 
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F igure 3.28a and b. Perceived OVD and varying test-target disparity. 
The figures show the changes in the slopes of the regression lines fit to the PSEs and the average change in the slopes for targets with different amounts 
of crossed and uncrossed disparity for 1 subject.  
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F igure 3.29. Effect of fixation disparity on the perceived OVD. 
Figures a and b assume an exo-fixation disparity and equal weighting of the retinal-position information from the two eyes. Figures c and d 
assume exo-fixation disparity and unequal weighting of the retinal-position information from the two eyes. In figures a and c, the test target is 
presented with uncrossed horizontal disparity, and in figures b and d with crossed horizontal disparity. In both the cases, the magnitude of the 

mately 10 min arc). 
 
In the figures below, dashed lines represent the monocular views and solid lines indicate the binocular view. Red and green lines indicate the view 
of the left and the right eyes, respectively, and the orange line represents the binocular image. The cross represents the fixation targets. The lines 
above and below the fixation target represent the reference and the test targets, respectively. 
 
Inside each panel, figure (i) shows the targets presented to the left and right eyes. Figures (ii) and (iii) shows the retinal location of the targe
images. FL and FR gure 

e fixation target, in space, as seen by the 
subject. 
 
In figures a and b, because of the exo-fixation disparity, the image of the fixation target falls on non-corresponding points. However, because there 
is equal weighting of eye-position information accor
direction signaled by the two monocular images.  The reference target is presented with the same horizontal disparity as the fixation target, 
therefore should also be seen in the same direction as the fixation target. The images of the test target should fall on corresponding points when 
presented with uncrossed disparity, and on non-corresponding points when presented with crossed disparity. However, both the uncrossed and the 
crossed disparity targets should be seen in the same direction as the fixation target because of equal weighting of retinal direction information.  
 
In figures c and  figures c & d, the image of the fixation target falls on 
non- ced to the left of 
its physical location. The reference target should also be seen to the left and aligned with the fixation target. In figure c, the images of the test 
target presented with uncrossed disparity should fall on corresponding points, and should be seen in the average direction signaled by the two 
monocular images (i.e., its correct direction). In this scenario, the test target should be seen to the right of the fixation and reference target. In 
figure d, the image of the test target presented with crossed disparity should fall on non-corresponding points and have larger retinal image 
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disparity than the fixation target. Because of a greater weight given to the image in the right eye, the test target should be shifted further to the left 
than the fixation target.
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F igure 3.30 a and b. Theoretical slopes for the effect of fixation disparity. Figure a shows 
the predicted slope of the best-fit straight lines to the crossed and uncrossed disparity when there 
is no fixation disparity when the fixation disparity is 1 arc min in the exo-direction. 
 
            
          a.  

            
 
          b.  
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CHAPTER 4 

4.1. Introduction 

In the previous chapter, I determined the relative contribution of retinal-position 

information from the two eyes to the perceived direction of targets presented with 

horizontal disparities. This chapter addresses the effect of vertical disparity on perceived 

oculocentric visual direction. 

Vertical disparity can be produced by either separating the identical images 

vertically for the two eyes, or by displacing a nearby target laterally towards one eye. 

Displacement of a near target towards one eye produces a difference in the retinal image 

size in the two eyes. Specifically, a larger image is produced in the eye in front of which 

the target is placed. The difference in the retinal image sizes results in vertical disparity. 

The larger the displacement of the target from the midline, the greater is the induced 

vertical retinal image disparity. An alternate method to produce a difference in the retinal 

image size is to induce a difference in the relative vertical image magnification in the two 

eyes, either by using size lenses (Berends, van Ee & Erkelens, 2003; Gillam & 

Lawergreen, 1983; Ogle, 1938) or by changing the size of the display stimulus for one 

eye (Bradshaw, Glennerster & Rogers, 1996; Westheimer, 1984). 

Berends, van Ee and Erkelens (2002) used size lenses in front of one eye to 

produce vertical retinal image disparity, and measured the perceived straight ahead, 

which is a specific case of the perceived egocentric visual direction. They did not find a 

shift in the perceived straight-ahead as a function of vertical retinal image disparity when 



   Perceived OVD and Vertical Disparity 

 169 

the subjects were unadapted to the size lenses, and concluded that the perceived straight 

ahead is not influenced by vertical disparity.  

Prior to the study by Berends, van Ee and Erkelens (2002), Sheedy and Fry (1979) 

determined the perceived oculocentric direction for dichoptic line targets with vertical 

retinal image disparity that was produced by vertical separation of the targets. The targets 

presented to each eye had the same contrast. Based on the assumption that the retinal-

position information from the two eyes is averaged with equal weighting, Sheedy and Fry 

(1979) predicted that the perceived direction of a fused binocular line should be at the 

point midway between two monocularly disparate lines. However, they found that the 

direction of the fused binocular line shifted towards one of the monocular lines in some 

subjects, and interpreted that this shift of the binocular image towards a monocular image 

 

In another study, Hariharan-Vilipuru and Bedell (2009) reported that the 

perceived OVD of a pair of monocular line targets (a reference line and a test line) 

surrounded by a binocularly disparate random dot stereogram depends on whether the 

disparity of the binocularly presented random dots is horizontal or vertical, for monocular 

target separation less than approximately 3 deg. Specifically, when the disparity of the 

binocular random dot target is horizontal, then the perceived relative directions of the 

embedded monocular targets shift as a function of the random dot disparity (a 

images for the monocular targets in the other eye. On the other hand, the perceived 

direction of the monocular targets remains unaffected by the disparity of the binocular 

random dot target when the disparity of the binocular target is vertical. For target 
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separations larger than approximately 3 deg, the perceived direction of a monocular 

target is influenced by the disparity of the surrounding binocular random dots, regardless 

of the direction of disparity (horizontal or vertical). For small separations between the 

monocular targets, the differential effect of the surrounding binocular stimulus with 

horizontal and vertical disparity on the perceived relative direction of embedded 

monocular target targets was attributed to the perception of stereoscopic depth for the 

random dot targets with horizontal disparity. The similar effect of horizontal and vertical 

disparity on the magnitude of binocular capture at larger target separations was attributed 

to a local sign mechanism.  

      To clarify if the weighting of retinal-position information for fused binocularly 

disparate targets is independent of the perceived stereoscopic depth that is produced by 

horizontal binocular disparity of the test target, in this chapter I measured the perceived 

OVD for targets presented with vertical instead of horizontal disparity.  

 

4.2. Methods 

     Ten of the 13 subjects who participated in the previous experiment completed this 

experiment. As in the experiment described in Chapter 3, the subject was presented with 

a binocular fixation cross, and a pair of dichoptic horizontal lines (a reference and a test 

target) blurred with a one-dimensional Gaussian function with a space constant of 7.9 arc 

min. The reference and the test lines were presented to the right and the left of the 

fixation cross. The luminance of the homogenous background field was 8 cd/m2. The 

fixation cross and the blurred lines to the left (reference target) had a luminance of 12 

cd/m2, for a Weber contrast of 50%. The blurred lines to the right had a vertical disparity 
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of 10.56 arc min (5.28 arc min in each eye) with respect to the fixation cross, and were 

presented with one of five different interocular log contrast ratios (-0.6, -0.3, 0, 0.3, and 

0.6) (Figure 4.1). While keeping the vertical binocular disparity constant, the average 

vertical location of the test target was varied from trial-to-trial. The method of constant 

stimuli was used to present the test target randomly ten times at each of nine vertical 

locations. One set of measurements for a specific interocular contrast ratio consisted of 

180 trials (90 trials each for the test target with right- and left-eye hyper disparity).  

        The subject fixated on the fixation cross, and pushed a button on the CT3 button 

box to begin each trial. The reference and the test targets appeared simultaneously for 

150 ms. The fixation cross disappeared for 150 ms when the reference and the test targets 

appeared, to remove any possible alignment cue. After each trial, the subject reported 

whether the fused test target appeared above or below of the reference target. The 

 separately for the right- and the left-eye 

hyper disparities, and plotted against the nine vertical locations at which the test target 

was presented. Cumulative Gaussian functions were fit separately to the right- and left-

eye hyper disparity data. The value corresponding to the 50% level gives an estimate of 

the vertical offset (in arc min) at which the test and reference targets appear in the same 

tive and negative values for the PSE indicate that the test and the 

reference targets were perceived to be in the same direction when the test target was 

presented above and below the reference target, respectively. The above procedure was 

repeated at least twice for each of the interocular contrast ratios. 
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         The PSEs determined for the right- and the left-eye hyper test target disparities were 

plotted against the log of the interocular contrast ratio. Straight lines that minimized the 

sum of the squared errors were fit separately to the right- and the left-eye hyper disparity 

data.  The log contrast ratio at which the straight lines fit to the data for the right- and the 

left-eye hyper disparity intersected was obtained by solving for the contrast ratio from the 

slopes and the intercepts of the two fitted lines. The log contrast ratio at the intersection 

of the fitted straight lines indicates whether there are between-eye differences in 

weighting of retinal-position information. As for the weighting of retinal-position 

information for horizontal disparity described in Chapter 3, the expectation is that, if 

there are no between-eye differences in the weighting of retinal-position information, 

then the lines fit to the right- and the left-eye hyper disparity data should intersect at log 

contrast ratio of 0. However, if there are between-eye differences in the weighting of 

retinal-position information, then the contrast ratio at the intersection point gives an 

-position information is weighted more, as well as an 

estimate of the magnitude of weighting. Specifically, an intersection of the two lines at a 

log contrast ratio greater than 0 (value greater than 1 on a linear scale) indicates that, for 

the targets with right- and the left-eye hyper disparities to be seen in the same direction, 

the contrast in the left eye has to be relatively increased. This outcome implies that the 

- -position 

information by a magnitude related to the log contrast ratio at the intersection point. The 

opposite is true when the intersection point of the two straight lines lies at a point with a 

log value less than 0, or a linear value less than 1.  
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4.3. Results 

The PSEs obtained for each interocular contrast ratio for each subject are shown 

in Figures 4.2(i-x). As discussed in Chapter 3, the vertical offset of the PSEs at a log 

contrast ratio of 0 is attributed to idiosyncratic constant errors of alignment. These figures 

and Table 4.1. show the log contrast ratios at which the straight lines fit to the PSEs of 

the left- and right-hyper disparities intersect. The table indicates that the right and the left 

eye were given significantly higher weighting in 6 (BN, DJ, DN, DS, HB, and TP) and 1 

(LG) subject(s), respectively. The 95% confidence intervals show that the differences 

from equal weighting of retinal-position information were less than 0.07 log units in four 

(BN, HB, LG, TP) of the six subjects with a significant between-eye difference in 

weighting of retinal-position information. Additionally, a comparison of the 95% 

confidence intervals in Table 4.1. and Table 3.5.A. (in Chapter 3) show that there were no 

significant differences between the weighting obtained for horizontally and vertically 

disparate targets with different contrast ratios in the individual subjects. Although the 

slope of the orthogonal regression line fit to the weightings determined for targets with 

horizontal and vertical disparities was less than 1, the 95% confidence interval indicates 

that the difference was not significant statistically (Figure 4.3, r = 0.69, 95% CIs  for the 

slope = 0.17, 1.08).       

The average precision of the direction estimates for targets with right- and left-

hyper disparities were 2.420 + 1.059 and 2.377 + 1.087 arc min, respectively (Table 4.2a 

& 4.2b). The difference between these two values was not significant statistically. The 

precision of direction estimates was similar also for targets with horizontal and vertical 
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disparities. (See Tables 3.8A and 3.8B for the precision of direction estimates for 

horizontally disparate targets). 

Despite the similarities between the perceived OVD for horizontally and 

vertically disparate targets, there are significant differences in the slopes of the straight 

lines fit to the PSEs for horizontally and vertically disparate targets (mean + std dev of 

the unsigned slopes for horizontally and vertically disparate targets across different 

interocular contrast ratios are 2.932 + 0.516 and 4.303 + 0.600 arc min, respectively; tdf=9 

= 6.311, p < 0.001). Moreover, the average coefficient of determination and standard 

deviation of these coefficients for the straight-line fits for vertically disparate targets 

(0.860 + 0.086, 95% confidence intervals: 0.807, 0.914; range 0.639 to 0.937) is 

significantly larger than the average coefficients of determination for contrast-defined 

targets with horizontal disparity (tdf=9 = 3.18, p = 0.011). The average and the standard 

deviation of the coefficient of determination for horizontally disparate targets of 

difference contrasts were 0.696 + 0.155 (95% confidence intervals: 0.807, 0.914; Range 

0.639 to 0.937). 

 

         4.4. Discussion 

In this study, I measured the perceived OVD for vertically disparate targets, and 

determined whether the perceived OVD for horizontally and vertically disparate targets 

are similar. The findings indicate that the perceived OVD is influenced by vertical 

disparity, as shown previously by Sheedy and Fry (1979). However, the results of my 

study are not directly comparable with the study by Berends, van Ee and Erkelens (2002), 

as the reference frames for perceived direction are different (egocentric vs. oculocentric). 
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The findings show that the perceived OVD for horizontally and vertically disparate 

targets are similar. Evidence for similarities between the perceived OVD for vertically 

and horizontally disparate targets is provided by the existence of between-eye differences 

in weighting of retinal-position information and, by a shift in the perceived directions for 

targets towards the eye viewing the image with the higher contrast. These findings of 

between-eye differences in weighting of retinal-position information agree also with 

perceived OVD from the direction 

associated with the average of the retinal image locations in the two eyes in some 

subjects.  

In contrast to the data for horizontally disparate targets, a larger number of 

subjects exhibited between-eye differences in the weighting of retinal-position 

information from the two eyes for vertically disparate targets. Nonetheless, the difference 

from a log contrast ratio of zero was very small (< 0.07) in most subjects. Except for 

subject DS, who showed a significant between-eye difference for vertical disparity, the 

other two subjects who had relatively large between-eye differences for horizontally 

disparate targets also had significant differences for vertically disparate targets.  

The precision of direction judgments determined from the slopes of the 

psychometric functions was similar for targets presented with right-hyper and left-hyper 

disparities. These values are comparable to those obtained for horizontal disparity, and 

conform to the findings of other studies (McKee & Levi, 1987; Westheimer, 2005) that 

showed no systematic differences in Vernier acuities for horizontally or vertically 

separated targets.  
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The overlap between the 95% confidence intervals for the horizontally and 

vertically disparate targets for the 10 subjects who participated in both experiments 

indicates that the weighting of retinal-position information is similar for targets with 

horizontal and vertical retinal image disparity. Therefore, perceived OVD for binocularly 

disparate targets does not seem to be influenced substantially by the perception of 

stereoscopic depth. This outcome is consistent with the suggestion by Mansfield and 

Legge (1996) that perceived depth and direction are mediated by different mechanisms. 

Mansfield and Legge (1996) measured the perceived OVD and the perceived depth of 

targets placed on a disparity pedestal, and reported that they found different effects of 

interocular differences in retinal image contrast on OVD and perceived depth. 

Specifically, perceived OVD was affected much more by interocular contrast differences 

(a shift towards the eye that views the image with the higher contrast), whereas perceived 

depth remained relatively unaffected.   

As for the targets with horizontal disparity in the previous chapter, the perceived 

OVD for vertically disparate targets is based on fusion rather than suppression. The 

and Tyler (1981) for vertically disparate targets with a combination of low-spatial and 

high-temporal frequency content. However, none of the current subjects reported 

diplopia. As for the targets with horizontal disparity, the maximum PSEs also were not 

close to one half of the target disparity, and the slopes of the psychometric function (see 

below) were not equivalent to the target disparity of 10 arc min. Both these factors 

indicate an absence of either complete or alternating suppression. In contrast, Sheedy and 

Fry (1979) presented line targets with high spatial frequency edges for an unlimited 
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viewing time, and also for a shorter duration of 150 ms. They reported that some of their 

subjects perceived diplopia for targets with 5-7 arc min of vertical image disparity and no 

averaging of directions for targets with more than 7 arc min disparity, even when the 

target was presented for an unlimited viewing time. Their finding disagrees with Rose 

-position information occurs for 

flashed targets that are horizontally diplopic.16 

In spite of these similarities of perceived OVD for horizontally and vertically 

disparate targets, some differences between the measurements for vertically and 

horizontally disparate targets were found. Firstly, slopes of the best-fit straight lines to 

e steeper for vertical than horizontal disparities of the test target, 

indicating a larger shift in perceived direction for the same interocular contrast ratio and 

test target disparity when the direction of disparity is vertical. My findings for horizontal 

disparity are in agreement with the findings of Mansfield and Legge (1996) (See Chapter 

3), and the relatively larger shifts found with vertically-disparate targets qualitatively 

2006, 2007) 

used vertically disparate gratings with 11 arc min disparity, and found PSEs of 

approximately 10 arc min. However, why this difference between the PSEs of 

horizontally- and vertically-disparate targets exists is unclear.  

Secondly, the limits of the 95% confidence intervals for vertically disparate 

targets for each subject are smaller than those found for horizontally disparate targets. 

                                                 
16 This statement assumes that the perceived OVD is similar for horizontally and vertically 
disparate targets as shown in this chapter. 
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The smaller difference for the limits of the 95% confidence intervals for vertically 

disparate targets is attributable to the better fits provided by the straight lines.  

Furthermore, significantly higher coefficients of determination were obtained for 

targets with vertical than horizontal disparities, despite the similarity of precision of 

direction measurements for vertically and horizontally disparate targets. The straight-line 

fits take into account the precision of the PSEs with respect to one another for a specific 

contrast ratio, and also the variability of the PSEs across multiple contrast ratios. A larger 

variability of PSEs across different interocular contrast ratios would add up increasing the 

sum of squared errors, for the same precision between the PSEs. This might explain the 

inconsistency between the different coefficients of determination for horizontally- and 

vertically-disparate targets with the same amount of precision in direction estimates.  

In conclusion, this study shows that the perceived direction of vertically disparate 

targets shift towards the eye that views the image with the higher contrast, just as for 

targets with horizontal disparity. Some subjects show between-eye differences in the 

weighting of retinal-position information for targets presented with vertical disparity, and 

the same subjects who show large between-eye differences in the weighting of retinal-

position information for horizontally disparate targets also tend to show differences for 

vertically disparate targets. The similar influence of vertical and horizontal disparity 

targets indicates that perceived OVD is not influenced substantially by the perception of 

stereoscopic depth.  
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Table 4.1. Contrast ratio for equal retinal contribution and coefficients of determination. 
Intersection points of left- and right-hyper disparity & coefficient of determination of the best-fit 
straight lines for each subject. The averaged left- and right-hyper disparity data were used to 
estimate the coefficient of determination. 

 
 
 

Sub. Left-hyper 
Slope (Intercept)  

 Right-hyper 
 Slope (Intercept) 

Intersection Point  
(95 % C I) Log units 

Coefficient of 
determination 

BN -4.576 (0.853) 3.809 (0.330) 0.062 (0.001, 0.125) 0.843 
DJ -4.347 (1.248) 3.759 (-0.198) 0.178 (0.059, 0.316) 0.875 
DN -4.454 (0.633) 3.615 (-0.839) 0.182 (0.075, 0.295) 0.639 
DS -4.166 (1.932) 4.256 (-0.030) 0.233 (0.194, 0.271) 0.876 
HB -3.776 (0.847) 4.672 (0.265) 0.069 (0.017, 0.124) 0.919 
JG -3.920 (-0.106) 3.872 (0.079) -0.024 (-0.104, 0061) 0.880 
JQ - - - - 
JW - - - - 
KI -3.235 (0.843) 5.484 (0.687) 0.018 (-0.082, 0.108) 0.814 
LG -4.030 (0.008) 3.698 (0.516) -0.066 (-0.139, -0.001) 0.897 
NP -4.130 (0.722) 4.285 (0.887) -0.020 (-0.072, 0.028) 0.924 
QL     
TP -6.729 (1.031) 5.166 (0.776) 0.021 (0.002, 0.204) 0.937 
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Table 4.2. Precision of direction estimates. 
(a) Mean Vernier acuity for contrast-varying targets presented with vertical disparity, and (b) Confidence intervals of the Vernier acuity, shown 
for each subject.  
                     
                    a.                                                                                         b.                
                  

 
Subject 

LE hyper 
disparity:  

Mean 
 (Std Dev) 
Arc min 

RE hyper 
disparity:  

Mean  
(Std Dev) 
Arc min 

BN 1.837 (0.857)  1.544 (0.814) 
DJ 2.082 (1.034) 1.906 (0.402) 
DN 4.797 (0.981) 4.632 (1.137) 
DS 1.631 (0.993) 1.538 (0.288) 
HB 1.840 (0.569) 1.838 (1.053) 
JG 2.173 (0.777) 1.885 (0.819) 
JQ - - 
JW - - 
KI 2.311 (0.830) 2.564 (0.523) 
LG 3.906 (1.048) 4.010 (1.590) 
NP 1.721 (1.064) 1.544 (1.284) 
QL - - 
TP 1.906 (0.689) 2.305 (1.147) 
Mean 2.420 2.377 
SD 1.059 1.087 
SEM 0.335 0.344 
95% CI 1.764, 3.077 1.703, 3.050 

 
 

Subject 

 
LE hyper disparity:  

Std Error 
Arc min 
(95% CI) 

 
RE hyper disparity: 

  Std Error 
Arc min 
(95% CI) 

BN    0.271 (1.305, 2.368) 0.257 (1.039, 2.048) 
DJ  0.327 (1.441, 2.723) 0.127 (1.657, 2.155) 
DN 0.296 (4.217, 5.377) 0.343 (3.960, 5.304) 
DS 0.314 (1.015, 2.247) 0.091 (1.359, 1.716) 
HB 0.180 (1.488, 2.193) 0.333 (1.186, 2.491) 
JG 0.246 (1.691, 2.654) 0.259 (1.377, 2.392) 
JQ - - 
JW - - 
KI 0.262 (1.796, 2.825) 0.165 (2.888, 2.240) 
LG 0.289 (3.339, 4.473) 0.425 (3.177, 4.843) 
NP 0.337 (1.061, 2.380) 0.406 (0.748, 2.340) 
QL - - 
TP 0.208 (1.499, 2.313) 0.346 (1.628, 2.983) 
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F igure 4.1. Stimuli for measurement of perceived OVD with vertically-disparate targets. 
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F igures 4.2 (i-x). Contrast ratios related to equal weighting of retinal information from the two eyes. 
PSEs and intersection points of the PSEs for left- and right-hyper targets presented with vertical disparity in individual subjects.  
 
     i.         ii.       iii. 

    
                                     
 
             iv.                      v. 
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F igure 4.3. Between-eye differences for horizontally and vertically disparate targets.  
Between-eye differences in weighting of retinal-position information obtained for contrast targets 
with horizontal disparity versus vertical disparity. Each circle represents one subject. The dashed 
and the bold lines indicate the 1:1 relationship, and the best-fit orthogonal regression lines, 
respectively. 
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CHAPTER 5 

5.1. Introduction 

Ocular dominance is defined as the preference of one eye over the other during 

normal viewing conditions (Banks, Ghose & Hillis, 2003; Porac & Coren, 1976; Walls, 

1950). Previous studies on perceived egocentric visual direction assume that the 

perceived direction is judged from the midpoint of the two eyes, or from an imaginary 

cyclopean eye. In turn, the shift in the perceived direction from the midpoint of the two 

eyes (or the cyclopean eye) during monocular or binocular viewing is thought by some 

authors to reflect ocular dominance. For example, as mentioned in Chapter 3, Charnwood 

(1949) found a qualitative shift in the perceived EVD towards the eye the image with a 

higher luminance or lesser blur and attributed this shift to ocular dominance. Similarly, 

reported that a larger decrease in luminance was required for an image in the dominant 

versus the non-dominant eye to shift the perceived direction from the direction associated 

with the midpoint of the two eyes. Ding and Sperling (2006, 2007) averaged their data 

sumed to occur due to ocular 

dominance, even though no ocular dominance measurements were made in their study.   

 Other studies on visual direction explain their results based either on a motor 

dominance or on a sighting dominance. Specifically, Helmholtz (1910/1962) reported 

that during monocular viewing that he noticed a qualitatively larger shift in the perceived 

suggested anecdotally that the perceived EVD during monocular viewing shifts from a 
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the perception of space.17 Furthermore, Walls (1950) suggested that in subjects with 

equal dominance, the perceived position of the reference location is likely to fluctuate 

along the interocular axis. 

Pickwell (1972) proposed that asymmetries in saccades that might occur during 

asymmetric vergence might be the result of the reference location (or the cyclopean eye) 

being shifted towards the dominant eye. Pickwell predicted that the saccadic excursions 

would be smaller when targets are aligned in front of the dominant eye vs. the non-

dominant eye.  

However, the results of the study by Francis and Harwood (1951) and those of 

several others shows that the dominant eye is not constant across different tasks 

(Barbeito, 1981; Coren & Kaplan, 1973; Fagard, Khan & Crawford, 2001; Li et al., 2010; 

Mapp, Ono & Barbeito, 2003; Mansfield & Legge, 1996; Malott, Clare & Lowther, 1996; 

Monzalvo-Lopez & Mamassian, 2008; Pointer, 2007; Porac & Coren, 1976, 1986; Purves 

& White, 1994; Rice et al., 2008; Robboy, Cox & Erickson, 1990; Seijas et al., 2007; 

Suttle, Alexander, Liu, Ng, Poon & Tran, 2009; Walls, 1951; Washburn, 1934; Yang, 

Blake & McDonald, 2009). Francis and Harwood (1951) reported discrepancies in 

relatively better acuity was termed the dominant eye), and the eye that required a greater 

decrease in luminance to shift the perceived EVD from the midpoint of the two eyes in 

                                                 
17 The results in the first chapter on perceived EVD indicated that the shift of perceived EVD 
during monocular viewing occurs generally regardless of which eye is occluded. 
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some subjects. Similarly, Mansfield & Legge (1996) found the right eye to be dominant 

for pointing in all three of their subjects, whereas their data indicate that one of their three 

subjects placed a greater weighting on the retinal-position information from the left eye. 

As another example, Suttle et al. (2009) found poor correlations between different 

estimates of sensory ocular dominance. They measured monocular resolution acuity 

using Snellen letters, contrast sensitivity and Vernier acuity. Based on the interocular 

differences in thresholds, they determined whether subjects exhibited eye dominance for 

any of the three tasks. They found that four, one and none of their twenty-one subjects 

had a significant interocular difference in thresholds for resolution, contrast sensitivity 

and Vernier tasks. More recent studies (Li et al., 2010; Yang, Blake, McDonald et al., 

2009) quantified dominance using the thresholds obtained on other psychophysical tasks. 

Specifically, Yang et al. (2009) measured reaction times for detecting a test target when 

the target presented simultaneously in the other eye was dissimilar (binocular rivalry 

task). Approximately one-third of 88 subjects had a difference in the reaction times for 

detecting the test target when it was presented to the right versus left eye, suggesting a 

dominance of the information from one eye over the other. However, they reported poor 

agreement between these results and contrast sensitivity thresholds or sighting dominance 

measured by a hole-in-the-card test. In another study, Li et al. (2010) quantified ocular 

dominance using motion thresholds during dichoptic viewing. In this task, coherent 

random dots were presented to one eye, while the other eye viewed non-coherent random 

dots. After the subject fused the dichoptic targets, he/she was asked to report the direction 

of motion of the coherent dots. The dominant eye required fewer coherent dots to detect 

motion. Based on the ratio of the motion thresholds, subjects were classified as having no 
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ocular dominance, a weak dominance or a strong ocular dominance. The motion 

threshold ratios selected to classify subjects into the three categories were chosen 

arbitrarily. Li et al. (2010) compared these thresholds with six other measures of 

dominance, including hole-in-the-card, Worth four dot test, and near point convergence 

test. Li et al. (2010) reported that only approximately one-third of their subjects have a 

strong dominance in the motion threshold task and that these subjects tend to have the 

same eye as dominant across different tasks.18  

Previously, Enright (1998) conducted the experiment proposed by Pickwell 

(1972), and asked his subjects to estimate the perceived straight-ahead when the targets 

for asymmetric vergence was placed in front of the dominant-eye and non-dominant eye. 

Enright (1998) found a shift in the straight-ahead settings. However, the variation was 

unrelated to ocular dominance assessed by a pointing test. Moreover, Enright (1998) did 

not find a relationship between saccadic asymmetries measured using a video-recording 

system and the location of the egocenter (or reference location/cyclopean eye), as 

Pickwell (1972) had proposed.  

In this chapter, it was determined whether the between-eye differences in the 

weighting of eye-position and retinal-position information are similar to three other 

measures of ocular dominance. The three measures used were a hole-in-the-card test, 

monocular contrast sensitivity, and monocular blur-suppression tests. These tests were 

specifically chosen so that the targets used were either identical to the dichoptic viewing 

condition (monocular blur-suppression test) used in the previous experiment, or were 

                                                 
18 Yang et al. (2009) do not report measures agreement in subjects with a stronger dominance 
with different tasks.  
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commonly used clinical (hole-in-the-card test) or psychophysical (contrast sensitivity 

test) measurements.  

 

5.2. Methods 

 Table 5.1 indicates the number of subjects who participated in each of the three 

experiments described below. 

a. Hole-in-card test: The subject held a blank opaque paper card with a 3 cm diameter 

ed a single 20/50 Snellen letter from a 

distance of 10 feet (Handa et al., 2004; Li et al., 2010; Kawata & Ohtsuka, 2001; Rice, 

Leske, Smestad & Holmes, 2008; Scheidmann, 1931; Seijas et al., 2007; Yang et al., 

2008). The eye that the subject preferred to view the letter through the circular hole was 

classified as the dominant eye. Each subject repeated the test four times.  

 

b. Contrast sensitivity test: Monocular contrast sensitivity was measured separately for 

the right and left eye using a target similar to the blurred line used for the experiment on 

oculocentric direction, described in Chapter 3. This blurred line was enclosed within a 

square (57 arc min x 57 arc min), to aid in localizing the line. The square was separated 

from the cross by 1.1 deg to ensure that presence of the peripheral square did not interfere 

with the detection of the line. The line and the peripheral square were presented on a 

background with 8 cd/m2 luminance. The square had a constant luminance of 12 cd/m2 

(50% Weber contrast) and the initial contrast of the blurred line was randomized from 

trial-to-trial (Figure 5.1). Each set of measurements consisted of three trials. For each set 

of trials, one eye was chosen pseudorandomly, and the target was presented to this eye. 
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After the subject pressed a button on the button box to initiate the trial, the blurred line 

and the square appeared simultaneously for an unlimited duration. The subject then 

pressed either the right or the left button to decrease or increase the contrast by the 

method of adjustment so that the blurred line was just seen. The contrast threshold for 

each eye was measured separately for four times and averaged. The ratio of the averaged 

contrast thresholds (Left eye/Right eye) gave an estimate of which eye was dominant as 

well as the relative magnitude of dominance. Specifically, a contrast ratio of 1 indicates 

equal dominance. Contrast ratios less than and greater than 1 indicate left and right eye 

dominance, respectively.  

 

c. Blur-suppression test: A variation of the test described by Schor, Landsman and 

Erickson (1987) was used to quantify ocular dominance, using blurred targets. The target 

for this experiment consisted of a dichoptic fixation cross enclosed within a square and 

presented at a distance of 50 cm on a background with a luminance of 8 cd/m2. Each limb 

of the cross was approximately 45 arc min long and 5 arc min wide. The cross for one 

eye was kept unblurred and had 50% contrast with respect to the background. The cross 

for the other one eye was convolved with a two dimensional Gaussian (Bennett & 

Quigley, 2008; Coppens & van den Berg, 2004) with a standard deviation of 8.75 arc 

min, to produce a full width at half height of 20.63 arc min which is approximately 

equivalent to a point spread function (PSF) for a 1.50 D blurred target,19 assuming a pupil 

size of 4 mm (Cheng, Thibos & Bradley, 2003; Smith, 1991; Smith, Jacobs & Chan, 

                                                 
19 The amount of blur was chosen because previous studies (Schor, Erickson & Landsman, 1987 
and Simpson, 1992) demonstrated that 1.50 D of anisometropic blur is sufficient to produce 
suppression of the blurred target. 
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1989).20 As for the contrast sensitivity task, a peripheral fusion lock surrounded the 

dichoptic targets (Figure 5.2). 

The experiment consisted of 8 trials, and the blurred target was presented four 

times each to the right and left eye. The initial contrast of the filtered target, as well as the 

eye viewing the blurred image was randomized. As for the dominance measurement by 

contrast sensitivity test, the subject initiated a trial by pressing a button on the button box. 

The targets appeared and the subject altered the contrast of the monocularly blurred 

target, by the method of adjustment, until the superimposed target just appeared clear. 

The threshold was  

Blurred target maximum luminance  Background luminance 
Background luminance 

 
The thresholds from the four trials on which the blurred target was presented to the right 

and left eyes were averaged separately. The eye that viewed the blurred target was 

randomized from trial-to-trial. The direction (right versus left eye) and magnitude of 

dominance was estimated from the ratio of thresholds when the left and the right eyes 

(LE/RE) viewed the blurred target. Ratios of 1, more than 1, and less than 1 indicated 

equal dominance, right eye dominance and left eye dominance, respectively. The 

prediction is that the eye that is dominant should be better able to suppress blur, and 

therefore would have a lower blur-suppression threshold than the other eye. 

 
                                                 
20 The width of the point-spread function was calculated using the formula for blur circle (Smith, 
Jacobs & Chan, 1989; Smith, 1991). The diameter of the blurred circle corresponds to the full-
width at half-height of the point spread function (PSF), and was calculated using the following 
formula:  

Blur disc diameter (arc min) = 3.438 * Pupil diameter (mm) * Defocus (Diopters) 
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5.3. Results 

Each subject consistently used the same eye for sighting on the four trials for the 

hole-in-the-card test. Ocular dominance determined quantitatively as the log ratio of the 

contrast and the blur-suppression thresholds in the two eyes, ranged across subjects from 

-0.27 to 0.30 and from -0.62 to 0.25 log units, respectively. These two dominance 

measures do not exhibit significant correlation (r = -0.46, p = 0.16). 

Table 5.1 compares the qualitative agreement between the three different 

measures of eye dominance and the weighting of eye-position and retinal-position 

information that were determined in Chapters 2, 3 and 4. As can be seen in the table, the 

direction of eye dominance (right or left) did not consistently agree with the eye that was 

given higher weighting for eye-position or retinal-position information.  

This outcome is further exemplified in Table 5.2, Figure 5.3a-d, and Figure 5.4a-

d, which show the quantitative relationship between the different measures of ocular 

dominance and weighting of eye-position and retinal-position information across all 

subjects.21 Orthogonal regressions (Figure 5.3) failed to show a significant relationship 

for the log contrast-detection threshold ratio with the log weighting of eye-position 

information (slope = -0.72, r = -0.27), log weighting of retinal-position information with 

horizontally-disparate contrast targets (slope = -0.92, r = -0.52), horizontally disparate 

luminance targets (slope = -0.92, r = -0.37) or with vertically-disparate contrast targets 

(slope = -1.70, r = -0.39). 

On the other hand, a significant positive relationship exists between the log blur-

suppression threshold ratios and the weighting of retinal-position information as 
                                                 

        21 Error bars were not considered for analyzing these relationships.  
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determined for luminance-varying targets (r = 0.69, p = 0.028; slope = 0.81, 95% 

confidence interval for slope: 0.215, 1.756, Figure 5.4 c). Similar positive relationships 

exist for the log blur-suppression threshold ratios with the log weighting of eye-position 

information (r = 0.52; slope = 1.14, 95% confidence interval for slope: -0.106, 2.403), 

retinal-position information determined for horizontally-disparate contrast-varying targets 

(r = 0.52; slope = 1.46, 95% confidence interval for slope: -0.055, 1.423), and with 

vertically disparate contrast-varying targets (r = 0.52; slope = 2.65, 95% confidence 

interval for slope: -0.601, 5.892, but none of these relationships achieve statistical 

significance (Figure 5.4 a,b,d). 

 

5.4. Discussion 
 

 In this chapter, it was compared whether agreement exists between different 

measures of ocular dominance and relative weighting of eye-position and retinal-position 

information. In general, it was found that more subjects place a larger weighting of either 

the eye-position or retinal-position information from the right eye compared to their left 

eye. Some previous studies (Carey, 2001; Ehrenstein, Arnold-Schulz-Gahmen & 

Jaschinski, 2005; Rubin & Walls, 1969; Valle-Inclán et al., 2008) also report a relatively 

larger number of subjects with right eye dominance.  

Walls (1950) suggested that subjects with weak eye dominance might show an 

inconsistent performance with the hole-in-the-card test. However, none of the subjects in 

our study showed any inconsistencies and preferred the same eye for sighting on all four 

trials.  
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The thresholds that were obtained for the monocular contrast sensitivity task 

agrees quantitatively with contrast detection thresholds reported previously using targets 

with identical spatial frequency (Levi & Klein, 1990).   

In this chapter, between-eye differences were found in subjects for both contrast 

thresholds and blur-suppression thresholds. In contrast, Schor et al. (1987) did not find 

any between-eye difference monocular blur thresholds before adaptation to the blur. 

dominance tend to have the same eye as dominant across different tasks, subjects in our 

study with relatively larger difference in weighting of retinal-position information 

exhibited inconsistencies between the different ocular dominance tests.  

In conclusion, my results show that the weighting of eye-position and retinal-

position information and the different measures of ocular dominance do not agree with 

each other, even in subjects who had a larger between-eye difference in weighting of 

retinal-position information. These results are consistent with previous studies that 

different measures of ocular dominance do not generally agree well with one another.  
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Table 5.1. Qualitative comparison of weighting and dominance measures. 
Percentage of subjects displaying agreement between different measures of ocular dominance and 
eye-position and retinal-position information weighting. Values in parentheses indicate the 
number of subjects who exhibited agreement/number of subjects for each comparison. 

 

 

 

 

 

 

 

 
Note. Subject JW with anisometropia was classified as an outlier in the experiment on the weighting of 
retinal-position information for luminance-defined targets. Consequently, her data are not included in the 
table for the comparisons between eye dominance and the relative weighting of retinal-position information 
for targets of different luminance. JW exhibited right-eye dominance on each of the three eye-dominance 
tests, in agreement with her results for relative weighting of eye position and retinal-position information. 
 

 Hole-in-
the-card  

Contrast 
Sensitivity  

Monocular 
blur  

Eye-position weighting 
 

61.54 
(8/13) 

54.54 
(6/11) 

63.63 
(7/11) 

 
Retinal-
position 
information 
weighting  

Contrast: 
Horizontal 
Disparity 

61.54 
(8/13) 

54.54 
(6/11) 

54.54 
(6/11) 

Luminance: 
Horizontal 
disparity 

63.63 
(7/11) 

60   
 (6/10) 

50 
(5/10) 

Contrast: 
Vertical 
disparity 

60 
(6/10) 

55.55 
(5/9) 

55.55 
(5/9) 
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                Table 5.2. Eye-dominance with hole-in-the-card test, and thresholds for monocular blur-suppression and contrast detection. 
 
 

 
 

 
 
Subject 

 
Hole-in-
the card 

test 
 

 
Monocular blur-suppression thresholds 

 
Monocular contrast thresholds 

 
Right eye blur 
(Mean + SD; 

95 % CI) 

Left eye blur 
(Mean + SD; 

95 % CI) 

Left eye / Right 
eye 

Right eye 
(Mean + SD; 

95 % CI) 

Left eye 
(Mean + SD;    

95 % CI) 

Left eye / Right 
eye 

BN Right 0.289 + 0.110 
(0.181, 0.397) 

0.208 + 0.429 
(-0.212, 0.628) 

0.719 
(-0.035, 1.474) 

0.026 + 0.003 
(0.023, 0.029) 

0.289 + 0.110 
(0.181, 0.397) 

 2.000 
(-0.119, 4.119) 

DJ Right 0.130 + 0.050 
(0.081, 0.179) 

0.231 + 0.042 
(0.190, 0.272) 

1.776 
(1.399, 2.155) 

0.063 + 0.013 
(0.050, 0.076) 

0.034 + 0.003 
(0.031, 0.037) 

0.540 
(0.479, 0.600) 

DN Right 0.261 + 0.045 
(0.217, 0.305) 

0.306 + 0.156 
(0.153, 0.459) 

1.172 
(0.857, 1.488) 

0.026 + 0.006 
(0.020, 0.032) 

0.031 + 0.005 
(0.026, 0.036) 

1.192 
(1.024, 1.360) 

DS Right 0.203 + 0.047 
(0.157, 0.249) 

0.253 + 0.062 
(0.192, 0.314) 

1.246 
(1.036, 1.456) 

0.030 + 0.002 
(0.028, 0.032) 

0.037 + 0.003 
(0.034, 0.040) 

1.233 
(1.169, 1.298) 

HB Left 0.444 + 0.301 
(0.149, 0.739) 

0.301 + 0.053 
(0.249, 0.353) 

0.678 
(0.441, 0.915) 

0.029 + 0.008 
(0.021, 0.037) 

0.029 + 0.004 
(0.025, 0.033) 

1.000 
(0.846, 1.154) 

JG Right 0.311 + 0.053 
(0.251, 0.371) 

0.380 + 0.039 
(0.336, 0.424) 

1.220 
(1.082, 1.362) 

0.039 + 0.008 
(0.030, 0.048) 

0.041 + 0.007 
(0.033, 0.049) 

1.051 
(0.889, 1.213) 

JQ Left           - 
 

           - - - - - 

 JW Right 0.306 + 0.135 
(0.174, 0.438) 

0.333 + 0.085 
(0.250, 0.416) 

1.088 
(0.811,1.366)  

0.029 + 0.002  
(0.027, 0.031) 

0.041 + 0.001  
(0.040, 0.042) 

1.414 
(1.362, 1.466) 

KI Right 0.106 + 0.093 
(0.015, 0.197) 

0.025 + 0.025 
(0.001, 0.050) 

0.237 
(0.079, 0.393) 

0.028 + 0.003  
(0.025, 0.031) 

0.037 + 0.009  
(0.028, 0.046) 

1.321 
(1.146, 1.497) 

LG Right - 
 

- - - - - 

NP Right 0.389 + 0.085 
(0.306, 0.472) 

0.272 + 0.141 
(0.134, 0.410) 

0.700 
(0.503, 0.896) 

0.032 + 0.003 
(0.029, 0.035) 

0.046 + 0.006 
(0.040, 0.052) 

1.437 
(1.322, 1.553) 

QL Right - 
 

- 0.890 0.077 0.093 1.208 

TP Right 0.311 + 0.053 
(0.259, 0.363) 

0.264 + 0.089 
(0.177, 0.351) 

0.848 
(0.689, 1.009) 

0.023 + 0.011 
(0.012, 0.034) 

0.036 + 0.006 
(0.030, 0.042) 

1.565 
(1.169, 1.962) 
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F igure 5.1. Stimuli for measurement of dominance by contrast detection thresholds. 
 
 

 
 
 
 
 

F igure 5.2. Stimuli for measurement of dominance by blur-suppression. 
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F igure 5.3. Comparison of contrast detection thresholds and weighting. Comparison of log contrast threshold ratios with weighting of (a) 
eye-position information, (b) retinal-position information with horizontally disparate targets of different contrast, (c) retinal-position information 
with horizontally disparate targets of different luminance, and (d) retinal-position information with vertically disparate targets of different contrast. 
Each point represents one subject. The dashed line in each plot shows the 1:1 relationship.  

 a.                                                                                                        b.                                                 

                  
                    c.                                                                                                        d. 
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F igure 5.4. Comparison of blur-suppression thresholds and weighting. Comparison of log blur-suppression threshold ratios with weighting 
of (a) eye-position information, (b) retinal-position information with horizontally disparate targets of different contrast, (c) retinal-position 
information with horizontally disparate targets of different luminance and (d) retinal-position information with vertically disparate targets of 
different contrasts. Each point represents one subject. The dashed line shows the 1:1 relationship. The bold line in each figure is an orthogonal 
regression line. 
                    a.                                                                                                b. 

                                                 
                     c.                                                           d.  
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CHAPTER 6 

6.1. Introduction  

Perceived egocentric visual direction (EVD) is based on the combination of 

retinal-position information and the information about the position of the eyes in the 

orbit.  

During binocular viewing condition, as reported in Chapter 2, it was found that 

whether the eye- 32 is taken into account 

completely or not depends on which eye is deviated. I attributed this between-eye 

difference in the consideration of the eye-position information from the deviated eye to a 

difference in the weighting of the eye-position information from the two eyes. Similarly, 

in the third and fourth chapters, it was reported that in some subjects, a difference in the 

weighting of the retinal-position information from the two eyes occurs for the 

determination of the perceived OVD.       

Even though several previous studies (Barbeito & Simpson, 1991; Charnwood, 

1949; Francis & Harwood, 1951; Ono & Weber, 1981; Mansfield & Legge, 1996; 

Verhoeff, 1933) evaluated the contributions of eye-position information and retinal-

position information towards the perceived EVD during binocular viewing, none of these 

studies addressed whether the weighting of these two sources of information vary with 

respect to one another. An implicit assumption that is sometimes made in the literature is 

that the weighting of both the position information and the retinal-position information 

from each eye covary similarly from subject to subject. The purpose of this chapter is to 

                                                 
32 Similar to Chapter 2, the deviated eye is defined as the eye that deviates from straight-ahead. 



Eye-Position and Retinal-Position Information Combination 

 201 

determine whether the contributions of retinal and eye-position information covary within 

the same subjects. If both sources of information vary similarly both qualitatively and 

quantitatively, then it might help to maintain the perceived EVD of an object in space to 

be veridical. 33  

 

6.2. Methods 

             The data obtained from the experiment on the contribution of eye-position 

information to the perceived EVD in Chapter 2, and the results of the experiment on the 

contribution of retinal-position information towards the perceived OVD in Chapters 3 

and 4 were compared. 

            Thirteen subjects participated in the experiment on the contribution of eye-

position information (Appendix Table A.I), and the same thirteen subjects participated in 

the experiment on the contribution of retinal-position information towards the perceived 

OVD, when targets were presented with different interocular contrast ratios. Twelve of 

the 13 subjects performed the experiment on the eye-specific contribution of retinal-

position information when the targets were presented with different luminance ratios 

(Appendix Table A.I). 

             The following two paragraphs provide a summary of the experiments in Chapters 

2 and 3. The contribution of eye-position information from both eyes during binocular 

viewing was measured using open-loop pointing errors to a target presented in complete 

                                                 
33 The perceived EVD is reported to be non-veridical in subjects with clinical conditions such as 
acquired lateral rectus palsy (von Noorden, 1970), and vestibular disorders (Hörnsten, 1979). 
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visual direction. Table 2.4.a. shows a summary of the results of the experiment reported 

in Chapter 2. Ratios of slopes of, more and less than 1 indicate equal weighting of eye-

position information from both eyes, greater weighting of eye-position information from 

the right eye, and greater weighting of the eye-position information from the left eye, 

respectively.  

             The contribution of retinal-position information from the two eyes to the 

perceived OVD was determined using an alignment task for horizontally disparate targets 

presented with different interocular contrast and luminance ratios. Subjects reported 

whether targets falling on slightly non-corresponding points appeared in the same 

direction another target falling on corresponding retinal points. The results were 

compared using three models. For all three models, values equal to 1, less than 1, and 

more than 1 indicate equal weighting of retinal-position information from the two eyes, 

greater weighting of retinal-position information from the left eye, and greater weighting 

of the retinal-position information from the right eye, respectively.  

            The contributions of eye-position information and retinal-position information 

from the two chapters mentioned above are compared in the following section. For the 

contribution of retinal-position information towards the perceived OVD, the weighting 

obtained with the straight-line model is used, because this model provided the best fit to 

the data when compared with the other two models. The data of the subject with 

anisometropia (JW, Table A.I) is not used for comparison. 
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6.3. Results 

             The ratio of the slopes of the pointing errors was converted to a log scale to make 

the results of the experiments on eye-position and retinal weighting comparable. Figures 

6.1-6.3 show how the contributions of eye-position information covary with the retinal-

position information when contrast- and luminance-varying targets presented with 

horizontal disparity, and for contrast-varying targets with vertical disparity. 

Of the 13 subjects in the study, 6 subjects showed a between eye difference in the 

weighting of weighting of eye-position information. Of these 6 subjects, four subjects 

also showed a between-eye difference in the weighting of retinal-position information for 

contrast-defined targets.  

Across the 13 subjects, the contribution of eye-position and retinal-position 

information for contrast-varying targets with horizontal disparities covaries 

quantitatively. The relationship between the eye-position and the retinal-position 

information was statistically significant (Figure 6.1, Slope = 0.80, 95% CI = 0.21, 1.39, r 

= 0.63 95% CI = 0.12, 0.88, p = 0.02).  

Figure 6.2 shows that the contribution of eye-position and retinal-position 

information covaries qualitatively in 11 subjects who performed the oculocentric 

direction experiment for a target that had different interocular luminance instead of 

contrast ratios. As for the contrast experiment, the relationship between the eye-position 

and the retinal-position information was statistically significant (Figure 6.2, Slope = 1.39, 

95% CI = 0.85, 2.12; r = 0.76, 95% CI = 0.29, 0.93, p = 0.007).  
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A similar quantitative agreement was observed between the weighting of eye-

position information and contrast-varying targets with vertical disparities (Figure 6.3, 

Slope = 0.61, 95% CI = 0.11, 1.10, r = 0.65, 95% CI = 0.04, 0.91, p = 0.04).  

 

6.4. Discussion 

-position and retinal-

position information from the two eyes contribute equally to perceived EVD. This 

assumption implies also that the eye-position and retinal-position information from the 

two eyes covaries. Previous experiments on binocular visual directions (Barbeito & 

Simpson, 1991; Charnwood, 1949; Francis & Harwood, 1951; Hariharan-Vilipuru & 

Bedell, 2009; Ono & Weber, 1981; Mansfield & Legge, 1996; Verhoeff, 1933) are based 

on assumptions that the eye position and the retinal-position information vary similarly in 

the same subjects.  

In this chapter, it was tested whether the eye-position and retinal-position 

previous studies. The comparison of the results of my experiments on the contribution of 

eye-position and the retinal-position information shows that both sources of information 

vary similarly in the same subjects. 
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F igure 6.1. Comparison of between-eye differences in eye-position and retinal-position 
information for contrast-varying horizontally disparate targets  
 

 
 
F igure 6.2. Comparison of between-eye differences in eye-position and retinal-position 
information for luminance-varying horizontally disparate targets  
 

          
 
F igure 6.3. Comparison of between-eye differences in eye-position and retinal-position 
information for contrast-varying targets with vertical disparity. 
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CHAPTER 7 
 
7.1. Introduction 

In the previous chapters, it was reported that eye-position and retinal-position 

information from each eye contribute to perceived EVD and OVD, respectively, in all 

subjects with normal binocular vision during binocular viewing. However, the 

contribution of the eye-position information from each eye was not identical in some 

subjects (Chapter 2). Similarly, there were between-eye differences in the contribution of 

retinal-position information from the two eyes in some subjects (Chapters 3, 4). The 

contributions of the eye-position and retinal-position information within the same 

subjects were compared, and it was established that the relative contributions of the eye-

position and the retinal-position information to the perceived EVD co-vary in most 

subjects as had been generally assumed.  

In another experiment (in Chapter 1), the contribution of the non-

position information to the perceived EVD in subjects with heterophoria was measured. It 

was found that, during monocular viewing, the position information of the non-viewing 

may be taken into account to determine the perceived 

laws. This result suggests that the position information from the deviated eye is taken into 

account even in the complete absence of retinal-position information due to occlusion of 

the deviated eye. However, I found that the non-

taken into account completely in some subjects. 

Some of the subjects in these studies showed a difference in the contribution of 

eye-position information for the monocular and binocular viewing conditions. 
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Specifically, in these subjects, the position information from the eye that changed its 

position during binocular viewing was taken relatively more into consideration when 

compared to the contribution from the exophoric eye during monocular viewing. One 

difference between the two conditions is the availability of retinal-position information 

for both eyes during binocular viewing and the non-availability of retinal-position 

information for one eye during monocular viewing.  

An intermediate condition between availability and non-availability of retinal-

position information is the suppression of retinal-position information. During 

suppression, there is retinal information for both eyes, but the retinal information from 

one eye is actively suppressed cortically. Rivalry suppression is seen in normal subjects 

& 

Parker, 2008; Blake & Logothetis, 2002; Fahle, 1982; Helmholtz, 1910/1962; Müller, 

1842; Le Conte, 1897; Schor, 1977, 1978; Smith, Fern, Manny, & Harwerth, 1994; 

Smith, Levi, Manny, Harwerth & White, 1994; Stuit, Cass, Paffen & Alais, 2009; Wolfe, 

1986). Subjects with strabismus exhibit clinical suppression to avoid diplopia that would 

occur as a result of similar images falling on non-corresponding retinal points and 

confusion from dissimilar images falling on corresponding retinal points when one eye is 

deviated (Cooper, Feldman & Pasner, 2000; Hess, 1991; Holopigian, 1989; Holopigian, 

Blake & Greenwald, 1988; Schor, 1977, 1978; Serrano-Pedraza, Clarke & Read, 2011a; 

Sireteanu, 1982; Smith et al., 1994; Steinbach, 1981; Travers, 1938). A more recent study 

(Serrano-Pedraza, Manjunath, Osunkunle, Clarke & Read, 2011b) claimed that 

suppression of temporal hemi-retinal-position information could occur during orthotropia 

in subjects with intermittent exotropia. Subjects with normal ocular alignment and 
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anisometropia clinically suppress the blurred image when the image from one eye is 

blurred (Heath, Hines & Schwartz, 1986; Humphriss, 1982; Kang & Blake, 2010; Liu & 

Schor, 1994; Pianta & Kalloniatis, 1998; Simpson, 1992; Schor, Carson, Peterson, Suzuki 

& Erickson, 1989; Schor & Erickson, 1988; Schor, Landsmann & Erickson, 1987; Shors, 

Wright & Greene, 1992). Rivalry suppression and clinical suppression are reported to 

have different underlying neural mechanisms (Schor, 1977, 1978; Smith et al., 1994). 

Blake (1989) proposed that the underlying neural activity during rivalry suppression 

should be more than the neural activity during monocular viewing of a stimulus.   

Several studies have addressed spatial localization in subjects with strabismus. 

For example, Steinbach and Smith (1981), Gauthier, Beard, Deransard, Semmlow & 

Vercher, 1985; Gauthier, Nommay and Vercher (1990a, b), Steinbach, Smith and 

Crawford (1988) and Bock and Kommerell (1989) quantified shifts in the perceived 

location of a target in space by measuring pointing errors before and after surgery in 

subjects with strabismus, to determine whether proprioceptive or efference copies were 

utilized for sensing the position of the eyes. The direction of the pointing errors obtained 

pre-operatively in some subjects while viewing monocularly agrees qualitatively with 

esotropia made pointing errors that were to the right and left respectively, and vice versa 

for subjects with exotropia when subjects viewed the targets with their strabismic eye.34 

Similarly, Gauthier et al. (1985) reported monocular pointing errors in the direction 

                                                 
34 It is however not possible to determine whether the pointing errors agree quantitatively with 

angle, and pointing errors, and do not provide the testing distance.  
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exotropia when these subjects viewed the targets with their strabismic eye. However, 

both Gauthier et al. (1985) and Steinbach et al. (1988) reported no pointing errors in 

another group of subjects with strabismus. These studies either generally report no 

pointing errors when viewing with the non-strabismic eye (Steinbach et al., 1988) or do 

not report the pointing errors made when viewing with the non-strabismic eye prior to the 

strabismus surgery (Bock & Kommerell, 1986; Gauthier et al., 1985). Bock and 

Kommerell (1989) reported a pointing error that was equivalent to the strabismic angle in 

one subject with 20 deg of right esotropia. They state that the pointing errors were similar 

in their other thirteen subjects. Overall, the results of these studies qualitatively suggest 

that the eye-position information from the deviated eye should be taken into account in 

some subjects, or might be not be taken into account when the deviated eye views the 

target or that some subjects exhibit adaption to the deviation. 

In another study, Mann, Hein and Diamond (1979) tested patients with constant 

and alternating strabismus and measured interocular differences (RE-LE) in the 

monocular pointing errors. Mann et al. found no significant interocular differences in the 

pointing errors in subjects with alternating strabismus and interocular differences in 

subjects with constant strabismus. They concluded that the eye-position from the 

strabismic eye contributes to the perceived direction in subjects with alternating but not 

constant strabismus.  

Because the measurements in all of the studies mentioned above were made 

monocularly, it is unclear whether the eye-position information from the strabismic eye 

contributes to the perceived direction in subjects with strabismus during binocular 

viewing. A more recent study assessed the localization in children with strabismus during 
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binocular viewing. Weir et al. (2000) asked children with accommodative esotropia to 

point to a target while wearing refractive correction, which presumably made the subjects 

orthotropic, and without refractive correction that resulted in esotropia. In this study, 

pointing errors were classified as the difference between the location where the subject 

pointed when he/she wore their refractive correction and when the subject did not wear 

any correction. Weir et al. found pointing errors occurred in the direction of deviation, in 

much smaller than the expected pointing errors based on He

the results of this study, it is not possible to determine whether the eye-position 

information from the deviated eye contributes to the perceived visual direction or not 

when subjects are orthotropic and exotropic because the authors do not provide 

information about the magnitude of strabismus with and without correction, or the actual 

pointing errors with and without refractive correction. 

Although perceived EVD is based on the combination of eye-position and retinal-

position information, none of the studies cited above provide information about the 

sensory status of the subjects. Therefore, the results of these studies do not address 

whether the suppression of retinal-position information affects the sensed position of the 

visually suppressed eye. Specifically, it is not known if the contribution of eye-position 

information is also suppressed during the suppression of retinal-position information, or 

if perceived visual direction is altered in the presence and absence of foveal suppression. 

The experiment described in this chapter determined whether and to what extent 

the availability of foveal information influences the contribution of eye-position 

information to perceived EVD in subjects with normal binocular vision. Specifically, I 
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attempted to simulate the clinical suppression that would occur as a result of 

anisometropia, along with deviation of one eye.  

As described in the experiments in Chapters 1 and 2, the contribution of eye-

position information from the two eyes with and without suppression was measured by an 

open-loop pointing task. Detection thresholds were measured prior to the experiment. 

Based on these thresholds, the targets were presented with luminances that ensured 

suppression of retinal information, as described below. 

 

7.2. Methods 

The experiment consisted of the determination of the detection thresholds and 

estimating the contribution of eye-position information during stimulus conditions that 

produced foveal suppression, and during the absence of suppression. Measurements of 

fixation disparity were included to determine the eye position during suppression and 

non-suppression trials. The targets were presented on a Clinton monitor at a distance of 

50 cm, and viewed through ferro-electric goggles that were synchronized with the frame-

rate of the display monitor.  

 

a. Measurement of detection thresholds, and depth of suppression: Detection 

thresholds for a blurred target on a dark background on the display monitor were 

measured during monocular and binocular viewing as described below.  

The target for the measurement of the detection thresholds during monocular 

viewing consisted of a target identical to that used for pointing in experiments described 

 distance 



                                                                  Visual Suppression and Eye-Position Information 

 212 

approximately 25 arc min horizontally and vertically from the two arms of the pointing 

target.35 Both the cross and the suppression check were convolved with a two-

dimensional Gaussian function to produce a point spread function (PSF) with a full-width 

at half-height of 20.6 arc min, which is equivalent to a PSF that would be produced by a 

1.50 D spherical blur for a pupil diameter of 4 mm (Smith, 1991; Smith, Jacobs & Chan, 

1989). It is reported that this amount of speherical blur is sufficient to produce 

anisometropic blur suppression (Schor, Landsmann & Erickson, 1987; Simpson, 1991) 

For this viewing condition, the shutters of the ferro-electric goggles were open for either 

the right or the left eye, and alternate frames were presented so that the luminance of the 

target was identical to that of binocular viewing. The blurred target was always presented 

at the center of the monitor. 

For the measurement of the detection threshold during binocular viewing, targets 

were presented dichoptically by synchronizing the toggling of the shutters of the ferro-

electric goggles and frame-rate of the display monitor. One eye viewed the blurred 

pointing cross and the suppression check, and the other eye viewed a clear cross with no 

suppression check. The clear cross was always presented at the center of the monitor, and 

the blurred cross was displaced from the center of the monitor to stimulate different 

magnitudes of vergence demand (either 0, 6, 12 PD convergence or 6 PD divergence).  

During a set of trials to measure the detection threshold, either the monocular 

blurred target or the dichoptic targets were presented. The subject initiated each trial by 

pressing a button on the button-box. The target(s) were presented for an unlimited 

                                                 
35 This distance was chosen so that the closest edge of the suppression check lies tangential to a 
circle with the diameter equal to the length of an arm of the pointing cross. 
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viewing time. For the monocular trials, the subject adjusted the luminance of the blurred 

cross by the method of adjustment so that he/she was just able to see it. For the binocular 

trials, the subject first fused the clear and the blurred cross, and then adjusted the 

luminance of the blurred target so that the suppression check disappeared and the fused 

cross appeared to be clear.36 A white screen was presented after each response until the 

subject initiated the next trial (Figure 7.1). 

The initial luminance of the blurred cross was randomized from trial to trial. 

There were a total of 24 trials: 4 trials each for monocular viewing by the left and right 

eyes, 4 trials each for the blurred targets during binocular viewing were presented to the 

right and left eye. During binocular viewing, each vergence demand was presented once. 

The monocular and the binocular trials were presented in random order. The eye that 

viewed the blurred target for the monocular trials, and the eye that was presented with the 

vergence demand were interleaved. 

The measurements from the four trials for each of the 4 conditions (2 monocular 

and 2 binocular conditions) were averaged to obtain the detection thresholds. Depth of 

suppression was estimated from the ratio of the monocular and binocular thresholds 

separately for the right and left eye, and also averaged.  

 

b. Measurements of perceived visual direction during blur-suppression  

The perceived direction of dichoptic targets was measured during two conditions.  

                                                 
36 For both the trials, subjects were instructed to initially increase the luminance of the targets so 
that they saw the suppression check, and then decrease the luminance of the target, to ensure that 
the blurred target was suppressed after they were fused. 
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1. Orthotropia and asymmetric vergence, with availability of retinal-position information 

from both eyes, and  

2. Orthotropia and asymmetric vergence, with suppression of retinal-position 

information from one eye.       

Conditions 1 and 2 are henceforth referred to as non-suppression and suppression 

trials, respectively.  

For both these binocular viewing conditions, the stimuli comprised a 2.5 cd/m2 

cross (pointing target) presented on a black background on the display monitor in a 

completely dark room. For the non-suppression condition, the pointing target for both the 

eyes was clear (as in the asymmetric vergence condition described in Chapter 2). For the 

suppression condition, the pointing target was kept clear for one eye. The pointing target 

for the other eye consisted of the blurred cross and the suppression check as described in 

Section a. The luminance of the blurred target was kept at one standard deviation below 

 

The non-suppression and the suppression conditions were presented in a 

randomized order. On each experimental trial, the clear pointing target for the eye 

without the vergence demand was presented randomly at one of seven locations of the 

monitor (either at the center, or 2, 4, 6 PD to the right or left of center). The target for the 

eye with the vergence demand was kept clear during the non-suppression trials and 

timulate asymmetric vergence 

movements of either 6 PD of divergence, 6, 12 PD convergence or zero vergence with 
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respect to the plane of the display monitor. The eye that had the asymmetric vergence 

demand and the magnitude of the vergence demand was randomized from trial.   

Irrespective of the condition presented, on each trial, subjects indicated verbally 

each trial. As in chapter 2, the subject pressed a button on the button-box whenever they 

were ready to point at the target. The shutters of the goggles then shut, and the subject 

pointed at the cross without having a view of his/her pointing hand. As soon as the 

goggles shut, a scale on the monitor replaced the pointing target. The examiner noted the 

pointing location with respect to the scale. After the examiner noted the pointing response 

the shutters reopened, a white screen replaced the scale on the screen for 3 s to foster 

visual recalibration of sensed eye-position information, and to minimize dark adaptation. 

Each set of trials consisted of 140 trials, and each subject performed the experiment 

twice.  Fourteen pointing responses were collected for each vergence demand separately 

for the right and left eye for each of the 4 conditions (deviation of right eye and left eyes 

and no suppression; deviation of right eye and left eyes during foveal suppression). 

 

c. F ixation disparity measurements 

Fixation disparity measurements were made as described in the previous chapters, 

using binocular fixation targets and dichoptic Nonius lines. For the non-suppression 

condition, the fixation cross was kept clear for both eyes.  For the suppression condition, 

the fixation cross was clear for one eye and blurred  (as in the previous section) for the 

other eye. Clear dichoptic Nonius lines were flashed for 150 ms above and below the 

fixation cross with a vertical center-to-center separation of 1.75 deg. The subject adjusted 
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the horizontal position of the bottom Nonius line seen by the deviated eye until it 

appeared vertically aligned with the top Nonius line seen by the non-deviated eye to 

provide an estimate of the fixation disparity.  Fixation disparity measurements for each 

vergence demand were collected immediately after the pointing trials in which the 

pointing target for the non-deviated eye appeared at 0, or at 6 PD to the right or left of the 

center of the monitor. The results from the three measurements were averaged.  

 

d. Estimation of contribution of eye-position information  

Pointing errors were calculated as the difference between the location of the target 

on the monitor for the eye without vergence demand, and the location where the subject 

pointed. The average pointing errors when there was no vergence demand provided an 

estimate of constant error, determined separately for the non-suppression and suppression 

condition. Corrected pointing errors were calculated as the difference between the 

pointing error on each trial in the non-suppression and suppression conditions and the 

constant error for the non-suppression and suppression conditions, respectively. As in 

Chapter 2, the corrected pointing errors for the right and left eye were plotted against the 

asymmetric vergence demand. A straight-line that best fit the corrected pointing errors 

was determined separately for the asymmetric vergence of the right and left eyes. The 

ratio of the absolute values of the slopes of these lines indicates the existence of between-

eye differences in the weighting of eye-position information. Specifically, ratios greater 

and lesser than 1 indicate higher weighting for right and left eyes, respectively. The 

slopes obtained for the non-suppression and suppression conditions indicated whether the 

weighting of eye-position information with and without foveal suppression is different. A 
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t-test for equality of slopes determined whether a statistically significant difference 

perceived EVD and whether a 

difference existed in the weighting during the non-suppression and suppression condition 

for each eye. 

The expectation is that if the eye-position information from both eyes contributes 

equally to the perceived direction, then the corrected pointing errors should be equal to 

half the magnitude and in the direction of the ocular deviation for the non-suppression 

condition. Therefore, the slope of the best-fit straight line to the corrected pointing errors 

should be approximately + 0.50. If a between-eye difference exists in the contribution of 

eye-position information, then the function that describes the corrected pointing error vs. 

the vergence demand should differ for the two eyes depending on which eye undergoes 

asymmetric vergence. The eye with the higher weighting of eye-position information 

should exhibit a slope that is steeper compared to the other eye.  

A comparison of the slopes between the non-suppression and suppression 

conditions should indicate to what extent the eye-position information from the eye that 

viewed the blurred target is taken into account during suppression of the blurred foveal 

target. Specifically, on average, no pointing error is expected if the eye-position 

information from the eye that viewed the blurred cross is not taken into account at all, 

and the slope of the line fit to the pointing errors should be 0 during foveal suppression. 

Slopes similar to the non-suppression condition indicate similar contributions of eye-

position information both with and without suppression of retinal-position information. 

Pointing errors during retinal suppression that are less than those in the non-suppression 
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condition indicate a partial contribution of eye-position information from the deviated 

eye during suppression. 

 

7.3. Results 

The detection thresholds for the nine subjects tabulated in Table 7.1 indicate that 

the monocular detection thresholds are almost uniformly lower than the detection 

thresholds during blur-suppression. The average monocular and binocular detection 

thresholds were 0.223 + 0.202 (+ SD) and 0.429 + 0.270 cd/m2, respectively. The average 

depth of suppression is -0.38 log units (Range: -0.11 to -0.66 log units). The mean (+ SD) 

fixation disparity across all subjects was 5.26 + 4.20arc min exo-disparity for the non-

suppression condition and 8.95 + 5.78 arc min for the suppression condition (Table 7.3). 

Across subjects, the average variability of the constant pointing errors were 2.89 + 0.69 

and 3.29 + 1.00 PD in the suppression and non-suppression conditions (Table 7.4). The 

difference between the variability of the pointing errors for the two conditions was not 

significant statistically (tdf=8 = 0.573, p = 0.582).   

Because the vergence response was nearly identical to the asymmetric vergence 

demand, the corrected pointing errors were plotted against the vergence demand for each 

of the nine subjects for the non-suppression and suppression conditions in Figures 7.2 (i-

ix), and listed in Table 7.5. In these figures and in Table 7.5, a slope ratio (RE slope/LE 

slope) of 1 indicates equal weighting of the eye-position information from the two eyes. 

A sign test performed on the data in Table 7.5 (p = 0.24) shows that there was no 

systematic variation of the coefficients of determination for the suppression and non-

suppression conditions.  
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A t-test for equality of slopes indicated that the weighting of eye-position 

information from the two eyes was similar in four (AB, DS, JH and DK) of the nine 

subjects, during the non-suppression condition (p > 0.05). The t-test indicated also that 

there was no difference between the non-suppression and suppression conditions for 

either eye in four of these 4 subjects (p > 0.05). In the fourth subject DK, t tests indicate 

that a statistically significant difference existed between the slopes of the lines fit to 

corrected pointing errors during suppression and non-suppression conditions (p < 0.05) 

for deviation of both the right and the left eyes.  

In the other five subjects (AK, HB, KI, JG and VR), the statistical t-test for 

equality of slopes revealed a higher weighting of eye-position information from the left 

eye. In 3 of these 5 subjects (AK, HB and VR), the t-test for equality of slopes revealed 

no statistically significant differences for the slopes of the lines fit to the corrected 

pointing errors for the non-suppression and suppression conditions. For subject JG, there 

was a statistically significant difference between the two conditions when either eye was 

deviated (p < 0.05). For subject KI, a statistically significant difference was observed 

when the left eye was deviated (p < 0.05), but not when the right eye was deviated (p > 

0.05). 

Across the 9 subjects, there was a statistically significant correlation between the 

slopes fit to the pointing errors in the non-suppression and the suppression conditions 

(Figure 7.3). Across the 9 subjects, the means (+ SE) of the averaged left- and right-eye 

slopes for the non-suppression and suppression conditions were 0.447 + 0.28, and 0.343 

+ 0.127, respectively. The difference between the means of the non-suppression and 

suppression conditions was significantly different (t test for means, tdf=8 = 3.68, p = 
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0.006). The average sum of slopes across all subjects was 0.894 + 0.168 (Mean + std dev) 

without suppression, and 0.685 + 0.254 during the change in eye-position with 

suppression of retinal-position information (Table 7.5). The difference between the sums 

of the slopes for the two conditions is significant statistically (tdf=8. = 3.67, p = 0.006).  

Considering the variability associated with the slopes of the lines fit to the 

corrected pointing errors, and that generally shallower slopes were obtained for the 

suppression vs. non-suppression conditions across the subjects, the ratio of slopes 

(suppression/non-suppression) for the right and left eyes were averaged for each subject.  

A paired t-test indicated that the average ratio of slopes differed from a ratio of 1across 

the 9 subjects (tdf=8, = 3.79, p = 0.005).  

 

7.4. Discussion 

In this study, I assessed whether the eye-position information from the deviated 

eye is taken into account or not during suppression of retinal information at the fovea. 

The results indicate that the eye-position information is taken into account although not 

completely during foveal suppression across all the subjects. 

The depth of suppression measured in this experiment during suppression induced 

by blur in normal subjects is similar to the values of 5 dB corresponding to 0.5 log units 

for luminance targets in clinical suppressors including both anisometropic and strabismic 

subjects (Holopigian, 1989), and to values in the range of -0.1 and -0.5 log units 

produced by 6D of unilateral defocus and strabismus in non-human primates (Wensween, 

Harwerth & Smith, 2001). Holopigian, Blake and Greenwald (1988) reported a larger 
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range (-0.4 to 20.5 dB) for the depth of suppression in another group of subjects with 

clinical suppression without amblyopia. 

Because of differences in the luminance of the targets in the two eyes, it is 

possible that the subject did not maintain the required vergence posture. However, 

measurements of fixation disparity did not reveal a substantial difference between the 

non-suppression and the suppression conditions. Furthermore, some subjects occasionally 

noticed relative drift of the dichoptic targets and diplopia, and reported that when the 

targets were fused, the fused target appeared clear along with the absence of suppression 

check. This observation indicates that subjects were able to suppress the blurred image 

after fusion. Additionally, the size of the target for suppression was small. Therefore, 

suppression is likely to be complete rather than piecemeal suppression reported for 

targets larger than approximately 1 deg. Another evidence for fusion is that during the 

measurements of detection thresholds, subjects maintained fusion while detecting the 

suppression check.  

As shown in Chapter 2, some subjects exhibit between-eye differences in the 

weighting of eye-position information, both during suppression and non-suppression of 

foveal information.  

Several previous studies measured the perceived direction of targets in subjects 

with strabismus. However, none of these studies examined the relationship between 

suppression of retinal information, and eye-position information. In this study, I found 

that the suppression of foveal information partly influences the contribution of eye-

position information from the eye that is foveally suppressed. Specifically, the slopes of 
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the lines fit to the corrected pointing errors were generally shallower than the non-

suppressed conditions, across all the subjects.  

The results of this study provide the framework for understanding how perceived 

direction is altered in subjects with strabismus, specifically in intermittent exotropes. 

These results raise the possibility that perceived direction might be altered during 

orthotropia and exotropia in these subjects. Specifically, subjects with intermittent 

exotropia do not have to suppress the retinal-position information during orthotropia. In 

this situation, no pointing error or mislocalization of an isolated target is expected except 

for constant errors. However, during the exotropic phase of the intermittent exotropia, in 

the absence of anomalous correspondence, subjects with IXT are known to exhibit 

hemiretinal suppression to prevent diplopia (Cooper, Feldman & Pasner, 2000; 

Jampolsky, 1955; Pratt-Johnson, Tillson & Pop, 1983; Serrano-Pedraza, Clarke & Read, 

2011).37 One possibility for perceived EVD of the target is that both the retinal-position 

information and the eye-position information are suppressed and the perceived direction 

is based on the viewing eye only. In this case, the perceived direction of the target during 

intermittent exotropia should be similar to that during binocular viewing. However, if the 

eye-position information is not suppressed or partly suppressed along with the 

suppression of retinal-position information, and if the position information of both eyes 

contribute to the perceived direction, as shown in this chapter, then the subjects should 

misperceive the location of targets during exotropia, by an amount that depends in the 

magnitude of the ocular deviation. In the experiment described in this chapter the blur-

suppression was limited to the fovea. It remains to be tested if the eye-position 

                                                 
37 Serrano-Pedraza et al. (2011) claim that suppression can occur during orthotropia. 
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information from the deviated eye is suppressed completely during suppression of a 

larger retinal area, as would occur in subjects with intermittent exotropia. If the presence 

or absence of hemiretinal suppression does not influence perceived EVD, then it is likely 

that different cortical mechanisms are involved in the processing of eye-position 

information and the suppression of retinal-position information. 

However, another interpretation that involves the quality of retinal information, 

rather than suppression is possible. This interpretation is discussed in Chapter 10 in the 

context with the results from other experiments in this dissertation.  
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Table 7.1. Monocular and binocular detection thresholds. 
The average detection threshold for the two binocular and monocular conditions in cd/m2 for each 
subject. Values in parentheses indicate std dev.  
 
 

 
Subject 

Binocular viewing Monocular viewing 
RE blurred target LE blurred target RE viewing LE viewing 

AB 0.823 (0.184) 0.771 (0.005) 0.246 (0.02) 0.28 (0.04) 
AN 0.274 (0.189) 0.354 (0.111) 0.103 (0.011) 0.121 (0.026) 
DK 0.343 (0.086) 0.391 (0.040) 0.281 (0.042) 0.274 (0.017) 
DS 0.161 (0.109) 0.065 (0.049) 0.064 (0.019) 0.065 (0.033) 
HB 0.399 (0.134) 0.315 (0.126) 0.086 (0.018) 0.071 (0.018) 
JG 1.018(0.354) 0.929 (0.237) 0.807 (0.09) 0.634 (0.040) 
JH 0.295 (0.106) 0.214 (0.106) 0.102 (0.024) 0.135 (0.065) 
KI 0.344 (0.086) 0.341 (0.040) 0.281 (0.042) 0.274 (0.017) 
VR 0.440 (0.106) 0.247 (0.022) 0.089 (0.013) 0.096 (0.016) 
Mean (SD) 0.455 (0.280) 0.403 (0.274) 0.229 (0.234) 0.217 (0.180) 

 
 
 
Table 7.2. Depth of suppression 
Depth of suppression in log units when the blurred image was presented to the right and left eye, 
and the average of the depth of suppression. Depth of suppression was estimated as binocular 
detection threshold/monocular detection threshold.  
 

Subject R E blur red 
target 

L E blur red 
target 

Average  
(R E & L E 
blur red) 

AB -0.524 -0.445 -0.485 
AN -0.425 -0.466 -0.446 
DK -0.107 -0.106 -0.106 
DS -0.402  0 -0.201 
HB -0.663  -0.650  -0.656 
JG -0.101 -0.166 -0.133 
JH -0.462 -0.199  -0.331 
KI -0.09 -0.15 -0.121 
VR -0.69 -0.41  -0.572  
Mean (SD) -0.384 (0.235) -0.288 (0.212) -0.339 (0.209) 
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Table 7.3. Fixation disparity for the non-suppression and suppression conditions. 
Fixation disparity in arc min for the non-suppression and suppression condition for each subject. 
Values in parenthesis indicate 1 sd.  
 
 

Subject Non-
suppression 

Suppression 

AB -6.2 (9.6) -10.8 (16.6) 
AK -1.3 (8.2) -2.0 (11.4) 
DK  -5.3 (10.9) -7.64 (8.20) 
DS -15.5 (4.3) -17.4 (5.1) 
HB -4.7 (4.4) -3.8 (3.6) 
JG -3.8 (3.3) -6.6 (8.6) 
JH -2.1 (6.5) -17.2 (15.7) 
KI -5.9 (9.0) -12.0 (9.5) 
VR -2.6 (14.0) -3.20 (20.4) 
Mean (SD) -5.26 (4.20) -8.95 (5.78) 

 
 
 
Table 7.4. Constant errors and variability. 
Variability (SD) of the pointing errors for the non-suppression and suppression conditions. 
Values in parantheses indicate 1 std dev. 
 
Subject Constant errors: Trial 1 Constant errors: Trial 2 Non-

suppression 
Suppression 

Non-
suppression 

Suppression Non-
suppression 

Suppression 

AB -3.74 -5.25 -9.62 -2.52 2.84 1.29 
AK -2.58 -5.18 -1.96 -3.57 3.09 4.37 
DK 5.29 -1.50 5.18 5.18 2.75 2.61 
DS 1.54 0.68 - - 1.46 2.79 
HB 0.39 0.54 - - 3.64 3.18 
JG -11.25 -9.43 -5.03 -5.21 2.48 3.06 
JH 3.54 0.61 4.36 6.25 3.88 4.18 
KI -1.07 -0.54 -0.89 0 2.97 4.26 
VR 0 0.50 0.46 1.36 2.89 3.89 
Mean (SD) 2.89 (0.69) 3.29 (1.00) 
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           Table 7.5. Slopes of suppression and non-suppression conditions for all subjects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              
 

Sub Right eye: 
Non- Suppression  

Left eye: 
Non- Suppression  

Right eye: 
Suppression  

Left eye: 
Suppression  

Slope (Intercept); R2 (SE of 
estimate); 95% CI of slopes 
 

Slope (Intercept); R2 (SE of 
estimate); 95% CI of slopes 
 

Slope (Intercept); R2 (SE of 
estimate); 95% CI of slopes 
 

Slope (Intercept); R2 (SE of 
estimate);95% CI of slopes 
 

AB -0.287 (-0.73); 0.15  0.465 (-0.48); 0.42    -0.212 (-5.73); 0.05 
 

0.376 (-3.85); 0.13 
 

AK -0.369 (-0.482); 0.359 (3.352) 
-0.488, -0.249 

 0.494 (-0.339); 0.465 (3.799) 
0.365, 0.622 

 

   -0.271 (-0.815); 0.159 (4.263) 
-0.427, -0.114 

 

0.450 (-0.216); 0.352 (4.184) 
0.296, 0.603 

DK -0.373 (-0.261); 0.511 (2.612) 
-0.461, -0.285 

0.429 (-0.403); 0.646 (2.275) 
0.352, 0.505 

 

   -0.179 (-0.421); 0.185 (2.676) 
-0.271, -0.087 

0.286 (0.914); 0.371 (2.676) 
0.196, 0.377 

 
DS -0.396 (-0.429); 0.458 (3.136) 

-0.548, -0.243 
0.353 (-0.164); 0.616 (2.027) 

0.254, 0.451 
-0.473 (0.086); 0.681 (2.359) 

-0.587, -0.358 
0.239 (0.108); 0.262 (2.915) 

0.097, 0.380 
 

HB -0.490 (0.386); 0.663 (2.542) 
-0.614, -0.366 

 

0.737 (-0.564); 0.773 (2.912) 
0.595, 0.879 

 

-0.561 (-0.195); 0.757 (2.335) 
-0.675, -0.446 

 

0.728 (-0.844); 0.741 (3.162) 
0.573, 0.883 

 
JG -0.266 (0.737); 0.213 (3.706) 

-0.391, -0.141 
0.628 (-0.717); 0.620 (3.523) 

0.509, 0.747 
-0.098 (-1.520); 0.040 (3.407) 

-0.214, 0.019 
0.357 (1.953); 0.383 (3.254) 
0.247, 0.467 
 

JH -0.511 (0.561); 0.496 (3.697) 
-0.636, -0.387 

0. 559 (0.34); 0.486 (4.127) 
0.420, 0.698 

   -0.300 (1.318); 0.205 (4.240) 
-0.443, -0.157 

0.497 (-0.657); 0.540 (3.392) 
0.386, 0.608 

KI -0.229 (0.761); 0.193 (3.350) 
-0.342, -0.116 

0.739 (0.300); 0.672 (3.697) 
0.614, 0.863 

    -0.130 (-0.63); 0.061 (3.668) 
   -0.254, -0.006 

0.415 (0.058); 0.431 (3.417) 
0.300, 0.5300 

VR -0.171 (0); 0.075 (4.307) 
-0.316, -0.025 

0. 553 (0.535); 0.513 (3.867) 
0.422, 0.683 

   -0.164 (0.450); 0.087 (3.808) 
-0.293, -0.036 

0.428 (-0.071); 0.366 (4.048) 
0.292, 0.565 
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          Table 7.6. Ratio of slopes and sum of slopes for all subjects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
28 Ratio of slopes = Right eye slope/Left eye slope. 

Subject Slopes ratio28  
No-
Suppression  
R E/L E 
95% C Is 

Slopes ratio1  
Suppression  
R E/L E 
95% C Is 

Slopes sum  
Non-
Suppression 
R E+ L E  
95% C Is 

Slopes sum  
Suppression  
R E+ L E 
95% C Is 

Ratio:  
Suppression  
No suppression 
 
Right eye 

Ratio:  
Suppression  
No 
suppression 
 
Left eye 

Ratio:  
Suppression  
No suppression 
 
R E & L E 
average 

        
AB 0.617 

 
0.564 

 
0.752 

 
0.588 0.734 0.809 0.771 

 
AK 0.747  

0.592, 0.902 
0.602 

0.400, 0.805 
0.862 

0.744, 0.950 
0.721 

0.611, 0.830 
0.734 0.911 0.822 

DS 1.121 
0.859, 1.384 

1.982 
1.357, 2.607 

0.749  
0.659, 0.838 

0.711 
0.621, 0.801 

1.194 0.674 0.934 

DK 0.869 
-0.617, 1.123 

0.625 
0.256, 0.994 

0.801 
0.743, 0.860 

0.466 
0.401, 0.510 

0.485 0.667 0.576 
 

HB 0.665  
0.462, 0.868 

0.771  
0.552, 0.989 

1.227  
1.135, 1.319 

1.289  
1.194, 1.384 

1.145 0.988 1.066 

JG 0.424 
0.214, 0.635 

0.274 
0.058, 0.605 

0.423 
0.808, 0.981 

0.274 
0.374, 0.535 

0.368 0.568 0.468 
 

JH 0.914 
0.601, 1.227 

0.603 
0.291, 0.916 

1.070 
0.977, 1.164 

0.797 
0.706, 0.888 

0.587 0.889 0.738 

KI 0.310 
0.151, 0.468 

0.313 
0.008, 0.618 

0.310 
0.883, 1.051 

0.313 
0.460, 0.630 

0.568 0.562 0.565 

VR 0.309 
0.041, 0.577 

0.383 
0.065, 0.701 

0.723 
0.626, 0.821 

0.592 
0.499, 0.687 

0.959 0.774 0.867 

Mean (SE of 
mean) 

0.663 (0.093) 0.680 (0.171) 0.768 (0.094) 0.639 (0.101) - - - 
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F igure 7.1. Stimuli for measurement of detection thresholds, and perceived EVD for 

suppression and non-suppression conditions.  

 
For the measurement of monocular detection thresholds, only the blurred cross was presented to 

one eye. For the measurement of perceived EVD during suppression, and non-suppression 

condition, one eye viewed a clear cross, while the other eye viewed the blurred cross with the 

suppression check. 
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F igures 7.2. Corrected pointing errors for non-suppression and suppression conditions. 
Corrected pointing error plotted against the asymmetric vergence demand for each of the nine subjects for the non-suppression and 
suppression conditions. 
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F igure 7.3. Slopes for suppression and non-suppression conditions 
 
Slopes of suppression vs. the non-suppression conditions. Each symbol represents one subject. 
Red triangles and blue circles indicate slopes for left and right eyes, respectively. 
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CHAPTER 8 
 

8.1. Introduction 
 

As indicated previously in Chapters 1 and 2, the classical view for the perception 

of direction is that the eye-position information from the two eyes contributes equally to 

perceived visual direction, and therefore the position information from both eyes can be 

averaged. Based on this assumption, Le Conte (1897) and Helmholtz (1910/1962) 

speculated that perceived EVD should remain unchanged during vergence eye 

Howard (1982) and Ono and 

Mapp (1995) c

during symmetric vergence should lie in the median plane of the head. Therefore, the 

perceived direction of a target should remain unaltered during symmetrical changes in 

vergence. Similarly, Enright (1988) predicted no shift in perceived direction as a result of 

symmetric vergence because the two eyes move in the opposite direction by the same 

amount.  

Simpson (1992) argued that perceived EVD is altered not by vergence eye 

movements, but by the accompanying version movement during asymmetric vergence. In 

one study by Simpson, subjects wore 5 PD base-out prisms in front of each eye for 30 

minutes to alter the tonic component of vergence. Simpson proposed that if the vergence 

component of asymmetric vergence causes a change in the perceived direction, then the 

perceived direction should be different before and after prism adaptation because of the 

change in the vergence that would occur as a result of prism adaptation. Simpson 

measured perceived direction by producing different amounts of asymmetric vergence 
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demand, and did not find a change in the perceived direction from before to after prism 

adaptation despite showing evidence for a change in the tonic vergence and heterophoria. 

Simpson concluded that only the version component of the eye movement is responsible 

for determining the perceived direction because the version component was constant 

across the two conditions, and because a change in the vergence did not lead to a change 

in the perceived direction.  

However, the studies mentioned above did not test whether vergence that occurs 

in isolation causes a change in the perceived direction. The results of my previous study 

show an unequal contribution of eye-position information from the two eyes in some 

subjects. If there were differential weighting of eye-position information from the two 

eyes, then vergence eye movements would be expected to cause a change in the 

perceived EVD as illustrated in Figure 8.1. To test this possibility, in this chapter the 

effect of symmetric vergence eye movements on perceived EVD was measured.  

Symmetric vergence was introduced by displacing a target equally in opposite 

directions in front of the two eyes, so that the required movement of both eyes is equal in 

magnitude, and opposite in direction (Hung, Ciuffreda, Semmlow & Horng, 1994; 

Rashbass & Westheimer, 1961a,b; Tychsen & Scott, 2003). 

 

8.2. Methods 
 

Five subjects participated in this experiment. These subjects were selected based 

on a significant between-eye difference in the weighting of eye-position information in a 

previous experiment described in Chapter 2.  
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A pointing target, with the same luminance (2.5 cd/m2) and dimensions as the one 

used in the experiments described in Chapters 1 and 2 was presented either at the center 

of the display monitor for both eyes, or was displaced in opposite directions from the 

center of the monitor by the same distance for each eye. These conditions stimulated 6, 

12 or 18 PD of convergence or 6 PD of divergence with respect to the plane of the 

monitor. The background of the monitor was completely dark, and the pointing target on 

the monitor was the only target visible during this phase of the experiment. 

From trial to trial, the vergence demand was varied randomly to minimize the 

influences of predictability and vergence fatigue. (Alvarez, Bhavsar, Semmlow, Bergen 

& Pedrono, 2005; Kumar, Han, Garbutt & Leigh, 2002; Yuan & Semmlow, 2000; Yuan, 

Semmlow & Munoz, 2000). The subject pressed a button on a button box when he or she 

was ready to point at the target. When the subject pressed the button, the shutters of the 

ferro-electric goggles closed, and the subject pointed at the remembered target without a 

view of their pointing hand. The experimenter noted the pointing response with respect to 

the dim scale (not seen by the subject) that replaced the pointing target on the monitor. 

After recording the response, the scale disappeared and the ferro-electric goggles 

reopened. The subject then viewed a white screen for 3 s to allow for recalibration of 

sensed eye-position, and to avoid dark adaptation. This sequence continued for 150 trials. 

Each subject performed the experiment twice. Pointing responses were obtained for 

approximately 300 trials (60 responses each for each vergence demand) for each 

subject.29 

                                                 
29 For subject HB, 450 pointing responses were collected. 
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calculation that estimated the number of trials that would be required to detect a slope 

different from 0, depending on the previously measured variability of the pointing errors.  

The eye position was assessed using a fixation cross and Nonius lines, at the end 

of the 1st and the 10th pointing trial for each of the vergence demands. For the 

measurement of fixation disparity, the identical left and right e

binocular cross were displaced with respect to the center of the monitor by a distance 

equal to the symmetric vergence demand. Dichoptic Nonius lines presented above and 

below the fixation cross, were seen respectively by the right and left eyes. The subject 

aligned the bottom Nonius lines to appear in the same horizontal location as the top line, 

by the method of adjustment. The amount of misalignment between the top and the 

bottom Nonius lines provided an estimate of the fixation disparity.  

For each subject, the average of the pointing responses when there was no 

vergence demand provided an estimate of constant error. The pointing response for each 

trial was corrected by subtracting the constant error from each individual pointing 

response. Each corrected pointing response was plotted against the vergence demand. 

The slopes of the line that best fit the corrected pointing responses vs. the vergence 

demand 

between-eye differences in weighting of eye-position information assessed during 

asymmetric vergence to determine whether vergence eye movements contribute to the 

perceived EVD. 

According , if the eye-position information 

from both eyes contributes equally to the perceived EVD during symmetric vergence, 

then there should be no systematic pointing errors for any of the symmetric vergence 
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responses. Therefore, the slope of the pointing errors versus the vergence demand 

function should be zero. On the other hand, if the eye-position information from one eye 

contributes more to the perceived EVD during symmetric vergence as it does during 

asymmetric vergence in some subjects, then the direction and magnitude of the measured 

pointing responses should depend on which eye contributes more to perceived EVD. 

Specifically, if the eye-position information from the right eye contributes more to the 

perceived EVD, then the pointing responses during symmetric convergence should be 

towards the left, and if the eye-position information from the left eye contributes more to 

the perceived EVD, then the pointing responses should be towards the right. The slope of 

the line fit to the pointing responses vs. the symmetric vergence demand should depend 

on the relative weighting given to the position information from each eye.  

8.3. Results 
 

The fixation disparity measurements tabulated in Table 8.1 indicate that the 

magnitude of the vergence responses was approximately equal to the magnitude of the 

symmetric vergence demand in all subjects. Across all subjects and across all vergence 

demands, the average fixation disparity was 7.36 + 7.09 arc min (mean + 1 SD). 

Based on the assumption of unequal weighting of eye-position information as 

suggested by the results in Chapter 2, the slopes of the best-fit lines fit to the corrected 

pointing errors plotted against the symmetric vergence demand are expected to be 

negative for subjects DS, JW and QL, and positive for subjects HB and VR. Figures 8.2 

(a-e) show that the slopes of the best-fit lines were in the expected direction for all five 

subjects. For each subject, the pointing error expected for each vergence demand was 
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calculated based on the estimated weights provided by the (mean) slopes for the right and 

the left eyes during asymmetric vergence (see Table 2.4a in Chapter 2) using two 

equations as follows:  

Equation1
 

  
Expe c ted pointing error =

We ightRigh t eye Vergenc edemandRigh t eye We ightLeft eye Vergenc edemandLeft eye

We ightRigh t eye We ightLeft eye
 

Equation 2  

  
Expec ted pointing error =

2 We ightRight eye VergencedemandRight eye 2 We ightLeft eye VergencedemandLeft eye

2
 

 

Equation 1 is based on averaging the normalized weights of eye-position 

information for each eye, under the assumption that the sum of the weights of the two 

eyes adds up to 1. This assumption was shown to be approximately true for most of the 

subjects in Chapter 2. Equation 2 adds the weighted eye-position information without 

normalization (Figure 8.3). Using either equation, the ratio of the change in the predicted 

pointing response to a change in the total symmetric vergence demand provides an 

estimate of the expected slope of the pointing-response function during symmetric 

vergence. The slope of the line fit to the pointing errors vs. the symmetric vergence 

demand was obtained by determining the change in the pointing response for a change in 

the vergence.   

Table 8.2 shows that the experimentally obtained slope of the best-fit line to the 

pointing-response data was significantly different from 0 in four of the five subjects (p < 

0.05), and approached significance in the fifth subject (p = 0.076). Table 8.2 also 
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compares the predicted slopes of the pointing-response data based on equations 1 and 2 to 

the slopes of the lines that were fit to the corrected pointing errors obtained in this 

experiment.  

The 95% confidence intervals for the slope of the best-fit line includes the 

expected value based on both equations 1 and 2 in two (DS and QL) of the five 

subjects.30 Based on equation 1, the average ratio of the observed and the expected slopes 

across the five subjects was 0.576 + 0.233 which differs significantly from a ratio of 1:1 

(tdf=4, = 4.066, p = 0.015, t-test for slope = 1). Based on equation 2, the average ratio of 

the experimental and the empirical slopes was 0.471 + 0.129. As before, the ratio of the 

slopes was significantly different from a ratio of 1 (tdf=4  = 9.194, p = 0.001, t test for 

slope = 1), indicating that even though there is an agreement between the directions of the 

obtained and the predicted slopes, the agreement is not perfect. 

 

8.4. Discussion 
 

In this experiment, I determined whether symmetrical vergence eye movements 

affect perceived EVD. The slopes of the line fi

in this study This result indicates that the perceived EVD can be altered by vergence eye 

movements.  

                                                 
30 For subject DS who had the largest fixation disparity, corrected pointing responses plotted 
against the vergence demand after accounting for the fixation disparities did not show any 
differences from those obtained based on the vergence demand without correction for fixation 
disparities. The slope of the best-fit line plotted against the vergence demand after accounting for 
fixation disparity was -0.032x -0.105, R2 = 0.017.  
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In contrast, Simpson (1992) reported that vergence does not contribute to 

perceived visual direction because there was no change in the slope of the mislocalization 

errors and the asymmetric vergence demand function in his subjects, before and after 

adaption to equal-magnitude prisms placed in front of both eyes. It is likely that Simpson 

did not find a difference between the conditions because, by adapting both eyes 

symmetrically to prisms, only the baseline measurements for the zero vergence condition 

would have altered as a result of adaptation, and the rest of the measurements would 

remain the same with respect to the new baseline in the same manner as that prior to the 

prism adaptation. 

In all five subjects the slope of the lines fit to the pointing errors during 

symmetric vergence were in the expected direction based on the previously determined 

weighting of their eye-position information during asymmetric vergence. This result 

indicates that the slopes obtained during symmetric vergence are not due to a random 

effect. In agreement with this finding, some studies reported the existence of between-eye 

differences in fixation disparity measurements. Specifically, Ogle (1967) reported that the 

non-dominant eye typically has a greater amount of fixation disparity than the dominant 

eye. Similarly, Irving and Robertson (1991) reported that approximately 30% of the 

subjects in their study have unequal fixation disparity in the two eyes. In agreement with 

these findings, Fogt (1997) reported that between-eye differences in fixation disparities 

occur in some subjects. 

However, the slopes of the lines that best fit the pointing errors were less than the 

predicted slopes based on the eye-position weighting determined in the same subjects 

during asymmetric vergence. Specifically, the actual slopes were approximately half the 
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predicted slopes. The difference between the actual and the predicted slopes cannot be 

accounted for by the variability of the pointing responses. It is unclear why the measured 

slopes during symmetrical vergence are less than the predicted slopes.  

Previous studies report that symmetrical vergence generally does not comprise 

purely a disconjugate movement of the two eyes and can be accompanied by saccades 

(Coubard & Kapoula, 2008; Erkelens, van der Steen, Steinman & Collewijn, 1989; 

Horng, Semmlow, Hung & Ciuffreda, 1998; Kenyon, Ciuffreda & Stark, 1980; Kumar, 

Ciuffreda, 1986; Semmlow, Hung, Horng & Ciuffreda, 1994; Tychsen & Scott, 2003; 

van Leeuwen, Collewijn & Erkelens, 1998). However, these studies also report that the 

magnitude of the saccades during symmetric vergence is small and the direction is 

idiosyncratic. Therefore, the possible occurrence of saccades in response to the 

symmetrical vergence stimuli should not have a substantial effect on the results of this 

study.  

Studies determining the effects of saccade-vergence interaction report that the 

occurrence of saccades during vergence eye movements transiently increases the 

velocity of the vergence movements (Busettini & Mays, 2005; Maxwell & King, 1992; 

Zee, Fitzgibbon & Optican, 1992). It is also reported that the occurrence of saccades is 

higher for a smooth vergence eye-movement with a higher velocity compared to target 

velocities of approximately 1.5 deg/s (Semmlow, Hung & Ciuffreda, 1986).  

In the next chapter, I tested whether the velocity of eye movement affects the 

weighting of eye-position information for perceived EVD. Briefly, I did not find a 

systematic variation in the perceived visual direction during the slowest eye-velocity 



Perceived EVD and Symmetric Vergence 

 244 

condition and relatively faster velocities. This result indicates that the saccades (if any) 

should not have a substantial influence on the perceived direction determined in the 

experiment described in this chapter. However, it is unclear why the contribution of 

eye-position information is less than the expected contribution based on the weighting 

obtained during the asymmetric vergence condition (in Chapter 2). 

In conclusion, this study showed that perceived EVD of a target is shifted in 

some subjects during symmetric vergence, contrary to the classical prediction. The 

direction of the perceived shift depends on the eye whose position information is given 

more weight.   
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Table 8.1. Fixation disparity for symmetric vergence. 
 Fixation disparity in arc min for the 5 subjects for different amounts of symmetric vergence demand used in this experiment. Positive and  
negative signs indicate eso- and exo- fixation disparity, respectively.  Subject JW did not have measureable fixation disparity in this experiment. 
Values in parentheses indicate std deviation. 
 
 
 

 

Subject 

 
6PD 
divergence 

 
 
0 vergence 

 
6 PD 
convergence 

 
12 PD 
convergence 

 
18 PD 
convergence 

 
Average 
(SD of 
mean) 

DS 0.7 (1.3) -9.3 (4.6) -16.5 (5.4) -28.4 (7.6) -37.0 (17.1) -18.1 (15.0) 

HB 0 (0) -4.0 (1.9) -2.6 (0) -7.9 (0) -10.6 (3.7) -5.0 (4.2) 

JW 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

QL -1.3 (1.5) -2.6 (3.7) -25.8(18.4) -5.2 (19.5) -16.5(13.4) -10.3 (10.5) 

VR 0 (0) 0 (0) -2.6 (0) -4.0 (5.6) -11.1 (0.7) -3.5 (4.7) 
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Table 8.2. Expected and actual slopes during symmetric vergence. The expected and 
experimentally obtained slopes of the lines fit to corrected pointing errors versus the vergence 
demand, for different magnitudes of symmetric vergence for the 5 subjects. 
	  
	  

 
Subject  

 
Expected slope 

 

 
Slope 

(Intercept) 

 
95 % CIs for 

slope 

 
t-value 

(P value) 
Equation 1 Equation 2 

DS -0.052 -0.048 -0.031 (0.096)  -0.061, -0.003 2.180 (0.030) 
HB  0.068  0.083  0.022 (0.342) -0.002, 0.046 1.777 (0.076) 
JW -0.104 -0.091 -0.054 (0.457)  -0.088, -0.021 3.222 (0.001) 
QL -0.253 -0.161  -0.145 (-0.331)  -0.183, -0.107 7.477 (8.54E-13) 
VR  0.264  0.191  0.091 (0.227)  0.051, 0.130 4.476 (1.08E-05) 

	  
 
 
 
 
 
Table 8.3. Constant errors during symmetric vergence. 
Constant errors of pointing, in prism diopters. Values in parentheses indicate variability of the 
constant errors. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 

Subject HB performed the experiment thrice. The constant error for the 3rd trial was 2.61 (2.22) 
PD. 
 

Subject T rial 1 T rial 2 
DS -0.10 (2.17)  4.15 (1.98) 

HB   1.85 (1.80)  5.82 (2.25) 

JW -3.15 (1.87) -4.00 (4.30) 
QL -0.72 (2.27)  3.73 (2.86) 
VR -1.10 (2.61)  0.25 (2.90)  
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F igure 8.1. Predicted effect of unequal weighting of eye-position during symmetric 
vergence. 
The black circle presented on the monitor falls on the fovea of the two eyes, and the perceived 
direction of this dot lies at the intersection of the visual axes. When the black circle is presented 
with a symmetric vergence demand, the eyes rotate equally in the opposite directions. Under the 

n of the target at the end of the 
symmetric vergence movement is indicated by the intersection of the dotted lines from the two 
eyes at A (gray circle). If there is unequal weighting of the eye-position information from the two 
eyes (a greater weighting of position information from the right eye in this figure), the same 
vergence response produces a greater change in the sensed position of the right than the left eye 
as shown by the blue lines extending from each eye. The target is then predicted to be perceived 
in the direction of B (light blue circle). When the intersection of the visual lines from the two 
eyes is extended to the plane of the monitor, the target is predicted to be seen at the location 
indicated by the dark blue circle at C. Note: Even though the target falls on the same retinal 
location for both equal and unequal eye-position weighting, in the figure, the images of the target 
are shown at different locations, to illustrate the change in eye-position information. 
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   F igure 8.2. Corrected pointing errors during symmetric vergence. 
   Corrected pointing errors plotted against the symmetric vergence demand for 5 subjects. Each data point represents one pointing error. 
 
	  	  	  	  	  a.	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  b.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  c.	  

    
               d.                                                                                e. 
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F igure 8.3. Expected perceived EVD during symmetric vergence for different weighting of eye-position information. 
The figure illustrates equation 2 in the text, which describes the weighting of perceived direction based on different sensed eye-position weights. 
The figures indicate the perceived direction when the weights for the two eyes are equal, and unequal. The equation describes the expected 
pointing errors.  
The gray and black circles indicate the physical location of the isolated target presented with different vergence demands. The blue circles indicate 
the perceived location of the target based on unequal weighting, and the location when the perceived location is extended to the plane of the 
monitor. 
 
    
 
 
 
 
 
 
 
 

                                                  
                                                                            

Vergence demand: 10 PD convergence 
RE weight = 0.5 
LE weight = 0.5 
RE sensed position change  = 5 PD 
LE sensed position change  = 5 PD 
Expected pointing error =  
 2 x 0.5 x -5 PD + 2 x 0.5 x 5 PD   = 0 
                         2 

Vergence demand: 10 PD convergence 
RE weight = 0.7 
LE weight = 0.3 
RE sensed position change  = 7 PD 
LE sensed position change  = 3 PD 
Expected pointing error =  
(2 x 0.7) x -5 PD + (2 x 0.3) x 5 PD  = -2 PD 
                               2 

Vergence demand: 20 PD convergence 
RE weight = 0.5 
LE weight = 0.5 
RE sensed position change  = 10 PD 
LE sensed position change  = 10 PD 
Expected pointing error =  
(2 x 0.5) x -10PD + (2 x 0.5) x 10 PD = 0   
                         2 

Vergence demand: 20 PD convergence 
RE weight = 0.7 
LE weight = 0.3 
RE sensed position change  = 14 PD 
LE sensed position change  = 6 PD 
Expected pointing error =  
 (2 x 0.7) x -10 PD + (2 x 0.3) x 10 PD   = -4 PD 
                         2 
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CHAPTER 9 
 

9.1. Introduction  
 

In this chapter, I examined whether differences in the perceived direction during 

monocular and binocular viewing can be explained by differences in the velocity of the 

eye movements during heterophoria and asymmetric vergence.  

As indicated previously in Chapter 1 (1991), Ono and Weber (1981) reported that 

across several subjects with heterophoria, the magnitude of pointing errors were smaller 

Ono and Weber (1981) 

binocular viewing conditions in which they made minimal pointing errors. Later, Park 

and Shebilske (1991) measured the perceived displacement of a target presented against a 

random-dot background as a function of heterophoria during alternate occlusion. Park 

and Shebilske found that one of their 3 subjects underestimated the perceived direction 

change while another subject overestimated the perceived shift in location as a function 

of the heterophoria. Simpson (1992) measured localization during asymmetric vergence 

produced by different vergence components. Simpson reported that the contribution of 

eye-position information during accommodative vergence produced by occluding one eye 

produces smaller changes in the perceived direction of a target when compared to the 

shift in direction when all of the vergence components were present. Even though no 

experimental evidence was provided, Simpson suggested that this difference might arise 

because the velocity of accommodative vergence eye-movements is slower than that of 

disparity vergence. In agreement with these reports, in Chapter 1 it was found that the 
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magnitude of pointing errors in some subjects with heterophoria is less compared to that 

found during binocular viewing in the same subjects. However, the sample size was 

small.  

Previous studies have reported perceptual mislocalization of targets for different 

types of eye movements such as during saccades and pursuit. For example, Wallach and 

Becklen (1983) asked subjects to report the shape of the motion path of a target moving 

at velocities between 6 and 32 deg/s while they monitored the su movements 

by an afterimage They reported that subjects underestimated the displacement of a target 

at the higher speeds because the magnitude of pursuit eye movements is smaller at the 

end of the movement.  

However, other studies attribute the perceptual mislocalization to an under-

registration of eye-position signals rather the eye movement itself. For example, 

experiments that compared the magnitude of the displacement (mislocalization) of a 

moving target when the eye is stationary while a target moves across the screen and when 

the target is followed report either qualitatively or quantitatively (Festinger & Easton, 

1974; Mack & Hermann, 1978) that the perceived displacement of the target is less than 

the physical displacement during the tracking of a target, and that the target-velocity is 

underestimated when it is tracked. Specifically, Festinger and Easton (1974) asked 

subjects to report the perceived path of a target moving at different constant velocities. 

Festinger and Easton reported that the s are accurate with 

respect to the target movement. However, subjects underestimate the target displacement 

because the eye-position signal, presumably the efference copy that is available to the 

perceptual system, is accurate in direction but incomplete in magnitude. Mack and 
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Hermann (1978) asked subjects to fixate on an imaginary fixation spot that was stationary 

when another target moved across the field at 5 deg/s in one condition. In another 

condition, the same subjects were asked to track a single target moving on a black 

background at a velocity of 5 deg/s. Mack and Hermann asked their subjects to estimate 

the perceived velocity of the moving target during these two conditions. They found that 

subjects underestimated the perceived velocity of the target by 10% when they tracked 

the target compared to when they fixated on an imaginary spot as another target moved 

across the field (4.53 deg/s for fixation vs. 4.08 deg/s for tracking). During these two 

conditions, they found that the velocity of the drift of eye movement was small when it 

occurred during fixation (0.42 deg/s), and that the pursuit-velocity (4.92 deg/s) was 

approximately equal to the target velocity. Mack and Hermann attributed the 

underestimation of target velocity during pursuit to an under-registration of the pursuit 

signals.   

end of a saccade and at the end of pursuit at a velocity of 3 deg/s and, in a later study, for 

targets that moved at velocities between 3 deg/s and 20 deg/s (Honda, 1990). Honda 

reported that the perceived magnitude of target displacement is smaller for a pursuit eye 

movement, compared to a saccade for the same magnitude of physical target 

displacement. The magnitude of displacement for a target that moves with different 

displacement compared to the physical displacement increases as the velocity of the 

target (and the eye movement) increases. Honda (1985, 1990) concluded that the 

extraretinal signal for the saccadic system is more accurate than that of the pursuit 
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system. Honda (1990) states that the perceived extent of motion may not be based on just 

the extraretinal signals at the beginning and the end of a pursuit eye movement, but also 

on the extraretinal signals available during the pursuit eye movement. Pola and Wyatt 

(1989) used target motion with an amplitude of 3 deg and a velocity between 4.7 deg/s 

and 21.2 deg/s and reported that, for an image that is stabilized on the retina, the 

perceived magnitude of target movement during pursuit reduces linearly as the target 

velocity increases. Pola and Wyatt found that the gain of the pursuit eye movement 

remained similar for different target velocities. The perceptual and motor differences that 

occur as a function of pursuit velocity was attributed to the magnitude of extraretinal 

signals being smaller for faster-velocity pursuit. 

It is known that phoric eye movements are slower (Barnard & Thomson, 1995; 

Kim, Granger-Donetti, Vicci, & Alvarez, 2010; Ludvigh, McKinnon & Zaitzeff, 1964; 

Park & Shebilske, 1991; Peli & McCormack, 1983) than the binocular vergence eye 

movements in response to a disparity step (e.g., Hung, Ciuffreda, Semmlow & Horng, 

1994; Maxwell, Tong & Schor, 2010; Rashbass & Westheimer, 1961a; Semmlow, Hung 

& Ciuffreda, 1986; Semmlow, Hung, Horng, & Ciuffreda 1994). Because velocity signals 

can be integrated to get eye-position signals (Leigh & Zee, 1991) it is plausible that the 

eye-position information at the end of a phoric eye movement is under-estimated 

compared to the changes in eye position during binocular asymmetric vergence. An 

under-registration of the eye-position change might account for the relatively small 

change in perceived EVD during monocular viewing in some subjects.  

If the change in localization based on extraretinal signals depends on the velocity 

of eye movement, then the reduced contribution of eye-position information from the 
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non-viewing eye during monocular viewing reported in Chapter 1 could be accounted for 

at least partly by the relatively slow change in eye position during the development of the 

phoria (for example, when compared to disparity vergence). If the extraretinal signal is 

registered incompletely throughout the eye movement as suggested previously, and if 

these velocity signals are intergrated over time to obtain the change in eye position 

(Leigh & Zee, 1991), the resultant information about the change in eye position during 

phoria could be smaller in magnitude than the actual magnitude of eye movement.  

In this chapter, it is examined whether the results of the previous studies are 

applicable to the slower eye movements that characterize the development of the phoria 

in the current experiment. To test this possibility, binocular targets were presented either 

with a disparity step, to match the eye-velocity during asymmetric vergence as in 

Chapters 2 and 7, or with constant velocity ramps of 0.75 deg/s or 1.50 deg/s, to match 

the expected velocity during the phoric eye movements, and it was determined whether 

perceived EVD varies systematically for the different eye-velocities. 

  

9.2. Methods 

Seven subjects participated in this experiment. Four (DN, DS, HB and NP) of the 

seven subjects had exophoria greater than 2.5 PD and also participated in experiment 1 

described in Chapter 1. 

As in the previous chapters (1, 2, 7 and 8) that determined the contribution of eye-

position information to the perceived EVD, open-loop pointing errors were used to 

determine the contribution of eye-position information from each eye to the perceived 
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egocentric direction for three different velocities of the target. The subjects binocularly 

viewed a white cross (2.5 cd/m2) presented on a Clinton monitor with a black background 

in a completely dark room at a distance of 50 cm.  

The pointing target for each eye was presented dichoptically by synchronizing the 

video-frames of the display monitor with the shutters of the ferro-electric goggles through 

which the subject viewed the target. On each trial, the pointing target for one eye was 

stationary and was always presented at the center of the monitor. The target for the other 

eye was presented with one of four vergence demands (0, 6 PD divergence, 6 and 12 PD 

convergence) with respect to the plane of the display monitor. The vergence demand was 

produced by displacing the target for one eye by the appropriate distance with respect to 

the center of the monitor. The target that underwent the vergence demand was either 

stationary at its final position (step-vergence), or achieved this position by a constant-

velocity ramp motion of either 0.75 or 1.5 deg/s.  

Approximately 9 s after the beginning of the target motion for the two ramp 

conditions and 9 s after the appearance of the target for one step vergence condition 

(henceforth referred to as step-with-wait condition), a tone signaled the subject to point to 

the target. In addition to these timed conditions, the other step-vergence condition was 

presented also with no delay before pointing (referred to below as the step condition). For 

this condition, the subject responded as quickly and as accurately as possible after the 

target appeared and he/she fused it. After the subject pressed a button on a button-box to 

indicate that he/she was ready to point, the shutters of the ferro-electric goggles closed, 

and the subject pointed to the target location without a view of the pointing hand. The 

experimenter noted the pointing response with reference to a dim scale that was not seen 
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by the subject as in previous experiments (in Chapter 1, 2, 7 and 8). A white screen then 

replaced the previously dark screen for 3 s. Three pointing responses were collected for 

each of the four conditions for each vergence demand. Each subject participated in the 

experiment twice, and the results from both sessions were combined. The pointing error 

on each trial was corrected for constant error by subtracting the average of 

his/her pointing errors for the no-vergence demand condition.  

The fixation disparity was measured during the first and the third trial for each 

vergence demand and velocity condition using a stationary binocular fixation cross and 

dichoptic Nonius lines that were flashed for 150 ms, as described in the experiments in 

Chapters 1-4 and 7 and 8. 

For each eye, the corrected pointing errors for each velocity were plotted against 

the asymmetric vergence demand. A best-fit straight line was fit to the corrected pointing 

errors. The slopes of the lines fit to the data for different velocities were compared.  

The prediction is that if the change in the localization based on extraretinal signals 

depends on the velocity of eye movement, then the incomplete registration of eye-

position information found in the first chapter during monocular viewing should be 

accounted for by the relatively slow change in eye-position during the development of 

phoria. If the extraretinal signal is registered less completely during slower eye 

movements, and if the eye-velocity signals are integrated over time to obtain the change 

in eye-position, then the resultant information about the change in eye-position during 

phoria could be smaller in magnitude than the actual magnitude of eye movement.  

Therefore, pointing errors are expected to be less for the slower eye-velocities, and these 

smaller pointing errors should result in shallower slopes of the lines fit to the data relative 



Perceived EVD and Target Velocities 

 257 

to the step-vergence conditions. On the other hand, if there is no dependence of the 

pointing responses on the velocity of the eye movement, then the magnitude of pointing 

errors should be similar for all eye velocities. If the contribution of eye-position 

information from the two eyes is reduced for the lower-velocity eye movements, then the 

sum of the slopes fit during asymmetric movements of the left and right eyes should also 

be lower for the 0.75 deg/s and 1.5 deg/s velocity conditions compared to the two step 

asymmetric vergence conditions. The slopes of the step and the step-with-wait conditions 

should be similar if the duration between the target presentation and the pointing 

response does not influence the pointing responses. 

 

9.3. Results 

The magnitude of eye movement was approximately equal to the vergence 

demand for all viewing conditions (see Table A.9.1 in the Appendix). The mean (+ SD) 

exo-fixation disparity for all subjects was 3.6 + 4.2 arc min.  

 The corrected pointing errors during vergence for the four velocity conditions are 

plotted for the seven subjects in Figures 9.1-9.7. These figures and the values in Table 

9.1. show that the slopes of the line that best fit the corrected pointing errors plotted 

against the asymmetric vergence demand are positive when the left eye is deviated and 

negative when the right eye is deviated in all of the viewing conditions. These slopes 

indicate that pointing errors are to the right when the left eye undergoes asymmetric 

convergence, and to the left when the right eye undergoes asymmetric convergence, as 

9.1. and Figures 9.1-9.7. show that each subject  

slopes for the different velocity conditions are similar for the four viewing conditions. A 
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two-way repeated-measures ANOVA using the absolute values of the best fit slopes 

revealed no statistically significant difference between the pointing errors in the different 

asymmetric vergence conditions (F3,18 = 0.127, p = 0.943, Greenhouse-Geisser corrected).   

Table 9.2. shows that the ratio of the slopes for the right vs. left eye are similar for 

each subject for the different velocity conditions.  In this table, values equal to 1 indicate 

equal weighting of eye-position information and values more than and less than 1 

indicate greater weighting of the right and left 

previous experiments, some subjects exhibited between-eye differences in the weighting 

of eye-position. Figure 9.8 shows that the average ratio of the slopes for the seven 

subjects did not differ for the four viewing conditions. 

Table 9.2. and Figures 9.1.-9.7. show the sum of the slopes for the different 

viewing conditions. The average sum of absolute slopes across all subjects ranged from 

0.865 + 0.266 to 0.924 + 0.122. As shown in Table 9.2., the 95% confidence intervals for 

the average summed slopes in the two eyes includes a value of 1 for all four viewing 

conditions. Generally, the sum of the slopes did not differ from each other for the 

different viewing conditions, either for individual subjects or for the group of subjects 

(Figure 9.9). For 3 subjects (BN, DS and HB), the sum of the slopes was significantly 

smaller in one or both of the slow-velocity conditions than in one or both of the step 

conditions. However, for subject NP, the sum of the slopes was significantly greater in 

both 0.75 and 1.5 deg/s velocity conditions than in the two step-vergence conditions. 

The gains of the eye-position information during monocular viewing (phoria) and 

slow-velocity binocular asymmetric vergence were defined as follows:  
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Monocular viewing ( phoria) gain =

Pointing error during phoria
Expec ted pointing error during phoria

 

 

  
Asymmetric vergenceeye position gain = Average RE &  LE slopes for 0.5 and 1.5 deg/s ve loc ity conditions

Expec ted slopes (equivalent to 0.5)
 

 
For the asymmetric vergence condition, the slopes used to calculate the gain of 

eye-position information included eye-velocities of 0.75 deg/s and 1.50 deg/s as these 

two velocities approximately match that of the eye-velocity in phoria condition.  

Figure 9.10. plots the gain of eye-position information during asymmetric 

vergence vs. phoria for the 4 subjects tested in this experiment and in Chapter 1. The 

Pearson correlation between these two variables is -0.248 (p = 0.752).  The 95% CI for 

the slopes of the orthogonal regression lines are -7.105 and 5.053. Gains for the 

accommodative and the disparity vergence conditions calculated for the data obtained by 

Simpson (1992) are also plotted in Figure 9.10. The figure shows that the slope of the 

orthogonal regression line for the monocular and binocular viewing conditions that 

Simpson tested is -0.57 (95% confidence intervals for slope = -3.702, 2.597). 

9.4. Discussion 
 

In this chapter, I predicted that if the velocity of eye movement is responsible for 

the generally smaller change in perceived direction during monocular vs. binocular 

viewing conditions (reported in Chapters 1 and 2 respectively), then the pointing errors to 

a target presented during asymmetric vergence should depend on the eye-velocity. 

However, neither the slopes nor the 

pointing errors differed significantly among the tested conditions. Similarly, the 

relationship between the gain of phoria and the gain of slopes during asymmetric 

vergence shows a negative correlation, and is not significantly different from the one 
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obtained by Simpson for his step-vergence condition during monocular viewing (1991). 

This outcome suggests that the velocity of the vergence eye movement does not account 

for the differences that occur in some subjects between monocular and binocular viewing.    

Apart from the difference in the velocity of the eye movement between the 

monocular and binocular viewing condition, another difference that exists between these 

two conditions is the presence of retinal-image disparity during binocular viewing, and 

the absence of retinal-disparity during monocular viewing. It is therefore possible that the 

registration of eye-position information is influenced by the presence or absence of 

retinal images in both eyes. In support, the results of the experiment in Chapter 7, which 

describe the effect of foveal suppression on visual direction, suggest that the eye-position 

information differs with and without suppression of at least foveal information. In the 

general discussion in the next section, I discuss how the results in this chapter can be 

interpreted in the context of other the experimental results described in the dissertation. 

In conclusion, the results of this chapter suggest that the difference in perceived 

EVD during binocular and monocular viewing cannot be accounted for by the velocity of 

the vergence eye movement.
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Table 9.1. Slopes of corrected pointing errors for four velocity conditions. The slopes of the lines fit to the corrected pointing errors for each 
velocity condition are tabulated separately for the right and left eyes. The values and those in parentheses in the top, middle and the bottom rows indicate the 
best-fit straight line (intercept), the 95% confidence intervals for the slope, and the coefficient of determination (standard error of estimate). Unless indicated by 
bold text, the slopes and the confidence intervals were in the direction expected from  

Sub   
Right eye: 

Step 

 
Left eye: 

Step 

 
Right eye: 
Step-with- 
wait  

 
Left eye: 
Step-with-
wait  
 

 
Right eye: 
0.75 deg/s 

 
Left eye: 
0.75 deg/s 

 
Right eye: 
1.5 deg/s 

 
Left eye: 
1.5 deg/s 

BN -0.499 (1.600) 
-0.701, -0.296,  
0.543 (3.204) 

 

0.283 (0.058) 
0.084, 0.481 

0.284 (3.140) 

    -0.675 (1.963) 
-0.820, -0.530,  

     0.809 (2.298) 

0.283 (1.025) 
0.140, 0.463 

0.400 (2.448) 

-0.466 (1.497) 
-0.620, -0.313  
0.722 (2.294) 

  0.295 (0.551) 
0.119, 0.470 

  0.442 (2.645) 

-0.367 (0.461) 
 -0.514, -0.220,  
0.637 (2.197) 

0.139 (0.491) 
-0.049, 0.328 

0.133 (2.820) 

DJ -0.568 (-0.608) 
 -0.755, -0.381 
0.643 (2.964) 

0.373 (0.933) 
0.162, 0.584 

0.379 (3.347) 

-0.580 (0.854) 
-0.795, -0.365 

  0.587 (3.405) 

0.300(-1.983) 
0.088, 0.518 

0.282 (3.355) 
 

-0.518(1.238) 
-0.765, -0.270 
0.552(3.705) 

 0.148 (1.298) 
 0.092, 0.388 

 0.096 (3.599) 

-0.613(-0.298) 
-0.888, -0.338 
0.581(4.124) 

0.425 (1.024) 
0.149, 0.700 

0.400 (4.127) 

DN -0.487 (1.013) 
-0.631, -0.342 
0.690 (2.287) 

 

0.306 (1.488) 
0.132, 0.480 

0377 (2.754) 

-0.515 (0.421) 
 -0.725, -0.305 
  0.541 (3.325) 

0.259 (0.171) 
0.029, 0.489 

0.199 (3.644) 

-0.622(0.892) 
-0.820, -0.424 
0.734 (2.966) 

 0.415 (0.443) 
0.134, 0.696 

 0.381 (4.204) 

-0.583(2.241) 
-0.688, -0.477 
0.895 (1.577) 

0.393(0.949) 
0.221, 0.565 

0.594 (2.578) 

DS -0.360 (0.050) 
-0.468, -0.250 
0.688 (1.702) 

 

0.476 (-0.750) 
0.359, 0.592 

0.766 (1.842) 

-0.429 (0.308) 
-0.637, -0.221 

     0.454 (3.295) 

0.372 (0.175) 
0.219, 0.525 

0.538 (2.419) 

-0.324 (-0.494) 
-0.551, -0.134 
0.449 (2.851) 

0.253 (0.780) 
0.063, 0.443 

0.333 (2.842) 

-0.388 (0.137) 
-0.543, -0.233 
0.638 (2.321) 

0.221 (-0.244) 
0.038, 0.404 

0.290 (2.742) 

HB -0.392 (-0.367) 
-0.508, -0.275 
0.689 (1.844) 

 

0.700 (0.150) 
0.524, 0.876 

0.756 (2.784) 

-0.463 (0.533) 
-0.657, -0.268 

     0.524 (3.087) 

0.666 (-1.241) 
0.516, 0.816 

0.802 (2.363) 

-0.373(0.964) 
-0.528, -0.217 
0.617 (2.230) 

0.391 (1.893) 
0.258, 0.525 

0.706 (2.002) 

-0.299(-0.083) 
-0.458, -0.139 
0.495 (2.392) 

0.621 (-0.429) 
0.473, 0.770 

0.830 (2.231) 

JG -0.379 (0.716) 
-0.544, -0.215  
0.426(2.780) 

 

0.526 (0.108) 
0.367, 0.685 

0.622 (2.597) 

 -0.544 (-0.181) 
-0.765, -0.322  

     0.516 (3.560) 

0.373 (-0.391) 
0.210, 0.536 

0.481 (2.699) 

-0.443 (0.751) 
-0.672, -0.214 
0.495 (3.546) 

0.439 (-0.057) 
0.203, 0.676 

0.474 (3.723) 

-0.333 (0.243) 
-0.525, -0.141  
0.459 (2.873) 

0.400 (0.184) 
0.176, 0.625 

0.454 (3.534) 

NP -0.467 (-2.038) 
-0.665, -0.269 
0.521(3.136) 

 

0.476 (-0.575) 
0.264, 0.688 

0.497(3.359) 
 

    -0.522 (0.379) 
    -0.761, -0.284 

     0.484 (3.780) 

0.472 (0.318) 
0.271, 0.673 

0.518(3.189) 

-0.731(4.443) 
-1.027, -0.434 
0.630 (4.439) 

0.635 (3.551) 
0.444, 0.825 

0.756(2.859) 

-0.808 (3.432) 
-1.160, -0.455 
0.596 (5.273) 

0.827 (3.420) 
0.515, 1.140 

0.663 (4.682) 
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Table 9.2. Ratio and sum of slopes for the four velocity conditions. 
The ratio (RE/LE) and sum of slopes of the lines fit to the corrected pointing errors for each velocity condition for each subject. The values in parentheses 
indicate the 95% confidence intervals for the slopes.  
  

 
Sub  

 
Ratio Step 

 
Ratio: 
Step-with-wait 
 

 
Ratio: 
0.75 deg/s 

 
Ratio: 
1.5 deg/s 

 
Sum of slopes: 
Step 

 
Sum of slopes:  
Step with wait  
 

 
Sum of slopes: 
0.75 deg/s 

 
Sum of slopes: 
1.5 deg/s 

BN 1.764 
(1.075, 2.453) 

 

2.239 
(1.618, 2.860) 

 

1.582 
(1.075, 2.090) 

2.633 
(0.884, 4.383) 

 

0.782 
(0.645, 0.918) 

0.958 
(0.872, 1.081) 

0.761 
(0.651, 0.871) 

             0.506  
       (0.394, 0.619) 

DJ 1.523 
(1.042, 2.004) 

 

1.933 
(1.190, 2.676) 

 

3.503 
(0.703, 6.304) 

 

1.444 
(0.906, 1.982) 

 

0.941 
(0.805, 1.077) 

0.880 
(0.734, 1.025) 

0.666 
(0.503, 0.828) 

1.038 
(0.854, 1.221) 

DN 1.590 
(1.099, 2.080) 

 

1.989 
(1.052, 2.926) 

 

1.497 
(0.969, 2.025) 

 

1.484 
(1.152, 1.815) 

 

0.793 
(0.684, 0.902) 

0.774 
(0.624, 0.924) 

1.037 
(0.875, 1.199) 

0.976 
(0.881, 1.071) 

DS 0.758 
(0.617, 0.898) 

 

1.153 
(0.800, 1.506) 

1.282 
(0 706, 1.858) 

 

1.760 
(0.996, 2.524) 

0.836 
(0.760, 0.912) 

0.801 
(0.677, 0.926) 

0.577 
(0.451, 0.704) 

0.609 
(0.496, 0.722) 

HB 0.560 
(0.455, 0.664) 

 

0.694 
(0.534, 0.854) 

 

0.953 
(0.711, 1.195) 

 

0.481 
(0.348, 0.614) 

 

1.092 
(0.990, 1.193) 

1.129 
(1.010 1.247) 

0.764 
(0.668, 0.861) 

0.920 
(0.817, 1.023) 

JG 0.721 
(0.535, 0.908) 

 

1.458 
(1.036, 1.881) 

 

1.009 
(0.652, 1.366) 

 

0.833 
(0.516, 1.149) 

 

0.905 
(0.794, 1.017) 

0.916 
(0.783, 1.050) 

0.882 
(0.726, 1.038) 

0.734 
(0.594, 0.873) 

NP 0.980 
(0.689, 1.270) 

 

1.107 
(0.733, 1.440) 

 

1.151 
(0.877, 1.425) 

 

0.976 
(0.710, 1.242) 

 

0.943 
(0.803, 1.083) 

0.994 
(0.844, 1.145) 

1.366 
(1.199, 1.532) 

1.635 
(1.413, 1.857) 

 

Note: The 95% confidence intervals for ratio of the slopes and sum of slopes were calculated using the formula: (A÷B) ± (([Ab/B]2 + a2) / B2)0.5  
and (A + B) ± (a2 + b2)0.5  
where A and B are the slopes of the right and left eyes, and a and b are the standard errors associated with the slopes of the right and left eyes, 
respectively. 
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F igures 9.1.-9.7. Corrected pointing errors for four velocity conditions. The top rows in 

each figure in the following pages show the pointing errors for the different velocity 

conditions when the right or the left eye is deviated for each subject. The red circles, 

green squares, blue triangles and orange diamonds indicate the step, step-with-wait, 0.75 

deg/s and 1.5 deg/s conditions. Each symbol represents one pointing response. The best-

fit straight lines are shown for each of the velocity conditions in the appropriate color. 

The slopes and coefficients of determination are shown for each line in the following 

order: step, step-with- wait, 0.75 deg/s and 1.5 deg/s.  

 

The histograms on the bottom row of each Figure indicate the slopes and sum of slopes 

for the right and left eye for each condition tested. The bars in order represent the step, 

step-with-wait, 0.75 deg/s and 1.5 deg/s velocity conditions. In the left-hand histograms, 

the first four bars correspond to the right eye, and the following four bars indicate the left 

eye. The error bars denote the upper and lower 95% confidence intervals of the slopes 

and the sum of slopes.  
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9.6 
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9.7. 
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       F igure 9.8. Average ratio of slopes. 
        Average slopes for the right and left eyes for the four velocity conditions in the seven subjects. Error bars indictate 1 sd. 
 

      
 

        F igure 9.9. Average sum of slopes. 
         Average slopes for the right and left eyes in the seven subjects. Error bars indictate 1 sd. 
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F igure 9.10. Eye-position information gain for phoria vs. asymmetric vergence. 
Gain during asymmetric vergence plotted against the gain during heterophoria. Each filled data 
point represents one subject and the solid line represents the orthogonal regression line for the 
subjects in this experiment. The unfilled circles and dashed line indicate the subjects and the 
fitted orthogonal regression line to data from 
regression line is placed close to the corresponding lines. 
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CHAPTER 10 
 

General discussion 

Perceived egocentric visual direction is based on the combination of sensed eye-

position and retinal-position information (oculocentric visual direction). According to 

-position information from both eyes contributes 

to the perceived egocentric visual direction both during monocular and binocular 

viewing. The perceived direction of a foveated target would lie at the intersection of the 

visual axes, and the eye-

laws of visual direction also predict that the retinal-position information from both eyes is 

averaged, and the perceived oculocentric direction is based on the averaging of retinal-

position information from the two eyes. The averaged eye-position information is 

combined with the oculocentric direction to obtain the egocentric visual direction. This 

dissertation examined different aspects of the perception of egocentric and oculocentric 

viewing conditions, and for different combinations of eye-position and retinal-position 

information in subjects with normal binocular vision, and attempted to answer the 

following questions:  

 

 Does the contribution of eye-position and retinal-position information to perceived 

egocentric and oculocentric direction covary within the same subjects?  

s is that the eye-position and retinal-

position information from both eyes contribute equally to perceived egocentric and 
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oculocentric direction. However, studies have shown that there might be differences in 

the contribution of eye-position information from the two eyes to perceived EVD. 

Similarly, it has been shown that the retinal-position information from the eyes need not 

contribute equally to perceived OVD. Barbeito and Simpson (1991), and Simpson (1992) 

reported that the eye-position information from each eye contributes unequally to 

perceived EVD in approximately one-third of the subjects in their study. Other studies 

indicate that the contribution of the two eyes to perceived OVD is not constant but varies 

depending on the stimulus characteristics. Specifically, the perceived OVD is reported to 

shift towards the eye that views an image with higher contrast (Ding & Sperling, 2004, 

2006; Francis & Harwood, 1951; Mansfield & Legge, 1996), luminance (Charnwood, 

1949) or lesser blur (Charnwood, 1949) compared to the opposite eye. 

Evidence that the contribution of eye-position and retinal-position information 

from the two eyes is not always equal raises the question of co-variance of these two 

components. One purpose of this dissertation was to test if the eye-position and retinal-

position information co-vary quantitatively with respect to one another within the same 

subjects. To test this, two separate experiments determined the contribution of eye-

position information and retinal-position information to perceived EVD and OVD, 

respectively.  

Using an asymmetric vergence paradigm, during which the final eye-position of 

only one eye is altered, open-loop pointing errors were measured to quantify the 

contribution of eye-position information from each eye to perceived EVD during 

binocular viewing. In agreement with findings of Barbeito and Simpson (1991), and 
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Simpson (1992), approximately half of the 13 subjects in my study exhibited a between-

eye difference in the contribution of eye-position information from each eye to perceived 

EVD. In another experiment, I found that the between-eye differences existed even 

during symmetric vergence, although less than the expected magnitude in some subjects. 

This result indicates that vergence eye posture can influence perceived direction.  

In the same subjects, an alignment task was used to determine perceived OVD. In 

this task, subjects estimated the perceived direction at which either a horizontally 

disparate target with different interocular contrast or luminance ratios, or a vertically 

disparate target with different interocular contrast ratios appeared in the same direction as 

images of the s

that the perceived OVD of images presented with different interocular contrast or 

luminance ratios should remain unaltered as a function of interocular contrast or 

luminance ratios. However, in agreement with the studies by Charnwood (1949), Francis 

and Harwood (1951), Mansfield and Legge (1996) and Ding and Sperling, (2004, 2006), 

it was found that the perceived direction of images falling on non-corresponding retinal 

points systematically shifts towards the image in the eye with higher contrast or 

luminance. For horizontally disparate images with different interocular contrast or 

luminance ratios, approximately one-third of subjects reported alignment that was 

consistent with a between-eye difference in the contribution of eye-position information, 

whereas for targets with vertical disparity, approximately 75% exhibited results that were 

consistent with a between-eye difference in weighting of retinal-position information. 

Perceived OVD for vertically disparate targets also varied systematically with interocular 
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differences in contrast indicating that the combination of information from the two eyes 

to produce perceived OVD is not influenced substantially by the perception of 

stereoscopic depth. The experiments revealed that differences existed in the measures of 

perceived OVD depending on the stimulus characteristics. Specifically, measurements of 

perceived OVD were generally more variable for luminance-varying than contrast- 

varying targets. Additionally, in one subject with anisometropia, the luminance ratio that 

would produce equal weighting of retinal-position information was approximately 70:1, 

whereas there was no significant between-eye difference for contrast-varying targets.  

Control experiments indicated that although the magnitude of the shift in 

perceived OVD depended on the amount of horizontal disparity of the images in the two 

eyes and on the magnitude and direction of fixation disparities, the between-eye 

differences remained constant for these two conditions. 

Despite the above mentioned differences for perceived OVD depending on the 

stimulus characteristics, in all of the subjects the contribution of eye-position and retinal-

position information from the two eyes covaried quantitatively with one another, as 

 

 

What factor(s) accounts for between-eye differences in the contribution of eye-position 

and retinal-position information from the two eyes to perceived E VD and OVD? 

To explain the between-eye differences in the contribution of eye-position 

information in some subjects, Barbeito and Simpson (1991), and Simpson (1992) 

proposed several possible factors such as a difference in the retinal image quality in the 
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two eyes, ocular dominance, a shift in the hypothetical cyclopean eye and/or difference in 

weighting of eye-position information. Both Charnwood (1949) and Francis and 

Harwood (1951) proposed that the differences in perceived oculocentric direction during 

binocular viewing occur due to ocular dominance. 

In this dissertation, ocular dominance was measured using a sighting task, and 

two other measures that were based on retinal-position information. The results agreed 

with previous studies that the different measures of ocular dominance do not generally 

agree with each other. The only measure of dominance that qualitatively agreed with the 

eye-position and retinal-position information weighting using contrast-varying 

horizontally and vertically disparate targets and quantitatively with luminance-varying 

targets was that measured by a monocular blur-suppression test. This test used a different 

experimental paradigm compared to measurements of weighting of retinal-position 

information. However, this result is not surprising as the stimuli used in this test were 

similar to those used to determine perceived oculocentric direction, i.e., dichoptic images 

with an interocular difference in contrast along with an added blur component. 

Nonetheless, ocular dominance assessed by comparing monocular contrast sensitivity, 

which also involved contrast-defined targets did not correlate with the between-eye 

differences in the weighting of eye-position and retinal-position information. Considering 

the overall poor correlations between the tests of dominance and the between-eye 

differences in the weighting of eye-position or retinal-position information, it is unlikely 

that the between-eye differences in the contributions of eye-position and retinal-position 

information are related to an ocular dominance factor. 
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In the experiments that determined the contribution of eye-position information 

and retinal-position information, one source of information was varied while keeping the 

other one constant. Specifically, I determined the contribution of eye-position 

information while keeping the retinal-position information constant, and measured the 

contribution of retinal-position information while keeping the eye-position information 

constant, and was able to independently determine the contribution of each eye to each of 

these components. Because the retinal images in the two eyes were similar during the 

measurement of eye-position information to perceived EVD, differences in the retinal 

images or differences in visual acuity or contrast sensitivity are unlikely to account for 

between-eye differences in the contribution of eye-position information. 

The cyclopean eye is an imaginary structure that Hering proposed for a simple 

geometrical interpretation of perceived direction. Hering proposed that the cyclopean eye 

is located midway between the eyes and that directions are referred to this structure. 

experiments on perceived direction and on ocular dominance, and have attempted to 

locate the cyclopean eye (Barbeito & Ono, 1979). Moreover, the cyclopean eye is no 

longer considered to be a static structure (Ono, 1991), and is believed to move along the 

interocular axis depending on the stimulus characteristics, oculomotor characteristics or 

on ocular dominance. As examples, Charnwood (1949) and Francis and Harwood (1951) 

claimed that a shift in perceived direction when one eye views a lower luminance target 

 hypothetical cyclopean eye shifts 

towards the eye viewing the less blurred or higher contrast image. Simpson (1992) 
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proposed that the between-eye difference in the contribution of eye-position information 

assessed during a deviation of one eye during monocular or binocular viewing could be 

attributed to a shift of the cyclopean eye both laterally and in depth. Furthermore, 

Mansfield and Legge (1995) proposed that there could be more than one cyclopean eye. 

Mansfield and Legge (1996) also proposed that a shift in perceived OVD for different 

interocular contrast ratios occurs due to a shift in the cyclopean eye or to a differential 

weighing of retinal-position information. Similarly, asymmetries that occur between the 

two eyes during eye movements such as saccades during asymmetric vergence have also 

been attributed to the non-central location of the cyclopean eye (Barbeito, Tam & Ono, 

1986; Mapp & Ono, 1999; Pickwell, 1972). Walls (1952) reported that the cyclopean eye 

could remain static in subjects with strong ocular dominance, and move towards one eye 

in subjects with a weak ocular dominance. Barbeito (1981) claimed that sighting 

dominance could occur as a result of a shift in the cyclopean eye towards one eye. In 

contrast, Erkelens (2000) claimed that the cyclopean eye does not exist. Similarly, Banks, 

van Ee and Backus (1997) argued that the shift in perceived OVD found by Mansfield 

and Legge (1996) cannot be accounted for by a shift in the cyclopean eye. 

As Julesz (cited in Ono, 1991), Verhoeff (1925) and Müller (1842) pointed out, 

the cyclopean eye is a metaphor used to explain an underlying physiological 

phenomenon. Another alternative to account for between-eye differences in the 

contribution of eye-position and retinal-position information is a differential weighting of 

eye-position and retinal-position information, which would produce similar results to that 

of a shift in the cyclopean eye, and could have a physiological basis. Therefore, I attribute 
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the between-eye difference in the contribution of eye-position and retinal-position 

information to a differential weighting of eye-position and retinal-position information 

from the two eyes, and provide possible mechanisms for the combination of eye-position 

and retinal-position information below. 

 

Does the contribution of eye-position to perceived E VD vary in the complete absence of 

retinal-position information from one eye during monocular viewing? 

Previous studies differ on whether the eye-position information from the deviated 

eye during monocular viewing contributes to perceived EVD. For example, Erkelens 

(2000) proposed that the eye-position information from the non-viewing eye does not 

contribute to perceived EVD. Walls (1952) believed that the eye-position information 

from the deviated eye contributes to perceived EVD only if the dominant eye is occluded. 

The results of other studies (Khoktova, Ono, & Mapp, 2005; Ono & Gonda, 1978; Ono, 

Mapp & Howard, 2002; Ono & Weber, 1981; Park & Shebilske, 1991; Simpson, 1992) 

provide evidence to the contrary. These studies agree that the position information from 

the non-viewing eye is taken into account to determine perceived EVD. These studies 

also note that the contribution of eye-position information from the non-viewing eye 

during monocular viewing is smaller than that found during binocular viewing. 

Additionally, these studies report a large inter-subject variability not only in the 

magnitude of contribution of eye-position information from the non-viewing eye, but also 

in the perceived direction of targets during monocular eye deviation. A smaller 

contribution of eye-position information during monocular viewing could occur due to 
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the slower speed of eye movement during accommodative vergence (Simpson, 1992), 

due to smaller constant errors in binocular viewing influencing the perceived direction 

during monocular viewing (Ono and Weber, 1981), or due to attention and memory 

related factors (Park & Shebilske, 1991). These studies attempted to explain differences 

among subjects by proposing that there could be differences in the accommodative-

vergence velocities in different subjects, or that different subjects interpreted the 

experimental procedure differently, or due to a difference in the memory or attention 

related factor among different subjects. However, in the experiment described in this 

dissertation, the accommodative stimulus was kept constant. Furthermore, the viewing 

conditions and the target locations were randomized from trial to trial. Almost all of the 

pointing conditions were self-paced and the variability of pointing responses was similar 

in all of the subjects. Moreover, the weighting of retinal-position information for the 

same subjects remained similar across different days, and in different experiments (See 

Table 10.1). Therefore, it is unlikely that inter-subject differences during monocular 

viewing occurred either by differences in viewing conditions or by differences in memory 

or attention.  

The results of the study in Chapter 1 on perceived direction during monocular 

viewing agree with the findings of the above mentioned studies. Specifically, there was 

intersubject variability in the contribution of eye-position information. In some subjects, 

the contribution of eye-

The study suggests that the contribution of eye-position information from the occluded 

eye is idiosyncratic, and is generally not consistent with the eye given higher weighting 
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or with the magnitude of weighting.  

 

Does velocity differences account for differences in monocular and binocular viewing?  

Studies involving perception during saccadic and pursuit eye movements showed 

an inverse relationship between the velocity of eye movement and perceived location of a 

target. I predicted that if the velocity of the eye movement influences the perceived 

changes in visual direction, then there should be a reduced contribution of eye-position 

information for the slower velocity vergence movement such as phoria that would occur 

as a result of occlusion. To test this possibility, the target velocity during asymmetric 

vergence eye movements was altered. I found no difference in the perceived direction as 

a function of eye-velocity. Therefore, it is unlikely that the velocity of eye movement was 

responsible for the reduced contribution of eye-position information from the non-

viewing eye during occlusion either in the previous studies or the present study (in 

Chapter 1).  

A difference in retinal information exists during monocular and binocular viewing 

conditions. Specifically, retinal information from both eyes is present during binocular 

viewing and absence of retinal information during monocular viewing. It is therefore 

plausible that the presence or absence of retinal image in both eyes influences whether 

there is an equal or less than equal contribution of eye-position information from the non-

viewing eye. However, it is still unclear why inter-subject differences that are unrelated 

to the magnitude of heterophoria exist in the contribution of eye-position information 

during monocular viewing.   
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Does the contribution of eye-position information from the two eyes vary similarly in 

the presence and absence of foveal suppression?  

Retinal suppression is a common perceptual phenomenon seen in subjects with 

strabismus without anomalous retinal correspondence, to avoid the diplopia that would 

arise as a result of similar images falling on non-corresponding points during ocular 

deviation. The clinical suppression that might occur as a result of blur was simulated in 

normal subjects. One eye was deviated by different magnitudes of asymmetric vergence 

demand. The target viewed by the deviated eye was blurred and produce foveal 

suppression that would occur as a result of anisometropic blur. This target was detected 

by the subjects but suppressed perceptually by the clear, brighter corresponding image in 

the other eye. It was found that the contribution of retinal information from the deviating 

eye reduced in the presence of foveal suppression. One possible interpretation is that 

perceptual information partly influences the contribution of eye-position information. 

However, the suppression was limited to the foveal region in the experiment in this 

dissertation. Whether suppression of a larger retinal region, similar to the hemi-retinal 

suppression reported in subjects with strabismus, has a larger effect on the relative 

weighting of eye-position information remains to be tested. A second possible 

interpretation is discussed below. 

 

How does the contribution of eye-position information from the deviated eye vary with 

the quality of the retinal-position information in that eye?  

In this dissertation, the contribution of eye-position information was examined for 
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different types of retinal-position information in the two eyes. Specifically, the 

characteristics of the retinal-position information were similar for the two eyes during 

binocular viewing in the experiment described in Chapters 2 and 7. In the experiment 

described in Chapter 7, there was retinal-position information present, but part of the 

stimulus (foveal) was perceptually absent. In the experiment described in Chapter 1, there 

was no retinal-position information from one eye. These three conditions produced 

alterations in the application of eye-position information to perceived EVD. Specifically, 

during asymmetric vergence using equal luminance targets, the contribution of eye-

position information from the deviated eye was approximately equal to that expected 

hich 

eye was weighted more. In contrast, the contribution of eye-position information was 

smaller during the suppression of a blurred image in the deviating eye. When the retinal-

position information from one eye was completely absent during monocular viewing, the 

estimated eye-position signals varied idiosyncratically between subjects. These findings 

suggest that the weighting of retinal-position information (and/or perception) and eye-

position information are not completely independent of each other.  

As mentioned above, on one hand, the reduced contribution of eye-position 

information during the suppression of foveal information could have occurred because 

the eye-position information is influenced by perception. On the other hand, the strength 

of the eac

relative strength of eye-position signals. Specifically, the lesser contribution of eye-

position information during suppression could have occurred because the retinal stimulus 
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in one eye had a lower luminance compared to the other eye, and not because the 

stimulus was not perceived. Wolfe and Owens (1979) measured perceived tilt and the 

stimulation of ocular torsion in subjects with induced anisometropia as they viewed a 

dichoptic target that rotated around the line of sight. Wolfe and Owens found that 

anisometropia differentially affected the perception of tilt and ocular torsion, compared to 

isometropic viewing conditions. Serrano-Pedraza, Majunath, Osunkunle, Clarke and 

Read (2011b) reported that subjects with intermittent exotropia may suppress retinal-

position information even when they are orthotropic. Both these findings suggest that the 

perception of the retinal image and its influence of eye position might be independent of 

each other.  

To test this, further experiments that measure the contribution of eye-position 

information in the presence of unsuppressed targets with decreased luminance or contrast 

in one eye are required. The prediction is that if the characteristics of the retinal stimulus, 

rather than perception of the stimulus influences perceived direction, then the 

contribution of eye-position information should be reduced as the interocular difference 

in stimulus contrast or luminance increases. On the other hand, if the characteristics of 

the retinal stimulus per se do not influence eye-position signals, then the contribution of 

eye-position information should remain similar for all interocular differences in stimulus 

luminance or contrast as long as the stimulus in each eye is visible. In this case, the 

reduced contribution of eye-position information during suppression could have been the 

result of perception interacting with the eye-position information.    
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Where are the possible locations for combination of retinal and eye-position 

information? 

Encoding space in an egocentric reference frame requires both retinal- and eye-

position information. Visual information is provided through the visual pathway that 

includes the striate and the extrastriate cortices. Binocular visual cells are found in areas 

V1 and upstream. In addition to these binocular visual cells, areas V1 (Hubel & Weisel, 

1962) V2 and V3 (Baizer, 1982; Zeki, 1978a) contain cells that respond to monocular 

stimuli. However, the number of monocular cells in V2 and V3 are considerably less than 

that found in V1 (Zeki, 1978b).  

Eye-position information is provided in part by proprioception (Bridgeman & 

Stark, 1991; Buisseret, & Maffei, 1977; Gauthier, Berard, Deransard, Semmlow & 

Vercher, 1985; Gauthier, Nommay & Vercher, 1990a, 1990b; Gauthier, Vercher & 

Blouin, 1995; Grüsser, 1986; Hershberger, 1984; Steinbach, 1986, 1987; Steinbach & 

Smith, 1981) and to a larger extent by efference copies (Bock & Kommerell, 1985; 

Bridgeman, 1995; Bridgeman & Delgado, 1984; Bridgeman & Stark, 1991; Helmholtz, 

1910/1962; Festinger & Canon, 1965; Festinger & Easton, 1974; Guthrie, Porter & 

Sparks, 1983; Skavenski, 1972; Sommer & Wurtz, 2006;  Stark, 1985; von Holst & 

Mittelstaedt; 1950; von Holst, 1954; Walls, 1951). Proprioceptive eye-position 

information is reported to be present in the parietal cortex. Cells in the somatosensory 

cortex area 3a in the anterior parietal cortex contain proprioceptive inputs of eye position 

that are monocular (Wang, Zhang, Cohen & Goldberg, 2007; Balslev & Miall, 2008). 

Transneuronal labeling shows that indirect and relatively weak proprioceptive projections 



General Discussion 

 287 

feed ipsilaterally into the posterior pariteal area LIPv  (Prevosto, Graf & Ugolini, 2009, 

2011), and are represented bilaterally in the somatosensory cortex (Balslev, Albert & 

Miall, 2011). This region is also reported to receive inputs from the horizontal neural 

integrator, prepositus hypoglossi (Prevosto, Graf & Ugolini, 2009, 2011). An efference 

copy signal for saccades is reported to travel from the superior colliculus through the 

mediodorsal thalamus to the frontal cortex, specifically the frontal eye fields (Sommer & 

Wurtz, 2006). The existence of a corollary discharge was shown by first determining that 

frontal eye field neurons are connected to the superior colliculus. Relay neurons from the 

superior colliculus were injected with mucimol to inactivate them. Inactivation of the 

relay neurons in the mediodorsal thalamus led to a decrease in the activity of frontal eye 

field neurons, and reduced their ability to shift the receptive field in association with eye 

movements.  

Cortical areas contain neurons that encode the spatial location of visual targets 

with respect to an eye-centered co-ordinate system and spatiotopic maps that combine 

retinal and eye-position information to encode space in a head-centered co-ordinate 

system (egocentric), or a combination of both. Studies have examined whether a specific 

cell encodes information retinotopically or spatiotopically by mapping the receptive field 

during eye movements, most commonly saccades (for eg., Duhamel, Bremmer, 

BenHamed & Graf, 1997; Galletti & Battaglini, 1989; Gur & Snodderly, 1997; 

Nakamura & Colby, 2002). In the experimental paradigm used in these studies, the 

receptive field is mapped as a visual target is displaced in space. The expectation is that if 

these cells encode visual space retinotopically, the receptive field should shift in the 
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direction of the eye movement when a saccade occurs, and should correspond to the new 

location of the target in space. However, if the cells take into account both the retinal-

position information and the change in the eye-position, then the retinal-position 

information and the eye-position information can cancel each other, producing an 

unchanging receptive field location in space before and after a saccade. 

The existence of cells that encode in a spatiotopic reference frames 31 in area V1 

is unclear as some authors claim that V1 does not contain cells that combine retinal- and 

eye-position information, while others claim that such cells do occur in V1 (Durand, 

Trotter & Celebrini, 2010; Gonzalez & Perez, 1998; Gur & Snodderly, 1997; Nakamura 

& Colby, 2002). However, the percentage of cells that encode combined eye-position and 

retinal-position information is found to increase systematically between V2 and the 

parietal cortex. Reportedly, approximately 10-14% (Galletti, Battaglini, & Aicardi, 1988; 

Nakamura and Colby, 2002) of the neurons in V2, and 35% of the neurons in V3 encode 

space in an egocentric reference frame. The percentage of neurons in V3A that encode 

both eye-position and retinal-position information increases to approximately 50% 

according to Galletti and Battaglini (1989), Galletti, Battaglini and Fattori (1990) and 

Nakamura and Colby (2002). In the V3A region, groups of cells that encode space in 

head-centered coordinates are found segregated from cells that encode in non-headcentric 

coordinates (Galletti & Battaglini, 1989). Bremmer (2000) suggested that neurons in V4 

might be retinotopic rather than spatiotopic as he found that the receptive fields shifted 

along with a change in gaze position. 

                                                 
31 or alternatively modulation of the activity of the cells with changes in gaze.  
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Galletti, Battaglini and Fattori (1993) reported that 14/120 cells in the parieto-

occuipital sulcus (V6) and approximately 50% of cells in V6A encode visual stimuli in 

headcentric co-ordinates. Approximately 60-75% of cells in the posterior parietal cortex 

including areas 7a, lateral intraparietal area (LIP), and ventral intraparietal (VIP) are 

reported to encode visual information in an egocentric frame of reference (Andersen, 

1989; Balslev & Miall, 2008; Bhattacharya, Musallam & Andersen, 2009; Duhamel et 

al., 1997; Medendorp, 2011; White & Snyder, 2007; Williams & Smith, 2010; Zipser & 

Andersen, 1988; Genovesio & Ferraina, 2004; Prevosto, Graf & Ugolini, 2009). 

Moreover, in area VIP of the posterior parietal cortex, cells are reported to occur as a 

continuum with some cells encoding visual space retinotopically, and some cells 

encoding in a spatiotopic reference frame (Duhamel et al., 1997). A combination of 

retinal and eye-position information was reported to occur at the level of single neurons 

in the posterior parietal cortex, specifically LIP (Ipata, Gee, Bisley & Goldberg, 2009).  

At least two separate classes of cells related to visual and eye position appear to 

exist in the frontal cortex. Firstly, a segregation of the responses to vergence and version 

stimuli and/or the eye-movement responses to these stimuli appear to extend at least up to 

the frontal cortex, identical to the separation of conjugate and vergence eye movement 

neurons seen in the other areas associated with eye movement.  For example, Ferraina, 

Paré and Wurtz (2000) reported that approximately 60% neurons in the frontal cortex 

respond to both saccadic and disparity stimuli, and approximately 20% of cells respond 

only to a saccadic stimulus. Fukushima, Yamanobe, Shinmei, Fukushima, Kurkin, & 

Peterson (2002) reported that the majority of cells (60%) in the frontal cortex respond to 
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both smooth vergence and smooth eye movement, whereas 25% cells responded only to 

pursuit and approximately 10% responded to only smooth vergence. Fukushima et al. 

(2002) proposed that appropriate signals for the two eyes could be provided by a 

weighted sum of version and vergence signals. Even though disparity sensitive cells are 

found in the posterior-parietal cortex (Gnadt & Mays, 1995), it is unclear whether these 

are responsive also to vergence eye movements. 

Secondly, the response of some neurons in the frontal cortex to an eye-movement 

appears to be independent of the presence of a visual stimulus, and vice versa. 

Specifically, Fukushima et al. (2002) reported that the neural discharge during either 

pursuit or smooth vergence occurred even in the absence of the visual stimulus. 

Similarly, Ferraina et al. (2000) reported that the neural response to a disparity stimulus 

was not associated with a vergence eye movement. However, they report the existence of 

visuo-motor cells (approximately 65%) in the frontal eye fields that exhibit a pre-saccadic 

increase in activity. However, it is unknown whether the shift in receptive fields in the 

frontal cortex is associated with a change in vergence. In other words, it is unknown 

whether the frontal eye-fields have neurons that show visuo-motor responses related to a 

vergence change in addition to a saccadic eye movement.32  

Reciprocal neural connections are reported to exist between the frontal and the 

parietal cortex (Cavada & Goldman-Rakic, 1989). Connections are also known to exist 

between the parietal cortex and the superior colliculus. If proprioceptive inputs and 

efference copy signals exist in the parietal and the frontal cortex, and if these areas 

                                                 
32 In addition to the frontal and the posterior parietal cortex, other cortical regions such as V1 and 
V2 also contain disparity-sensitive neurons. However, the discussion above pertains to the frontal 
and the parietal cortex, as a considerable number of cells in these regions encode spatiotopically.  
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contain connections with each other and with other structures involved in eye movement, 

it is feasible that eye-position and retinal-position information are combined either at this 

level, or at an earlier level that has both eye-position and retinal-position information, as 

discussed below.  

 

 Model for combination of eye-position and retinal-position information 

This dissertation demonstrated that the eye-position information from the two 

eyes is differentially weighted in some subjects. Similarly, the retinal-position 

information from the eyes is weighted differentially in some subjects. The weighting of 

eye-position and retinal-position information covaries similarly within individual 

subjects.  

The eye-position and the retinal-position information can be combined in two 

possible ways to encode egocentric direction. The first possibility is that the position 

information from the two eyes is combined and this in turn is added to combination of the 

retinal-position information from the two eyes. The second possibility is that the eye-

position information from each eye is added with the retinal-position information from 

the same eye. These signals are then combined with the eye-position and retinal-position 

information from the other eye. The second possibility implies a common weighting of 

retinal and eye-position information at the same neural location, which is suggested by 

the results of the experiments in the dissertation. This possibility requires that both the 

eye-position and retinal-position information from each eye remain separate, at least to 

some extent. As mentioned above, some visual cells in V1, V2 and V3 are monocular, 
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and these areas also contain eye-position information. The number of monocular visual 

cells is reported to decrease from V1 to V3, and the number of neurons encoding in a 

spatiotopic reference frame is found to increase from V1 to the parietal cortex. It is 

possible that a common weighting of retinal and eye-position information could occur at 

any of these locations that contain monocular visual cell, and neurons that encode in 

spatiotopic reference frames. It is also possible that a common weighting of eye-position 

and retinal-position information begins to occur in V1 and is strengthened in cortical 

areas that contain cells encoding in egocentric space.  

The anterior parietal cortex is reported to contain proprioceptive eye-position 

input that is monocular (Prevosto et al., 2009, 2011; Wang et al., 2007) and this 

proprioceptive information is reported to be transmitted to the posterior parietal cortex 

through indirect connections (Prevosto et al., 2009). The frontal eye-fields are reported to 

have strong reciprocal connections with the posterior parietal cortex (Cavada & 

Goldman-Rakic, 1989; Ferraina et al., 2000). The frontal eye-fields also are reported to 

receive efference copies of eye-position information from the superior colliculus 

(Sommer & Wurtz, 2006). It is therefore plausible that the efference copy information in 

frontal cortex projects to the posterior parietal cortex. Both the proprioceptive and the 

efference copy signals could then be combined or modulated based on a common 

weighting provided to both the eye-position and retinal-position information.   

Meanwhile, the oculomotor system could generate a common motor signal for 

eye-movements that matches the requirement produced by the position, velocity and the 

disparity o
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consistent with our finding that the vergence eye-position matched the disparity of the 

stimulus, even though there were differences in the eye-position information from the 

two eyes in some subjects.  

The model provided above is a simplistic explanation of the combination of eye-

position and retinal-position information combination. Based on the complexity of 

neuronal circuits involved in the generation of eye-movement/eye-position signals and 

visual signals, it is very likely that more steps are involved in the combination that that 

indicated above.  

Similar models that require separate monocular information at higher cortical 

levels have been described recently. For example, studies on motion processing and 

binocular rivalry suggest that eye-specific information can be recovered at relatively 

higher cortical areas such as MT and inferotemporal cortex after the signals from the two 

eyes already are combined. Specifically, Rokers, Cormack and Huk (2009) and Rokers, 

Czuba, Cormack and Huk (2011) report that interocular velocity differences could be 

extracted from pattern motion signals. Because studies have shown that motion 

processing involve cortical area V1 and upstream, these results suggest -of-

should be available at the later motion processing stages. Rokers et al. 

(2009, 2011) suggest that although the exact neural location for the eye-specific 

computation is unknown, it could occur in extrastriate area such as MT or through a sub-

cortical pathway that sends inputs to MT. Lehky (2011) reports that binocular rivalry 

occurs strongly in the inferotemporal cortex, which is considered to be a strongly 

binocular visual area. Specifically, Lehky reports that the separate identities of two 



General Discussion 

 294 

-

explain this finding. 

In conclusion, the studies in this dissertation showed that eye-position and retinal-

position information covary quantitatively within the same subjects, despite differential 

weighting of eye-position and retinal-position information from the two eyes in some 

subjects. Differences in the contribution of eye-position information from the two eyes 

also depend to some extent on whether the retinal-position information is present in, or 

perceived by both eyes. The dependence of the contribution of eye-position information 

on the retinal-position information, at least to some extent, suggests that combination of 

eye-position and retinal-position information (including suppression) for the perception 

of egocentric visual direction is likely to have a common neural circuitry. Additionally, 

the similar quantitative weighting of eye-position and retinal-position information makes 

it likely that the information from the two eyes is combined at a common neural locus in 

the visual cortex that is involved in perception of space in an egocentric reference frame.  
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Table 10.1. Comparison of between-eye differences in weighting across different 
experiments.  
The left most column indicates the ratio (RE slope/LE slope) and the 95% confidence intervals of 
the slopes for the asymmetric vergence experiment (from Chapter 2). The middle column 
indicates the ratio of the slopes averaged from the 4 velocity conditions (from Chapter 9). The 
rightmost column indicates the ratio of the non-suppression condition (from Chapter 7). For the 
velocity and the suppression experiments, the values in parenthesis indicate the 95% CIs of the 

averaged ratios of slopes. Bold numbers indicate subjects with a significant between-eye 
difference in the weighting of eye-position information.  
 
 

 

  

  

  

                                                 
33 Ratios from experiments described in Chapters 2, 7 and 9. 
 

Subject Asymmetr ic 
vergence33 

Velocity expt  Suppression expt 

BN 1.439 (1.007, 1.871) 2.052 (1.585, 2.519) - 
DJ 2.420 (1.734, 3.107) 2.100 (1.164, 3.041) - 
DN 1.877 (1.068, 2.685) 1.640 (1.407, 1.873) - 
DS 1.230 (0.958, 1.502) 1.238 (0.833, 1.643)   1.121 (0.859, 1.384) 
H B 0.759 (0.675, 0.843) 0.672 (0.469, 0.875)  0.665 (0.462, 0.868) 
JG 0.852 (0.613, 1.092) 1.053 (0.966, 1.141) 0.424 (0.214, 0.635) 
KI 0.790 (0.613, 1.092)                 - 0.309 (0.151, 0.468) 
NP 1.154 (0.937, 1.372) 1.053 (0.966, 1.141) - 
QL 3.044 (0.984, 5.105) - - 
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Appendices 

Table A .I. Profile of subjects. 

Subjects who participated in the experiments. 

 

 

 

 
 

 
 
 
 
 
 

Subject Age 
(years) 

Refractive correction: 
OD 

Refractive Correction: 
OS 

Best corrected 
Visual Acuity 
(OD;OS) 

  AB 27 Plano Plano / -0.50 DC*180 20/20; 20/20 
  AK 24 Plano / -3.50 DC*20 Plano/-4.0 DC*160 20/20; 20/20 
  BN 27 Plano Plano 20/20; 20/20 
  CH 40 +0.50 DS +0.50 DS 20/15; 20/15 
  DJ 23 -2.75 -1.50 DS/ -1.25 DC*90 20/20; 20/20 
  DK 40 +0.50 DS +0.50 DS/-0.25 DC*180 20/20; 20/20 
  DN 25 Plano Plano 20/20; 20/20 
  DS 29 -5.00DS -4.50 DS 20/20; 20/20 
  HB 61 -2.25DS/-0.75DC*155 -1.75DS/-0.75DC*55 20/15; 20/15 
  JG 34 Plano Plano 20/20; 20/20 
  JH 35 -3.00 -3.00 20/15; 20/15 
  JQ 31 -6.50DS/-1.50DC*170 -7.00DS/-0.50DC*10 20/15-; 20/15- 
  JW 32 - 4.50 DS - 1.50 DS 20/20; 20/20 
  KI 23 - 7.50 DS - 8.00 DS 20/20; 20/20 
  LG 31 -4.75DS/-0.50DC*15 -4.75DS 20/20; 20/20 
  MD 25 -4.50 DS -4.75 DS 20/20; 20/20 
  MM 36 -6.00DS/-1.25 DS*100 -3.00DS/-0.75*80 20/15; 20/15 
  NP 31 -1.50DS/-1.25 DC*16 -1.50DS/-1.25 DC*164 20/20; 20/20 
  QL 27 -4.75 DS -5.00 DS 20/20; 20/20 
  TP 34 -7.25DS/-0.50DC*5 -7.75DS/-0.75DC*165 20/20; 20/20 
  VC 23 -5.00 DS/-0.50*180 -5.50 DS/-0.50*180 20/20; 20/20 
  VR 24 -1.50 DS -2.00 DS 20/20; 20/20 
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F igure A .I I . Luminance calibration of monitor. 
Luminance calibration of the Clinton monochrome monoray monitor was done using an Optical 
photometer.  
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Table A .1.1. Pointing errors for phoria without 5 sec wait time. 
Corrected pointing errors and dissociated phoria obtained with no waiting time between the target 
presentation and the pointing response. Values in parenthesis indicate standard errors.  

 

 
 
 
 
 
 
 
 
 
 

 
Subject 

Phoria 
average for 
right & left 
eye (PD) 

Expected 
pointing 
error (PD): 
RE viewing 
 

Expected 
pointing 
error (PD):  
LE viewing 

Corrected 
pointing 
error (PD):  
RE viewing 

Corrected 
pointing 
error (PD):  
LE viewing 

 
HB 

 

 
-7.85(0.50) 

 
-3.92 

 
3.92 

 
-2.78(1.54) 

 
1.91(1.02) 

 
TP 

 

 
0.24(0.13) 

 
-0.12 

 
0.12 

 
1.20(1.6) 

 
-1.00(1.32) 

 
AQ 

 

 
-3.85(0.49) 

 
-1.93 

 
1.93 

 
-1.57(1.03) 

 
-1.87(1.03) 

 
QL 

 

 
-3.01(0.63) 

 
-1.51 

 
1.51 

 
1.30(0.94) 

 
0.47(0.97) 

 
JW 

 

 
-0.45(0.21) 

 
-0.23 

 
0.23 

 
-0.20(1.16) 

 
0.63(1.07) 

 
TN 

 

 
-1.35(0.16) 

 
-0.68 

 
0.68 

 
0.68(0.94) 

 
1.28(0.97) 

 
HC 

 

 
-1.22(0.23) 

 
-0.61 

 
0.61 

 
-0.53(0.83) 

 
-0.37(0.95) 

 
DN 

 

 
-6.28(0.19) 

 
-3.14 

 
3.14 

 
-0.97(1.35) 

 
-0.95(1.22) 

 
DS 

 
-14.36(0.84) 

 
-7.18 

 
7.18 

 
-4.51(1.86) 

 
  5.38(1.91) 

 
JT 

 

 
-3.40 (0.62) 

 
-1.70 

 
1.70 

 
-1.27(1.32) 

 
0.90 (1.38) 
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Table A .1.2. Pointing errors for phoria without 5 sec wait time: Repeatability. 
Exophoria obtained with no waiting time in between the target presentation and pointing 
response: Repeatability for trials on two different days, shown for two subjects. 

 
Subject DS:  

 
 
 
 
 
 
 
 
 
 
 

 
Subject HB:  

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

 
 
 
 

 
Trial No. 

Phoria 
average for 
right & left 
eye (PD) 

Expected 
pointing 
error (PD): 
RE viewing 
 

Expected 
pointing 
error (PD):  
LE viewing 

Corrected 
pointing 
error (PD):  
RE viewing 

Corrected 
pointing 
error (PD):  
LE viewing 

 
1 

 
-11.93(0.86) 

 
-5.96 

 
5.96 

 
-3.93(1.96) 

 
4.80(1.45) 

 
2 

 
-16.79(0.13) 

 
-8.39 

 
8.39 

 
-5.10(1.60) 

 
5.97(1.39) 

 
Trial No. 

Phoria 
average for 
right & left 
eye (PD) 

Expected 
pointing 
error (PD): 
RE viewing 
 

Expected 
pointing 
error (PD):  
LE viewing 

Corrected 
pointing 
error (PD):  
RE viewing 

Corrected 
pointing 
error (PD):  
LE viewing 

 
1 

 
-8.91(0.50) 

 
-4.45 

 
4.45 

 
-3.33(1.88) 

 
2.80(1.24) 

 
2 
 

 
-6.86(0.69) 

 
-3.43 

 
3.43 

 
-2.23(1.19) 

 
1.03(0.82) 
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F igure A .1.3. Relationship between corrected pointing errors and heterophoria. Pointing errors obtained without a 5 s wait time between 
target presentation, and pointing response. Plot a shows the corrected pointing errors obtained when the right eye was viewing. Plot b shows the 
results when the left eye was viewing. Plot c compares the pointing errors obtained with each eye viewing. Each data point represents one 

-fit line to the data and the 1:1 line, respectively. 
The p values were calculated from a two-tailed t-test.  
                    a.                                                                                            b. 

             
                                                                    c. 
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A .2.1. Change in head-position during a set of pointing trials. 
Head-position was measured while the subject made pointing responses, using a laser pointer that 

the light projected behind the 
subject by the laser pointer was noted on each trial, for 40 trials. The 40 trials included 
asymmetric vergence demands between 5 PD divergence and 15 PD convergence with 5 PD 
steps. The target locations on the computer screen ranged from 6 PD to the left to 6 PD to the 
right in 2 PD steps. 
 
The second column in the table below indicates the range of the head positions, expressed in 
linear units. The distance between the subject and the surface on to which the laser light was 
projected was 2.57 m. The distances were converted to angular measures (third column). The 
range for each subject was assumed to encompass + 2 std deviations. The range was therefore 
divided by four to obtain an estimate of the variability of head position.  
 

Subject Range (in meters) Range (in deg) Variability (deg) 
AK 0.09 2.00 0.50 
JW 0.07 1.55 0.39 
VR 0.17 0.10* 3.78 2.23* 0.95 0.56* 
Mean:                                                                                         0.36+ 

 
 

* The first trial by this subject was considered to be an outlier. The left half of each column under 
range and variability includes the outlier. The values in the right half of each column (with the *) 
exclude the outlier. 
 

+ The mean excludes the single outlier for subject VR. 
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Table A .3.1. Fixation disparities for experiments in Chapter 3.The vergence demand and 
the minimal fixation disparity obtained with the vergence demand. Values in parenthesis indicate 
standard errors. (The number of trials was different for each subject).   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Subject Vergence 
demand to 
minimize 
fixation 
disparity (PD) 

Minimal 
fixation 
disparity (arc 
min) 

BN 4 BI -1.30 (1.22) 
DJ 0 -0.22 (1.94) 
DN 6 BI -0.11 (0.20) 
DS 20 BI -3.41 (0.37) 
HB   4 BI -2.07 (0.27) 
JG 0 -0.74 (0.15) 
JQ 0 -0.74 (0.19) 
JW 0   0.82 (0.26) 
KI 0 -0.35 (0.12) 
LG 6 BI -1.80 (0.53) 
NP   2 BI  0.16 (1.62) 
QL 6 BI  0.74 (0.39) 
TP 0 -0.12 (0.09)  
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F igures A .3.2.A . Repeatability of OVD experiment for contrast targets. Repeatability measures of retinal-position information weighting 
for three subjects for test-targets with different interocular contrast ratios obtained using straight-line fits. 
      
DS:  Straight  Line  Fit:  Trial  1
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QL:Straight  Line  Fit:  Trial  1
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DS:  Straight  Line  Fit:  Trial  2
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QL:  Straight  Line  Fit:  Trial  2

y  =  -5.373x  +  0.468
R2  =  0.923
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R2  =  0.822
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F igures A .3.2.B . Repeatability of OVD experiment for luminance targets. Repeatability measures of retinal-position information weighting 
for three subjects for test targets with different interocular luminance ratios obtained using straight-line fits. 
 
BN:  Straight  Line  Fit:  Trial  1
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DS:  Straight  Line  Fit:Trial  1
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TP:  Straight  Line  Fit  :Trial  1
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BN:  Straight  Line  Fit:  Trial  2

y  =  -2.438x  +  1.513
R2  =  0.704

y  =  0.916x  +  0.170
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DS:  Straight  Line  Fit:Trial  2
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TP:  Straight  Line  Fit:  Trial  2

y  =  -1.209x  -  0.071
R2  =  0.533

y  =  1.412x  -  0.867
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A.3.3. Vernier acuity comparisons 
 i.                                                   ii                                                                      iii. 

   
  
                                   iv.                                                                        v. 
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Table A .3.4.i. and A .3.4.ii. Fixation disparities and retinal weighting. Effect of fixation 
disparity on the weighting of retinal-position information from the two eyes for two subjects. The 
fixation disparities were obtained by displacing the fixation target for the two eyes. BO and BI 
indicate base-out and base-in vergence demand respectively. Negative and positive values for 
fixation disparity indicate exo and eso fixation disparity, respectively. Values in parenthesis 
indicate + 1SD.The weighting of the retinal-position information from the two eyes was obtained 
using a straight line fit. Values of the intersection point in the linear units, more and less than 1 
indicate higher weighting for the right and left eyes, respectively.  
 
i.  
Subject Vergence 

demand 
Fixation 
Disparity in 
Arc Min  

Intersection 
point of the 
straight-line fits 
(Log units)  

Intersection 
point of the 
straight-line fits 
(Linear units)  

HB 8 BO -8.68 (2.60) 
 

-0.003 0.990 

4 BI  0.63 (0.82) 0.090 1.230 
12 BI  7.27 (1.76) -0.26 0.549 

 
 
 
 
ii. 

Subject Vergence 
demand 

   Fixation 
Disparity in 
Arc Min 

  Intersection  
point of the      
straight-line 

fits(Log units) 

Intersection  
point of the  
straight-line fits 
(Linear units) 

    DS 8 BO -13.54 (2.60) 0.209 1.150 

8 BI - 1.52 (0.90) 0.279 1.500 
20 BI - 0.04  (0.90) 0.017 1.174 
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F igure A .3.5. Change in Vernier acuity with test-target disparity 
The figure below shows the change in Vernier acuity in arc min with a change in the disparity of 
the test-target, when the luminances of the test target for both eyes were equal for subject DS. 
Each data point shows a PSE, obtained with both crossed and uncrossed disparity test-targets. The 
Vernier acuities obtained with different target disparities were similar (tdf = 23, t = 0.29, p = 0.77) 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendices 

 308 

Table A .9.1. Fixation disparities for subjects in Chapter 9. 
Fixation disparity measurements for each subject averaged over the different viewing 
conditions and asymmetric vergence demands. 
 

Subject Fixation disparity 
 Arc min (std dev) 

BN -4.0 (8.7) 
DJ -0.2 (2.8) 
DN -0.9 (3.6) 
DS -12.3 (11.7) 
HB -4.7 (5.5) 
JG -0.6 (3.5) 
NP -2.4(8.2) 
Mean (SD of mean): -3.6 (4.2) 

 
 
Note: The fixation disparities generally varied systematically with the vergence demands 
as noted in the previous chapter on symmetric vergence.  
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