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Abstract 

Binocular fusion is our ability to combine the two separate retinal images into a single 

fused image, even if the images are separated by a certain amount of disparity. We hypothesized 

that lower spatial frequencies sampled over a large field of view (FOV) contribute to extending 

the fusional vergence range (FVR), which is the extent to which binocular single vision (BSV) can 

be held together with increasing image disparities. Testing these properties allows for the 

illustration of the contribution of the monocular periphery to binocular fusion. Two separate 

experiments were run to test this hypothesis; one which varied the spatial frequency of stimuli and 

one which varied the FOV. Both experiments involved the use of a head-mounted display (HMD) 

to haploscopically present stimuli to participants. The procedure involved participants manually 

moving the stimuli apart from each other until they perceptually separated and then back together 

until they fused, with the resulting disparity at these points being used to calculate the FVR, along 

with the hysteresis and any potential heterophoria present. The first experiment found the opposite 

effect of spatial frequency than what was reported in the literature, with lower spatial frequencies 

resulting in a lower FVR. The second experiment did not find any effect of FOV. These differences 

compared to the literature could be the result of using an HMD methodology, or the use of complex 

images as stimuli (which was found to result in a larger FVR than the literature). In future research, 

the use of different methodologies with complex images would provide a useful comparison to the 

current results obtained with an HMD, as well as a test of the interactions between spatial 

frequency and FOV. 
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Chapter 1: Introduction 

1.1 Objectives 

The objective of the current thesis is to examine how the fusional vergence range is affected 

by both the spatial frequencies present in the image being viewed and by the size of the visual 

field, which is the extent of the visual world observed at any given moment (also known as the 

field of view (FOV)). This was accomplished by inducing an artificial heterophoria (misalignment 

of the eyes outside of binocular fusion) in participants. 

We are particularly interested in the contribution of the monocular visual periphery, which 

refers to the edges of our vision only observed by one eye. Our hypothesis is that lower spatial 

frequencies are important in guiding vergence and binocular fusion, and that in order to do so they 

must be sampled over a larger FOV. This larger FOV would include the monocular periphery, and 

so it follows that the monocular periphery provides an important contribution to binocular fusion. 

As it forms the basis for this thesis, it is useful to first review binocular vision. 

1.2 Binocular Vision 

As humans, we make use of both eyes in order to see the world around us. This binocular 

vision affords us a larger FOV than would be possible with one eye, as well as providing the basis 

for the depth cue known as stereopsis (Julesz, 1960). In order to achieve binocular single vision 

(BSV), where the separate retinal images are fused into one, both eyes need to be approximately 

aligned and pointing in the same direction, resulting in corresponding points for the retinal images. 

However, there is a range of disparities possible for these points where fusion is achieved at the 

neural level and BSV will remain intact. This range is known as Panum’s fusional area (Bhola, 

2006). If disparities fall outside of this area, corrective vergence eye movements must be made to 
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ensure alignment of the optical axes and continued BSV. Small disparities in the optical axes of 

the eyes (known as fixation disparities) are often present, which the visual system is generally able 

to compensate for with minimal effort and while maintaining BSV. However, misalignment of the 

optical axes of the eyes can result in much larger disparities, which can result in stress on the visual 

system. This stress can often result in some form of visual discomfort, such as eye strain and 

headaches (Lambooij et al., 2009). If the disparity becomes so large that the brain can no longer 

hold BSV, double vision (diplopia) will result. The extent to which BSV can be maintained in the 

face of increasing disparities is known as the fusional vergence range (FVR). 

One key type of misalignment involved in this study is heterophoria, which is described in 

the next section. 

1.3 Heterophoria 

There are two terms that are used to describe a deviation in the optical axes of the eyes. 

Heterotropia is a misalignment of the eyes when binocular fusion is successfully performed (Von 

Noorden and Campos, 2002). As such, this misalignment is present most of the time and results 

either in diplopia (seeing two images at the same time) or in amblyopia (suppressing the image of 

one eye). Heterophoria, conversely, is a misalignment of the eyes when binocular fusion is not 

being performed. This misalignment is therefore present only in certain situations, such as when 

one eye is covered, when the individual is very tired, or when the visual environment does not 

provide enough structure. This research will focus on heterophoria. 

There are three major forms of heterophoria (often used shorthand as phoria): horizontal, 

vertical, and rotational (AAO, 2014). Each type of phoria can be sub-divided into two further types 

depending on the direction of deviation. A horizontal phoria can be classified as either an esophoria 
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(where the eyes converge inward), or an exophoria (where the eyes diverge outward). A vertical 

phoria (hyperphoria) can be either positive (left eye deviates upward, right eye deviates downward) 

or negative (left eye deviates downward, right eye deviates upward). A rotational phoria 

(cyclophoria) can be classified as either an incyclophoria (the upper pole of each eye rotates 

medially) or an excyclophoria (the upper pole of each eye rotates laterally). 

The misalignment of the eyes resulting from phorias only becomes apparent in certain 

situations, such as when binocular fusion is not possible or the visual system is overworked. They 

can also often be compensated for to an extent by vergence movements (Von Noorden and 

Campos, 2002). As such, they are more difficult to detect than heterotropias and often go 

unreported. If the phoria is minor enough (existing within the FVR), there are often no symptoms 

present at all, and it would be classified as a fixation disparity rather than a phoria. It is only with 

larger deviations that symptoms may manifest, which often include eye strain, headaches, and 

diplopia. 

The existence of a phoria can be determined through the use of the cross-cover test (AAO, 

2013). This test involves covering one of the eyes, then immediately switching the cover to the 

other eye. If a phoria is present in the uncovered eye, a deviation will be noticed in terms of a 

visible movement of that eye (and so both eyes would need to be tested by switching which eye 

the cover is initially placed over). This is because placing a cover over the eye breaks binocular 

fusion, while switching the cover between the eyes prevents vergence adjustments from occurring, 

thereby allowing the manifestation of the deviation. 

One final aspect related to binocular fusion that must be discussed is the hysteresis, detailed 

in the next section. 
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1.4 Hysteresis 

Prior work has demonstrated that the point where fused images separate when the disparity 

between them is increased, is not necessarily the point where they would re-fuse were the disparity 

to be subsequently decreased (Fender and Julesz, 1967). If two images with zero disparity are 

presented, they will appear as one fused image. If the disparity is then gradually increased, the 

images will remain fused until a certain limit is reached, after which they will separate into two. If 

the disparity is then reduced after this point, the two images will most likely not fuse together at 

the same point they separated; the disparity will have to be reduced beyond that point before re-

fusion will occur. This mismatch between the perceived disparity and the actual disparity is known 

as the hysteresis. The presence of this hysteresis effect necessitates the examination of both the 

point of separation and the point of fusion, as the true fusional limit likely lies in between. 

There are two factors that we suspect are related to our hypothesis that the monocular 

periphery helps guide binocular fusion. The first of these is spatial frequency, described in the next 

section. 

1.5 Spatial Frequency 

Spatial frequency refers to the number of sinusoidal components of some structure that 

repeat over a certain unit of distance. The unit of distance used varies depending on the context, 

but in the case of vision research, visual angle is often used. The visual angle refers to the angle 

an image on the retina subtends, and is essentially analogous with the size of the image on the 

retina. If a sinusoidal grating (consisting of an alternating pattern of light and dark bars) is the 

stimulus being viewed, then the spatial frequency would refer to the number of cycles of bars (one 

cycle consisting of both a light and dark bar) that repeat over one visual degree. 
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Most images contain a variety of different spatial frequencies. When one wishes to 

investigate the effect that different spatial frequencies have on some property in question (such as 

the FVR), it is often useful to apply a filter to the image being analyzed. In this case, these filters 

would attenuate any frequencies outside of the area of interest. A lowpass filter would only retain 

frequencies under a certain cut-off frequency, those which are responsible for the coarse structure 

of the image. The result would be a blurring of the image, leaving only basic details about form 

and colour (Fisher et al., 2003). A highpass filter would only retain frequencies over a certain cut-

off frequency, those which are responsible for the fine details of the image. The result would be a 

sharpening of the image, enhancing the lines and edges while losing all of the coarse detail in 

between. Finally, a bandpass filter would only retain frequencies in a certain range, generally 

middle frequencies between the two extremes. The result would be a mixture of basic form and 

detail. 

Since spatial frequency is an important element of the makeup of an image, it stands to 

reason that changes in the frequency content of an image could have an effect on our ability to fuse 

the retinal images together. Work with spatial frequency gratings has demonstrated that high 

frequency gratings result in ambiguous fusing of the gratings (Kelly 1970; Stromeyer and Julesz, 

1972). One study that investigated frequency content of more complex stimuli involved using 

mirror stereoscopes to view one-dimensional Difference of Gaussian (DoG) stimuli, whose 

frequency spectra were centered on values ranging from 0.0075 cy/dg to 19.2 cy/dg (Schor and 

Wood, 1983). Fusional limits were determined by increasing the disparity between the stimuli until 

they were reported by participants as separating. Another study used shutter glasses to view two-

dimensional DoG stimuli, whose frequency spectra were centered on values ranging from 0.22 

cy/dg to 4.8 cy/dg (Roumes et al., 1997). Unlike the Schor and Wood study, the stimuli in the 
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Roumes study were presented at fixed disparities to the participant, who were asked to respond 

when they successfully fused the stimuli (or make no response if they did not). The largest disparity 

that could be fused was taken as the limit of fusion. Both studies demonstrated that stimuli centered 

on higher spatial frequencies resulted in an FVR that was 3 to 4 times smaller than stimuli centered 

on lower spatial frequencies 

Additionally, these studies found larger FVRs for crossed disparities than uncrossed 

disparities, with some participants maintaining fusion for even the largest disparity presented. This 

asymmetry could be the result of a difference in vergence responses, with vergence movements 

for crossed disparities arising more readily compared to uncrossed disparities (Richards, 1971; 

Mustillo, 1985). Additional evidence for this is found by altering the duration of stimulus 

presentation. The longer the stimulus remains on screen, the greater the asymmetry between 

crossed and uncrossed disparities (Yeh and Silverman, 1990). This longer timeframe likely 

provides more opportunity for vergence movements to adjust to the stimuli. 

The other factor we believe helps guide fusion is the field of view, detailed in the next 

section. 

1.6 Field of View 

The FOV of a scene is the amount of that scene that is viewed at any given time. When 

dealing with vision, it is often called the visual field size and refers to the total visual angle that a 

scene subtends on the retina. The FOV involves both binocular vision (in the center) and 

monocular vision (toward the periphery). Previous work investigating the effect of the FOV on 

binocular fusion involved participants viewing a stereoscopic pattern on a screen using polarizing 

glasses, with the patterns in question being presented at varying FOV angles (which ranged from 



 

7 

6.3 dg to 38 dg; Nagata, 1996). The pattern in question consisted of a variety of rectangles which 

varied in size and brightness. Participants were asked to manually increase the disparity between 

the two images until the images separated. The results of the study indicated that the fusional limits 

increased with increasing FOV angles. 

Finally, all these points will be tied into the current study. 

1.7 Hypothesis and Current Study 

The present study examined the effect that both spatial frequency and FOV have on the 

FVR, as well as any phorias that were present and any hysteresis effects. Both spatial frequency 

and field of view were examined because they most likely rely on the same mechanism for 

controlling fusion. Lower spatial frequencies and larger FOVs have been demonstrated to increase 

the FVR. However, where high spatial frequencies can be sampled within even small FOVs, low 

spatial frequencies require larger FOVs for accurate sampling (Julesz, 1960; O’Shea et al., 1996). 

If it is these low spatial frequencies which increase the FVR, then a larger FOV is most likely 

necessary to sample them, meaning these frequencies are most likely sampled over the entire visual 

field (including the periphery). This leads to the hypothesis that the monocular periphery is 

important in increasing the FVR and therefore controlling fusion. This assumption yields further 

merit by examining the contributions of the periphery to depth perception. Though the various 

monocular cues present in the periphery are not necessary to achieve depth perception, their 

presence enhances the depth effect (Julesz, 1960). It follows then that the periphery might also 

contribute to increasing the limits of binocular fusion.  

The effects of spatial frequency on the FVR have been well documented (and FOV to a 

lesser extent), but most of these experiments have been conducted using stimuli such as sinusoidal 
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gratings and DoGs. The use of single frequency gratings presents certain problems when studying 

fusion. High frequency gratings present a correspondence problem, where there is ambiguity about 

which parts of the grating should be fused together (Kelly, 1970; Stromeyer and Julesz, 1972). 

Low frequency gratings are not as affected by this, but the resolution is much poorer. DoGs offer 

a partial solution, in that several frequencies within a certain range are presented. However, the 

frequency information they contain is still limited, and so the ideal solution would be to use natural 

images which contain a rich mixture of frequencies. Natural images are also more ecologically 

valid, providing a closer approximation of the real world. Therefore, the present investigation 

sought to examine the FVR with more natural images. 

In the current study, participants engaged in two experiments requiring them to manipulate 

full size images presented to each eye and viewed through a head-mounted display (HMD). Images 

were manually moved apart by the participant until diplopia occurred, then moved back until 

fusion re-occurred. Through this method, the FVR could be obtained by measuring the range 

within which each image can be fused. Ideally, any present phorias could be identified through 

any imbalances of the fusion ranges in one direction. However, because there is a noted imbalance 

in the fusion of crossed versus uncrossed disparities, it is possible that the true presence and 

magnitude of any possible phorias would be difficult to obtain with the present method (at least in 

the horizontal dimension). This does not affect the objectives of the study, but it is worth pointing 

out.  Finally, a hysteresis effect was measured through the difference between the points of first 

occurrences of diplopia and fusion. A variety of images were used and the spatial frequency 

composition and FOV were independently varied in two separate experiments.  

In the first experiment (with just spatial frequency varied) we expected to see a larger FVR 

when participants viewed images with lower spatial frequencies. This is based on both prior work 
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describing this (Schor and Wood, 1983; Roumes et al., 1997) and the contribution of the monocular 

periphery resulting from the sinusoidal waves in lower frequencies being spread over a larger area.  

In the second experiment (with just FOV varied) we expected to see a larger FVR when 

participants viewed images with a larger FOV. This is based on both prior work describing this 

(Nagata, 1996) and the contribution of the monocular periphery resulting from the larger FOV. 

We also expected to see the highest FVRs when participants viewed images that contained 

both low spatial frequencies and large FOVs. This would be due to the vergence-guiding low 

frequencies requiring a large FOV for accurate sampling, with this larger FOV including the 

monocular periphery. This would have lent credence to our argument that the monocular periphery 

plays an important part in controlling binocular fusion (however this aspect was not tested in the 

current experiment). 

Lower spatial frequencies and larger FOVs were expected to result in larger hysteresis 

values. This is based on pilot testing, which found that the hysteresis generally following the FVR, 

with larger FVRs resulting in larger hysteresis value and vice-versa. Neither spatial frequency nor 

FOV were expected to have any effect on any potential heterophorias in participants. 
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Chapter 2: General Method 

2.1 Participants 

There were 61 Queen’s University students (20 male, 41 female) recruited, 30 for the first 

experiment and 31 for the second. The one extra participant in the second experiment was recruited 

to replace a participant who demonstrated a large number of missed catch trials (see section 2.5 

for an explanation of catch trials). Participants were mainly recruited from the Queen’s psychology 

subject pool and from a general Queen’s Facebook community. All participants were required to 

have normal or corrected-to-normal vision. Participants received either one course credit or fifteen 

dollars in monetary payment for their participation. 

2.2 Apparatus 

The Oculus Rift DK2 was used as the HMD for this experiment. The Oculus has a 5.7 inch 

organic light-emitting diode (OLED) display, 1920x1080 pixel resolution (960x1080 per eye), and 

a 75 Hz refresh rate (Desai et al., 2014). The FOV varies depending on the distance between the 

lens and the eye. At the lens-eye distance of 15 millimeters that was used for this experiment, the 

horizontal FOV is approximately 90 degrees and the vertical FOV is approximately 100 degrees 

(Kreylos, 2016). This is compared to the FOV of humans, which is approximately 190 degrees 

horizontally (114 degrees binocular) and 165 degrees vertically (Spector, 1990). 

2.3 Stimuli 

There were two main experiments involved in this study; one varied the spatial frequency 

content of the stimuli and the other varied the FOV. However, aside from the type of filter being 

used on the stimuli, the two experiments were similar in terms of design and methodology. 
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Stimuli consisted of six different images (see Figure 1 for images used). All images were 

of natural scenes and were chosen to provide a variety of scene types and background depths. One 

of these images was used specifically for the practice trials, while the remaining five were used in 

the main portion of the experiment. All images were 1100x1100 pixels in size. This size was 

chosen so that the images would be larger than the Oculus’s display, ensuring that the sharp edges 

of the image were not visible. 

 

 

Figure 1. All images used in experiment. The top left image was used in the practice trials. 

 



 

12 

For the first experiment, three different spatial frequency filters were applied to each of 

these images, making for a total of 24 images (including the originals). A lowpass filter created 

images containing only frequencies below 0.05 cycles/degree (cy/dg). A bandpass filter created 

images containing only frequencies between 0.05 and 0.5 cy/dg. Finally, a highpass filter created 

images containing only frequencies above 0.5 cy/dg (see Figure 2 for examples of each filter). 

These cutoffs were chosen based on experimentation in Matlab to determine the best filtered 

effects. Similar cutoff frequencies to those used in the literature were tested with filters (ranging 

from 0.0075 cy/dg to 19.2 cy/dg), but the higher frequency cutoffs did not result in any noticeable 

filtering effect. This is most likely due to the filters present in the literature consisting of single 

frequencies involved in sinusoidal gratings or narrow frequency bands that form the DoGs, instead 

of the large spectrum present in natural images. 
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Figure 2. Examples of frequency filters: from left to right, lowpass, bandpass, and highpass 

filters applied to the image above. 

For the second experiment, three different masks were used to change the FOV of the 

images. A 20% mask reduced the FOV to about 75 degrees (both horizontally and vertically), a 

50% mask reduced the FOV to about 47 degrees, and an 80% mask reduced the FOV to about 19 

degrees (see Figure 3 for examples of each mask). The mask colour was based on the average 

luminance of the image. Consistent with the first experiment, the second experiment involved 24 

different stimuli (six images with four variations of each). 

 

 



 

14 

 

Figure 3. Examples of FOV masks: from left to right, 20%, 50%, and 80% masks applied to the 

image above. 

2.4 Design 

Each experiment consisted of three separate blocks, where each block consisted of one 

disparity dimension: either horizontal, vertical, or rotational. Horizontal movement involved 

moving the image presented to each eye either left or right, with each eye’s image being moved in 

the opposite direction to the other. Each key press moved the images by two pixels each (that is, 

by about 0.19 degrees of visual angle). Vertical movement involved moving the images up and 

down, again in the opposite direction for each eye. Here, each key press moved the images by one 

pixel each (about 0.09 degrees of visual angle). The vertical trials involved a smaller jump in 

disparity than the horizontal trials because pilot testing revealed that the average FVR in the 

vertical dimension is much smaller, making it easier to overshoot. Rotational movement involved 

rotating the images clockwise or counter-clockwise, again in the opposite direction for each eye. 

Each key press rotated the images by half a degree each.  

Each of the 20 non-practice trial images (five images with four variations each) was used 

in two trials in each block. In one of the trials, images were moved inwards, forcing the participant 

to converge their eyes, and in the other they were moved outwards, forcing the participant to 
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diverge their eyes. For example, in the horizontal block, one trial with an image involved the left 

eye’s image moving left and right eye’s image moving right (designated as an uncrossed trial). 

The other trial involved the left eye’s image moving right and the right eye’s image moving left 

(designated as a crossed trial).  

Three separate blocks of disparity dimension resulted in six different configurations for 

their order. These orders are designated by notation such as HVR, which would indicate the order 

of blocks is horizontal, followed by vertical, followed by rotational. The order of blocks was 

counterbalanced across all participants and the order of the trials within each block was 

randomized. The total experiment therefore consisted of 132 trials (including the 12 catch trials 

described in the next section). Each trial took 15 to 20 seconds on average to complete, with the 

study in total taking between 40 minutes and one hour per participant. 

The factorial design of the experiment is therefore characterized by two main factors: a) 

the dimension of disparity (levels: horizontal, vertical, rotational), and b) the factor of main 

interest, which is frequency (levels: lowpass, bandpass, highpass) in Experiment 1 and FOV 

(levels: 75 dg (20%), 47 dg (50%), 19 dg (80%) in Experiment 2. The six different block orders 

and five different images were also used as covariates in the analysis, but based on pilot testing 

these were not expected to have any effect on the dependent variables. 

2.5 Procedure  

After reading an information letter and signing a consent form, participants placed the 

HMD on their heads. The experimenter helped with making sure the fit was right. Participants 

began by calibrating the HMD for their interpupillary distance (IPD). This involved completing a 

short task included with the Oculus software, involving the manual movement of four vertical lines 
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separately to the edge of their vision. Each of these lines represented the inside and outside edge 

for each of their eyes. The edge was designated as the point where participants, while looking 

directly at the line, could just barely see it. Following this calibration, participants proceeded to 

the practice session.  

The practice session consisted of six trials with the same base image used for all. The first 

three trials demonstrated each of the three disparity dimensions (horizontal, vertical, and 

rotational). The presented image was unfiltered and the FOV was not masked. The latter three 

trials demonstrated each of the filter or mask types (lowpass, bandpass, highpass filter for 

frequency; 20%, 50%, 80% mask for visual field size). The three filter types were shown in the 

practice session of Experiment 1 and the three mask types were shown in the practice session of 

Experiment 2. These latter trials all used horizontal movement. Following the practice session, the 

participant proceeded to the 132 trials of the main experiment. 

For each normal trial, the participant viewed an image on the screens of the Oculus. Two 

identical images were displayed, one to each eye at the same location initially (the center of the 

HMD screen for each eye), meaning the two images were fused into one. With the participant’s 

IPD calibrated, this ensured that each image was present at the corresponding point in both eyes. 

The presented image covered the entire FOV of the participant (though the images in Experiment 

2 were digitally masked to reduce the FOV). Participants were then tasked with increasing the 

disparity between the images using the down arrow key. Each key press moved both images apart 

(or rotated them) a small amount (see Section 2.4). At a certain disparity diplopia would occur, 

meaning the participant would see two separate images. At this point they would hit the space bar 

to record the disparity between the images. They would then use the down arrow key to move the 

images back toward each other. At a certain point fusion would occur, and the participant would 
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again see only one image on the screen. They would use the space bar to record the disparity at 

this point, marking the end of a trial. Participants would proceed in this fashion until the end of the 

experiment was reached. Breaks were given to the participant between each of the blocks, and they 

were free to take a break of their own at any point. 

In addition to the 40 normal trials, there were also four catch trials present within each 

block, with the purpose of identifying participants who may not have been paying attention. In 

these trials the participant had no control over the movement of the images. Instead, the images 

automatically moved to a preset distance, 10 seconds after the start of the trial. This distance was 

a total disparity of 80 pixels (7.41 deg of visual angle) for horizontal trials, 40 pixels (3.67 deg of 

visual angle) for vertical trials, and 60 degrees for rotational trials. These disparities were chosen 

as they would ensure that the images would separate for all participants. Following the separation, 

the images were then moved back to their original position 10 seconds after the participant 

recorded their response with the space bar. Participants were not informed which trials would be 

catch trials and so treated them the same way as normal trials by pressing the down arrow key. 

The number of down arrow key presses made after the images had either separated and fused back 

together was therefore used as the indicator of the participant paying attention. Key presses made 

at these points would indicate the participant had not been paying attention and failed to notice the 

movement. A missed catch trial was defined as making at least three additional key presses after 

the images had separated or fused. Some leeway was given for the first catch trial a participant 

encountered in each block.  The image and direction of movement for these catch trials was 

randomly chosen. 
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2.6 Dependent Variables 

Four primary variables were measured for each trial and from these, three secondary 

variables were derived. Horizontal and vertical trials used degrees of visual angle (shortened as 

visual degrees) as the unit of measurement, while rotational trials used regular angular degrees. 

Using the horizontal disparity dimension as an example, the measured variables were: the 

point where diplopia occurred when the left eye image was moved left and the right eye image 

moved right (simulated esophoria, uncrossed disparity; du), the point where fusion occurred when 

moving the images back toward each other (fu), the point where diplopia occurred when moving 

the left eye image right and the right eye image left (simulated exophoria, crossed disparity; dc), 

and the point where fusion occurred when moving the images back toward each other after this 

(fc). Even though the terms crossed and uncrossed disparity technically apply only to horizontal 

image displacements, they are used across all three disparity dimensions for consistency. For the 

purposes of this study, upwards movement in the left eye (positive hyperphoria) is designated as 

uncrossed and downwards movement (negative hyperphoria) is designated as crossed. Clockwise 

movement in the left eye (incyclophoria) is designated as uncrossed and counter-clockwise 

movement (excyclophoria) is designated as crossed. 

The three derived variables are called “FVR”, “phoria”, and “hysteresis”. Calculations for 

obtaining them are shown below. Uncrossed disparity values are arbitrarily defined as negative 

and crossed disparity values are defined as positive. See Figure 4 for a visual representation of the 

variables. 
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First, it is useful to calculate the average of the diplopia and fusion values (“midpoints”) 

for uncrossed and crossed disparity, as these midpoints will be used in the calculations for FVR 

and phoria. So the formula for uncrossed disparity would be: 

mu = (du + fu) / 2.  

Crossed disparity would be: 

mc = (dc + fc) / 2. 

The FVR represents the total range of disparities in which the participant can successfully 

fuse the two images together. It is calculated by subtracting the midpoints for uncrossed and 

crossed disparity from each other. So, the formula would be: 

fvr = |mu – mc|. 

The phoria value represents the direction and degree of any imbalance present in uncrossed 

or crossed disparities. It is calculated as the average of the two. The sign of the resulting number 

would indicate the direction of an existing phoria (in this case, a positive value would indicate an 

uncrossed phoria and a negative value would indicate a crossed phoria): 

phoria = (mu + mc) / 2. 

As mentioned previously though, the fusion ranges of crossed and uncrossed disparities 

are not always symmetrical (at least in the horizontal dimension), meaning this method of 

calculating phorias might not be accurate, specifically for horizontal trials.  

The hysteresis is the average disparity between the points of diplopia and fusion. It 

represents the variability in the limits of fusion: 

hysteresis = (|(du – fu)| + |(dc – fc)|) / 2. 
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Figure 4. Diagram illustrating the dependent measured and derived variables. (The left eye is 

used for all measurements; the right eye would demonstrate the same values, only mirrored.)  

(where du = uncrossed diplopia, fu = uncrossed fusion, mu = uncrossed midpoint, dc = crossed 

diplopia, fc = crossed fusion, mc = crossed midpoint) 



 

21 

Chapter 3: Experiment 1 (Spatial Frequency) 

3.1 Summary 

The first experiment sought to investigate the effect of spatial frequency on the FVR, as 

well as the heterophoria and hysteresis. Spatial frequency was varied by applying different filters 

to the images. A lowpass filter altered the image to contain only frequencies below 0.05 cy/dg. A 

bandpass filter altered the image to contain only frequencies between 0.05 and 0.5 cy/dg. Finally, 

a highpass filter altered the images to contain only frequencies above 0.5 cy/dg. All three filters 

were used throughout the experiment, along with the original unaltered images. 

Based on the literature, it was expected that the lowpass images would result in a higher 

FVR than the bandpass and highpass images (Schor and Wood, 1983; Roumes, 1997). The 

unfiltered images should result in the largest FVR values (as there is no missing frequency 

information), resulting in the most solid fusion of images. 

3.2 Results 

A 4x3 factor ANOVA was performed on the data, with the two factors being frequency 

and disparity dimension. Image and order were included as covariates, and analyzed further if 

necessary. All data was standardized for the analysis to allow the examination of the main effect 

of disparity dimension, as different units are used for horizontal and vertical trials compared to 

rotational trials. To examine pairwise comparisons, Tukey’s HSD Test was used as a post-hoc 

procedure. 

Neither the block order, nor the images themselves had any significant effect on the 

dependent variables.  
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3.2.1 Fusional Vergence Range 

There was a significant main effect of frequency on the FVR, F(3,87) = 21.98, p < .01. 

Specifically, viewing the images with lowpass filters resulted in a smaller FVR than the highpass 

(t(3) = -7.78, p < .01), bandpass (t(3) = -4.92, p = .01), and unfiltered (t(3) = -5.87, p < .01) images. 

A significant main effect of disparity dimension was found, F(2,58) = 74.37, p < .01. 

Specifically, horizontal trials resulted in significantly larger FVR values than vertical trials, t(2) = 

10.91, p < .01.  

There was also a significant interaction between spatial frequency and the disparity 

dimension, F(6, 174) = 8.79, p < .01. Specifically, the lowpass images resulted in a significantly 

smaller FVR than the highpass (t(6) = -9.76, p < .01), bandpass (t(6) = -6.16, p < .01), and 

unfiltered (t(6) = -7.70, p < .01) images in horizontal trials only. 

The results for FVR are graphed in Figure 5 below. 



 

23 

 

Figure 5. Graph showing FVR for each frequency filter type and disparity dimension. Error bars 

represent +/- 1 SEM. 

 

3.2.2 Heterophoria 

Spatial frequency did not have a significant main effect on heterophoria (misalignment in 

eyes when not performing binocular fusion), F(3,87) = 2.45, p = .07. A significant main effect of 

dimension was found, F(2,58) = 35.59, p < .01, with horizontal trials resulting in larger phorias 

than vertical trials, t(2) = 7.30, p < .01. There was no significant interaction between frequency 

and dimension, F(6,174) = 1.72, p = .12. It should also be noted that the SEMs for vertical and 

rotational phoria are extremely large.  

The results for phoria are graphed in Figure 6 below. 
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Figure 6. Graph showing magnitude and direction of heterophoria for each frequency filter type 

and disparity dimension. Error bars represent +/- 1 SEM. 

 

3.2.3 Hysteresis 

There was a significant main effect of spatial frequency on hysteresis (mismatch between 

the disparities where images separate and fuse), F(3, 87) = 13.99, p < .01. Specifically, viewing 

images with a lowpass filter resulted in a smaller hysteresis than viewing images with a highpass 

filter (t(3) = -5.54, p < .01) or no filter (t(3) = -5.47, p < .01). 

A significant main effect of dimension was found, F(2,58) = 33.02, p < .01, with horizontal 

trials resulting in larger hysteresis values than vertical trials, t(2) = 7.80, p < .01. 

There was also a significant interaction between the spatial frequency and the disparity 

dimension, F(6, 174) = 5.40, p = .01. Specifically, the lowpass images resulted in a significantly 
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lower hysteresis in the horizontal dimension than the highpass images (t(6) = -6.20, p < .01) and 

unfiltered images (t(6) = -7.59, p < .01).  

The results for hysteresis are graphed in Figure 7 below. 

 

 

Figure 7. Graph showing hysteresis for each frequency filter type and disparity dimension. Error 

bars represent +/- 1 SEM. 

 

3.3 Discussion 

Changing the spatial frequencies present in the viewed images did have a noticeable effect 

on the FVR. The lowpass filter (which only allowed frequencies below 0.05 cy/dg) resulted in a 

significantly smaller FVR than any of the other filtered or unaltered images. Interestingly, this is 

a completely opposite effect to what was reported in the literature, as lower spatial frequencies 
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were repeatedly shown to cause an increase in the FVR (Schor and Wood, 1983; Roumes, 1997). 

This could be due to a number of factors. In contrast to the studies cited above, which used stimuli 

such as difference of Gaussians (DoGs), the current study used full-colour images of natural 

scenes. DoGs consist of a frequency spectrum centered on a certain frequency. Full images, in 

contrast, even when filtered, contain a wide range of different frequencies, spanning the entire 

frequency spectrum. This additional complexity could produce results different than those 

expected. Another possibility is that the prior experiments used different spatial frequency cutoffs 

than were used in the current one. High spatial frequencies used in this study were considered low 

frequencies in previous ones (Schor and Wood, 1983; Roumes, 1997). When choosing the 

frequency cutoffs to use for our experiment, the higher frequencies reported in the literature above 

did not result in the expected filtering effect, leading to the usage of lower ones for the current 

study. It is possible that the spatial frequency effect on the FVR reverses when using even lower 

frequencies than those reported in the literature, causing a decrease in the range as opposed to an 

increase. One final possibility is that both the bandpass and highpass images offer a recognizable 

interpretation of the scene depicted in the original image. Meanwhile, in the lowpass images the 

picture is almost unrecognizable due to the blurring effect. It is possible that this would have 

resulted in a difficulty in interpretation, which could have led to different vergence ranges than 

those reported for the other filter types. 

In an effort to examine how the current FVR values compare to those reported previously, 

Figure 8 demonstrates a comparison between the current, Roumes 1997, and Schor 1983 studies. 

Only the bandpass and highpass filters in the horizontal dimension are compared. Lowpass 

frequencies (as defined in the current study) were not included as no frequencies below 0.05 cy/dg 

were included in the older studies. It should be noted that the values featured in this chart for the 
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previous studies are a composite of any values obtained in those studies that fell within our defined 

ranges for bandpass and highpass frequencies. 

 

Figure 8. Comparison of FVR values obtained as a result of bandpass and highpass frequencies; 

involves the current study, the Roumes 1997 study, and the Schor 1983 study. 

 

This comparison demonstrates the opposite effect of spatial frequency in the current study 

(lower frequencies result in lower FVRs) compared to the older studies (lower frequencies result 

in higher FVRs). It should be noted though that the difference between the FVRs for bandpass and 

highpass frequencies in the current study is not significant, and so the opposite effect reported in 

the current study cannot be properly observed in the bandpass and highpass comparison. The effect 

is only significant when comparing the lowpass frequencies to all other conditions. This 
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comparison also demonstrates that the FVR values obtained in the current study are noticeably 

higher than the older ones. Both the older studies used difference of Gaussians (DOGs) as stimuli, 

whereas the current study used full images. These images (even the filtered ones) contain a larger 

amount of frequency information than DoGs, and this added information most likely led to higher 

vergence ranges.  

Returning to the results of the current study, the spatial frequencies present were found to 

have an effect on the hysteresis as well. The direction of the effect is identical to the one on the 

FVR; lower spatial frequencies resulted in a smaller hysteresis (meaning a smaller difference 

between the points of separation and fusion), with this effect only being present in the horizontal 

dimension. The hysteresis values were found to generally follow the FVR values. Larger FVRs 

resulted in larger hysteresis values, as the greater vergence ranges resulted in a larger gap between 

the points of diplopia and fusion. Therefore it follows that any property that has an effect on the 

FVR would have a similar effect on the hysteresis. 
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Chapter 4: Experiment 2 (Field of View) 

4.1 Summary 

The second experiment sought to investigate the effect of visual field size on the FVR, as 

well as the heterophoria and hysteresis. The FOV was varied by applying different masks to the 

images. The base FOV of the Oculus Rift used for the experiment was 90 degrees horizontal and 

100 degrees vertical. A 20% mask reduced the FOV to about 75 degrees. A 50% mask reduced the 

FOV to about 47 degrees. Finally, an 80% mask reduced the FOV to about 19 degrees. All three 

masks were used throughout the experiment, along with the original unaltered images. 

Our hypothesis was that the monocular periphery contributes to increasing the FVR. From 

this, it follows that a higher FOV that includes the periphery would increase the FVR. Based on 

this, it seemed most likely that the unmasked image (and possibly the image with the 80% mask) 

would result in a higher FVR than the other image types. 

4.2 Results 

Like the first experiment, a 4x3 factor ANOVA was conducted on the data, with the factors 

in question being FOV size and disparity dimension. Image and order were included as covariates, 

all data was standardized for the analysis, and Tukey’s HSD Test was used as a post-hoc test. 

4.2.1 Fusional Vergence Range 

Analyses showed that the size of the FOV did not have a significant effect on the FVR, 

F(3,87) = 0.29, p = 0.81. A significant effect of dimension was found though, F(2,58) = 76.02, p 

< .01. Specifically, horizontal trials resulted in larger FVR values than vertical trials, t(2) = 10.97, 
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p < .01. Finally, no interaction between FOV and dimension was found, F(6,174) = 0.76, p = .6. 

The results are graphed in Figure 9 below. 

 

 

Figure 9. Graph showing FVR for each FOV mask and disparity dimension. Error bars 

represent +/- 1 SEM. 

 

4.2.2 Heterophoria 

The size of the FOV did not have a significant effect on the heterophoria, F(3,87) = 0.06, 

p = 0.98. A significant effect of dimension was found though, F(2,58) = 39.23, p < .01. 

Specifically, horizontal trials resulted in larger heterophoria values than vertical trials, t(2) = 7.82, 

p < .01. Finally, no interaction between FOV and dimension was found, F(6,174) = 0.41, p = .88. 

The results are graphed in Figure 10 below. 
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Figure 10. Graph showing magnitude and direction of heterophoria for each FOV mask and 

disparity dimension. Error bars represent +/- 1 SEM. 

 

4.2.3 Hysteresis 

The size of the FOV did not have a significant effect on the hysteresis F(3,87) = 1.05, p = 

0.37. A significant effect of dimension was found though, F(2,58) = 75.85, p < .01. Specifically, 

horizontal trials resulted in larger hysteresis values than vertical trials,(t(2) = 11.73, p < .01. 

Finally, no interaction between FOV and dimension was found, F(6,174) = 0.84, p =.54. The 

results are graphed in Figure 11 below. 
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Figure 11. Graph showing hysteresis for each FOV mask and disparity dimension. Error bars 

represent +/- 1 SEM. 

 

Unlike in the first experiment, this experiment showed a significant effect of order. 

However, it was only present for the hysteresis, F(5,24) = 3.02, p = .03. Specifically, the order 

RHV showed significantly greater hysteresis values than order VRH, t(5) = -3.27, p = .03. No 

interaction effect between order and dimension was present, F(10,48) = 1.36, p = .23. The results 

are graphed in Figure 12 below. 
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Figure 12. Graph showing hysteresis for each block order and disparity dimension. Error bars 

represent +/- 1 SEM. 

 

Finally, there was an effect of the images themselves on the hysteresis, F(4,116) = 4.19, p 

< .01. Specifically, image 5 produced a significantly greater hysteresis effect than all the other 

images (p < .01). No interaction effect between image and dimension was present, F(8,180) = 0.70, 

p = .70. The results are graphed in Figure 13 below. 
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Figure 13. Graph showing the hysteresis in each of the disparity dimensions for each of the 

different images. Error bars represent +/- 1 SEM. 

 

4.3 Discussion 

Changing the size of the visual field when viewing the images did not have a significant 

effect on any of the dependent variables of interest. One possible reason for this could be that the 

Oculus Rift limits the FOV of each participant. In normal circumstances, humans have an FOV of 

approximately 190 degrees horizontally and 165 degrees vertically (Spector, 1990). However, the 

Oculus Rift limits this to about 90 degrees horizontally and 100 degrees vertically. This reduction 

in the visual field could prevent the effect from manifesting (or at least limit it), as the size of the 

monocular visual field is much smaller in the Oculus compared to regular vision. It is possible that 

the full 60-107 degrees (depending on the direction; Spector, 1990) of monocular vision are needed 

for the periphery to influence the FVR. Another possibility relates to differences in the 
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methodology used. Previous work examining the FOV presented the stimuli at varying disparities, 

asking participants to judge whether the images were fused or not (Nagata, 1996). The current 

study involved participants manually increasing the disparity of stimuli until diplopia occurred. It 

is possible that the FOV effect is more noticeable when disparate stimuli are immediately 

presented, as this does not allow the time for vergence adjustments.  

It also helps to directly compare the current experiment to Nagata (1996) to examine how 

the FVR values match up. Figure 14 demonstrates that comparison, which only includes medium 

and small FOVs in the horizontal dimension. The larger FOVs used in the current study (75 degrees 

and 90 degrees) were not included as the Nagata study did not use FOV values above 40 degrees. 
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Figure 14. Comparison of FVR values obtained as a result of medium (44 degrees horizontal in 

current study, 40 degrees horizontal in Nagata 1996 study) and small (18 degrees in current 

study, 20 degrees in Nagata) FOVs. 

 

This comparison demonstrates the effect of FVR present in the Nagata study (the higher 

the FOV the higher the FVR). Also, much like the comparison in the first experiment, larger FVR 

values were found in the current study. Although the reasoning cannot be purely ascribed to 

additional spatial frequency information due to the lack of frequency information for Nagata’s 

stimuli, it seems likely that an array of 2d rectangles will contain less frequency information than 

complex images. Additionally, the images used in the current study are consistent with those our 
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visual system encounters on a daily basis, with this familiarity possibly leading to improved 

fusional limits.  

Returning to the results of the current study, an effect of order was reported for the 

hysteresis. However, this result is somewhat difficult to interpret. Order RVH resulted in larger 

hysteresis values than order VRH when comparing across all disparity dimensions, and order RVH 

when just examining the horizontal dimension. The RVH-VRH effect is most likely present in the 

overall condition only due to the VRH vertical and rotational hysteresis values being lower than 

the horizontal VRH values. The RHV-RVH horizontal effect can be examined on its own, but it is 

difficult to draw conclusions about it. The horizontal condition produced greater hysteresis values 

when followed by the rotation condition, but only when these were the first two blocks of the 

experiment. Based on the small effect size as well as the small sample size (only five subjects were 

present in each order condition), this effect is most likely one that arose due to chance. 

Another unusual result was the higher hysteresis values that image 5 produced compared 

to the other four images (see the bottom right image in Figure 1 for image 5’s appearance). It is 

interesting that this difference only manifested in the second experiment. Image 5 was occasionally 

noted by participants as being harder on the eyes. However, as pilot testing did not reveal any 

significant differences between image 5 and the others, image 5 was used in the main experiment. 

It is also interesting that the effect was only found in the hysteresis, as, based on the data found in 

our experiments (and graphed in Figures 5-7 and 9-11), the hysteresis values generally followed a 

similar pattern to the FVR values. However, perhaps some aspect of image 5 resulted in more 

difficulty (and therefore inconsistency) in determining when the images split and re-fused, which 

could result in a change in hysteresis values, but not FVR values. This aspect might be the 

increased background depth that is present in image 5 compared to the other images. As for why 
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the effect was not present in the first experiment, it might be related to the added frequency 

information of the unfiltered images used in the second experiment. The background depth 

information is largely lost when any of the spatial frequency filters are applied to image 5, which 

might explain the lack of this effect in Experiment 1. 
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Chapter 5: Discussion and Conclusion 

5.1 General Discussion 

Though the results were not entirely in line with either previous work or our hypotheses, 

the current study still proved to be an interesting continuation and advancement of work done on 

understanding the FVR. The usage of real images, along with the novel methodology of using the 

Oculus Rift to measure both the FVR and heterophoria, ensures that the study remains an important 

attempt to advance the field. 

The first experiment demonstrated the opposite effect on FVR as was expected, whereas 

the second experiment did not demonstrate any effect on FVR at all where one was expected. The 

chosen frequencies are suspected to at least partially explain the discrepancy in the first 

experiment, whereas the lack of effect in the second experiment could be due to limitations in the 

Oculus FOV. It is possible that the use of real images, something which has not been done before 

in vergence range research, could also have contributed to these results. This most likely resulted 

in larger FVR values than have been reported previously, and the additional complexity of real 

images might make it more difficult to test for the effects of interest. Additionally, it is possible 

that the limited resolution of the Oculus or even the methodology used could account for the 

discrepancy. 

No effects of frequency or FOV were expected for heterophoria; it was tested because it 

seemed like the methodology would provide a simple and easy way to measure it. However, due 

to the pre-existing imbalance between the FVR in horizontal fusional limits for crossed and 

uncrossed disparities, it is likely that the study’s method for calculating heterophoria is inaccurate 

(at least in the horizontal dimension).  
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The hysteresis appeared to follow a similar pattern as the FVR, as spatial frequency, FOV, 

and disparity dimension exhibited similar effects on the hysteresis as on the FVR. The usage of 

hysteresis as a dependent variable also marks a change from previous literature, which tended to 

either pick the point of diplopia or point of fusion as the endpoints of the FVR, instead of the 

average of both which was used in this study. 

As one final point, vertical trials were found to result in much lower FVR, phoria, and 

hysteresis values than horizontal trials. This is a finding prevalent in the literature, and is most 

likely due to the horizontal separation of the eyes, which is the basis for stereopsis (Jainta et al., 

2015). Because of this horizontal separation, a much larger horizontal vergence range is needed to 

accommodate for this separation, compared to vertical vergence which is only used to correct for 

misalignments of the eyes. 

5.2 Limitations and Future Directions 

There are several elements of this study that could be improved were this research to be 

continued. The main thing would be to run a third experiment where all the permutations of spatial 

frequency and FOV are varied with each other. The crux of our hypothesis is that the monocular 

periphery of the visual system contributes to binocular fusion. This is predicated on low spatial 

frequencies (previously detailed in being able to extend the FVR and thus being important in 

controlling fusion) needing a large FOV in order to be accurately sampled, an FOV which would 

include the periphery. Performing an experiment where all the spatial frequency filters and FOV 

masks used in Experiments 1 and 2 are combined with each other would allow direct testing of 

this hypothesis. If the lowpass filtered images with no FOV mask (allowing 100% FOV 

representation) resulted in an increased FVR over all other permutations, this would go some way 

in affirming our hypothesis that the monocular periphery has an influence on fusion. 
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Another potential experiment to add would involve a variation of the FOV experiment. In 

the version run for this study, the FOV was decreased by applying a digital masking effect 

extending from the edges toward the center. A variation of this would involve applying the 

masking effect to the center, and extending it toward the edges. This would provide an interesting 

alternative approach to examining the fusional contributions of the periphery by examining 

whether the periphery is able to provide these contributions on its own, or only in conjunction with 

central vision. 

Although the Oculus Rift presents a novel method for haploscopically presenting images 

to the eyes and determining the FVR, there are a couple limitations in its design and use in this 

study that should be noted. Indirect measurements of the points of diplopia and fusion allowed the 

analysis of the FVR, heterophoria, and hysteresis. As noted previously though, the heterophoria 

measurements in the horizontal dimension are most likely inaccurate due to the known imbalance 

in crossed and uncrossed vergence. Additionally, there is always a chance that the other 

measurements are not accurately measuring what is intended, as the methodology used is a novel 

one and has not been tested before. If the paradigm used in this study were to be tested with a more 

experienced methodology, an alternative could be the use of a more clinical method, such as that 

used by optometrists in determining the prism fusion range. The prism fusion range is an alternate 

name for the fusional vergence range, so named because it involves using prisms of increasing 

power to increase the disparity of a target stimulus (Melville and Firth, 2002). As a tried and tested 

method of determining fusional limits, the use of the prism fusion range test would provide an 

alternative to the use of an HMD if other novel aspects of this study were to be re-tested (such as 

the use of natural images). 
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Another limitation of the Oculus is the limited resolution and FOV allowed by the device. 

The limited FOV could have affected the results obtained in the second experiment, as the FOV 

of the Oculus is much smaller than that which is experienced in the real world. The limited 

resolution of the pictures presented to the participant might also have negatively affected the 

results, as the pictures would not be an accurate representation of stimuli viewed in the real world.  

There are not many HMDs that can improve on the FOV of the Oculus (at least, none that 

are commercially available), but there are some that can improve on the resolution. One example 

is the HTC Vive, which possesses a 1080x1200 pixel resolution per eye, along with an updated 90 

Hz refresh rate (Niehorster et al, 2017). Usage of the HTC Vive would allow better quality 

presentation of images, improving the external validity the experiment would possess in accurately 

sampling everyday vision. Another avenue would be to use technology or methodologies other 

than HMDs. The previously mentioned use of prisms would be one alternative, and a device such 

as a mirror stereoscope would be another. These would allow high resolution images to be shown 

(limited only by the display of the screen used), as well as more direct and well-researched methods 

of determining the FVR. 

Finally, improvements to the calculation of phoria values in the horizontal disparity 

dimension would be useful for any future studies examining fusion. One possible solution would 

be to use the mean phoria values as a baseline and take any deviations from those values as the 

true phorias for participants. An accurate measure of determining phorias in any dimension would 

open up opportunities for future research, including the potential application of correcting 

individuals with known phorias using HMD devices. 
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5.3 Conclusion 

A third experiment that would have allowed direct testing of our hypothesis that the 

monocular periphery contributes to binocular fusion was planned. Unfortunately, due to a longer-

than-expected process of setting up the study, as well as the need to not extend the two-year time 

limit of the Master’s program by a large amount, this third experiment was not carried out. The 

two experiments that individually tested spatial frequency and FOV still revealed some interesting 

insights though. Lower spatial frequencies were found to decrease the FVR, and FOV was found 

to have no effect at all. This is in contrast to established literature which purports that lower spatial 

frequencies and larger FOVs should increase the FVR. Our use of an HMD methodology and real 

image stimuli could be responsible for these differences, and future work involving adjustments 

to the methodology, as well as an experiment that crosses frequency and FOV, would go a long 

way toward testing our hypothesis. Regardless of the limitations of this study, we feel that the use 

of real images as the stimuli for testing fusion is an important step for vision research, and one that 

we hope continues in the future. 



 

44 

References 

American Academy of Ophthalmology. (2013). Cover Tests. Retrieved from 

https://www.aao.org/bcscsnippetdetail.aspx?id=5051fd44-4106-4b1a-bf19-

00566baa0b07 

American Academy of Ophthalmology. (2014). Fusional vergence testing. Retrieved from 

http://p2.aao.org/pols/servicelayer/search/pols2013.php?topic=3648 

Bhola, Rahul. (2006). Binocular Vision. Retrieved from 

https://webeye.ophth.uiowa.edu/eyeforum/tutorials/BINOCULAR-VISION.pdf 

Desai, P. R., Desai, P. N., Ajmera, K. D., & Mehta, K. (2014). A review paper on oculus rift-a 

virtual reality headset. arXiv preprint arXiv:1408.1173. 

Fender, D., & Julesz, B. (1967). Extension of Panum’s fusional area in binocularly stabilized 

vision. JOSA, 57(6), 819-830. 

Fisher, R., Perkins, S., Walker, A., Wolfart, E. (2003). Frequency Filter. University of Edinburg. 

Retrieved from https://homepages.inf.ed.ac.uk/rbf/HIPR2/freqfilt.htm  

Jainta, S., Blythe, H. I., Nikolova, M., Jones, M. O., & Liversedge, S. P. (2015). A comparative 

analysis of vertical and horizontal fixation disparity in sentence reading. Vision 

research, 110, 118-127. 

Julesz, B. (1960). Binocular depth perception of computer‐generated patterns. Bell System 

Technical Journal, 39(5), 1125-1162. 

Kelly, D. H. (1970). Effects of sharp edges on the visibility of sinusoidal gratings. JOSA, 60(1), 

98-102. 



 

45 

Kreylos, O. (2016). Optical Properties of Current VR HMDs. Retrieved from http://doc-

ok.org/?p=141 

Lambooij, M., Fortuin, M., Heynderickx, I., & IJsselsteijn, W. (2009). Visual discomfort and 

visual fatigue of stereoscopic displays: A review. Journal of Imaging Science and 

Technology, 53(3), 30201-1. 

Melville, A. C., & Firth, A. Y. (2002). Is there a relationship between prism fusion range and 

vergence facility?. British Orthoptic Journal, 59, 38-44. 

Mustillo, P. (1985). Binocular mechanisms mediating crossed and uncrossed 

stereopsis. Psychological Bulletin, 97(2), 187. 

Nagata, S. (1996). The binocular fusion of human vision on stereoscopic displays—field of view 

and environment effects. Ergonomics, 39(11), 1273-1284. 

Niehorster, D. C., Li, L., & Lappe, M. (2017). The accuracy and precision of position and 

orientation tracking in the HTC vive virtual reality system for scientific research. i-

Perception, 8(3), 2041669517708205. 

O'Shea, R. P., Sims, A. J., & Govan, D. G. (1997). The effect of spatial frequency and field size 

on the spread of exclusive visibility in binocular rivalry. Vision Research, 37(2), 175-183. 

Richards, W. (1971). Independence of Panum's near and far limits. American Journal of 

Optometry and Archives of American Academy of Optometry, 48, 103-109. 

Roumes, C., Plantier, J., Menu, J. P., & Thorpe, S. (1997). The effects of spatial frequency on 

binocular fusion: From elementary to complex images. Human factors, 39(3), 359-373. 



 

46 

Schor, C. M., & Wood, I. (1983). Disparity range for local stereopsis as a function of luminance 

spatial frequency. Vision research, 23(12), 1649-1654. 

Spector, R. H. (1990). Visual Fields. In Clinical Methods: The History, Physical, and Laboratory 

Examinations (p. 565). 

Stromeyer, C. F., & Julesz, B. (1972). Spatial-frequency masking in vision: Critical bands and 

spread of masking. JOSA, 62(10), 1221-1232. 

Von Noorden, G. K., & Campos, E. C. (2002). Binocular vision and ocular motility: Theory and 

management of strabismus (6th ed.). St. Louis, MO: Mosby. 

Yeh, Y. Y., & Silverstein, L. D. (1990). Limits of fusion and depth judgment in stereoscopic 

color displays. Human factors, 32(1), 45-60. 



 

47 

Appendix A: Ethics Approval Documentation (GREB) 


	Abstract
	List of Figures
	List of Abbreviations
	Chapter 1: Introduction
	1.1 Objectives
	1.2 Binocular Vision
	1.3 Heterophoria
	1.4 Hysteresis
	1.5 Spatial Frequency
	1.6 Field of View
	1.7 Hypothesis and Current Study

	Chapter 2: General Method
	2.1 Participants
	2.2 Apparatus
	2.3 Stimuli
	2.4 Design
	2.5 Procedure
	2.6 Dependent Variables

	Chapter 3: Experiment 1 (Spatial Frequency)
	3.1 Summary
	3.2 Results
	3.2.1 Fusional Vergence Range
	3.2.2 Heterophoria
	3.2.3 Hysteresis

	3.3 Discussion

	Chapter 4: Experiment 2 (Field of View)
	4.1 Summary
	4.2 Results
	4.2.1 Fusional Vergence Range
	4.2.2 Heterophoria
	4.2.3 Hysteresis

	4.3 Discussion

	Chapter 5: Discussion and Conclusion
	5.1 General Discussion
	5.2 Limitations and Future Directions
	5.3 Conclusion

	References
	Appendix A: Ethics Approval Documentation (GREB)

