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Abstract 

The visual brain determines the depth and direction of objects in space 

relative to the viewer. This thesis investigates fundamental mechanisms 

of binocular vision, focusing on the computation of visual direction, depth 

perception, and neural plasticity in the adult visual system. Through a 

series of ten psychophysical experiments, it explores how the brain 

integrates visual inputs from both eyes to form a unified percept. The 

findings reveal that binocular visual direction is computed as a weighted 

average of monocular inputs, with a strong reliance on coarse-scale 

spatial information. Two competing models of how visual direction is 

computed were tested, resulting in one account being rejected. Then the 

variability in egocentric localization across a large sample of individuals 

was determined. Our data confirm that the visual egocentre is typically 

located near the median plane of the head, though significant individual 

differences exist due to the dynamic integration of monocular and 

binocular cues. When the egocentre is displaced towards one eye, short-

term monocular deprivation induces transient shifts in the egocentre 

location back towards the median plane of the head. This study highlights 

that egocentre location remains plastic, even in the adult visual system. 

Finally, we introduce a novel method using linear polarizing filters to 

quantify eye dominance and assess plastic changes induced by visual 

deprivation. This method precisely quantifies eye dominance and its 

plasticity in response to sensory disruption. These findings have 

important implications for understanding binocular vision as a dynamic 

and adaptable system, with potential applications for treating visual 

disorders such as amblyopia and for developing personalized 

approaches to vision therapy. 
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An overview glossary 

Binocular vision - The neural and psychological collaboration between 

the two eyes, particularly in relation to this shared region of overlap. 

Binocular Disparity – A small difference in the position of input on the 

two retinas that provides a cue to depth.  

Horopter - The set of points in space that stimulate corresponding points 

in the eyes, resulting in single vision.  

Lateral Geniculate Nucleus (LGN) - The primary processing centre for 

visual information received from the retina of the eye.  

The cyclopean eye - All objects are perceived as if seen from the 

cyclopean eye, at a reference point, which is located in the midway 

between the two eyes. 

The visual egocentre – The location from which visual judgements are 

made. 

The median plane - A vertical plane that passes through the midline of 

the body and bisects the body into two symmetrical halves: right and left.  

The corneal plane - It is commonly used as a reference plane in 

ophthalmology, optometry, and corneal topography for measurements 

and imaging of the eye. 

Stereopsis - The ability to utilize retinal disparity signals to make 

extremely fine relative-depth judgments.  

Visual line - All straight lines, termed visual lines, joining points in the 

object plane to their corresponding points on the retina pass through the 

nodal point. 

Visual axis - The visual line that connects the fixation point and the 

centre of the fovea.  

Panum's fusional area - The images from the two eyes falling in this 

region can be fused into a single percept.  
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Chapter 1. General introduction 

1.1 The fundamentals of binocular vision 

In humans and higher mammals with forward-facing eyes, a significant 

portion of the visual field is commonly observed by both eyes (Boff et al., 

1986). The term binocular vision is characterized as the neural and 

psychological collaboration between the two eyes, particularly in relation 

to this shared region of overlap. Although a single eye can function 

effectively on its own, human vision is inherently binocular. It is worth 

exploring how does brain combine the signals from the two eyes. 

 

The visual experience begins in the eye, where highly complex neural 

circuits pre-process sensory information and transmit it to other parts of 

the central nervous system associated with each eye (Grünert & Martin 

2020; Roska & Meister 2014). Unlike other parts of the brain, the neural 

connections between the retina and the thalamus are in one direction, 

suggesting that there are no feedback connections back to the retina from 

the primary projection targets of retinal neurons.  

 

Any optical system that produces an image comprises an anterior nodal 

point and a posterior nodal point, both situated on the optic axis. It is 

generally considered that the two nodal points of the human eye coincide 

at a point on the optic axis located 17 mm in front of the retina. All straight 

lines, termed visual lines, joining points in the object plane to their 

corresponding points on the retina pass through the nodal point. The 

fovea, situated in the central region of the retina, exhibits the highest 

visual acuity. The visual line connecting the fixation point and the centre 

of the fovea is defined as the visual axis (Howard & Rogers, 1995). The 

normal monocular visual field for human spans roughly 107 ° towards the 

temporal direction (away from nose) and approximately 60 ° towards the 

nasal direction (toward the nose) from the vertical meridian, and about 

70 ° above and 80 ° below the horizontal meridian (Hueck, 1840; Rönne, 
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1915; Spector, 1990; Traquair, 1938). The visual cortex receives 

information from a multitude of neurons, each of which selectively 

responds to particular features of the visual scene. The visual cortex 

gathers all incoming information and reconstructs a visual representation 

of the surroundings based on the activated neurons (Figure 1.1). 

 

 
Figure 1.1: Binocular visual field. 
The overlapping field in the middle is the binocular visual field. Ipsilateral visual field 
information crosses over at the optical chiasm to reach the opposite side of the brain, 
whereas contralateral visual field information projects directly to the ipsilateral side 
of the brain. Image adapted from: https://researchoutreach.org/articles/binocular-
vision-shaped-early-visual-experience/. 
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1.1.1 The lateral geniculate nucleus 

The primary projection target of the optic nerve is the lateral geniculate 

nucleus (LGN) in the thalamus. The LGN is organized into several layers, 

each receiving input from only one eye, with minimal interconnections 

between the eye-specific layers (Casagrande & Boyd, 1996). This 

structure suggests that the LGN is an intermediate site for the 

transmission of visual information from the retina to the primary visual 

cortex (V1). Electrophysiological studies demonstrated that LGN neurons 

respond primarily to stimuli from only one eye, a feature that was once 

thought to indicate that the signals from the two eyes are tightly 

segregated before they reach V1. Hubel and Wiesel (1959) observed that 

activated cortical cells of each eye have two receptive fields that are 

mapped to each eye, each with separate excitatory and inhibitory zones 

that are similarly shaped and oriented and located in homologous regions 

within their receptive fields. This has led to the view that the LGN 

functions monocularly, similar to the retina, primarily serving as a relay 

for visual information. However, this idea, along with the broader concept 

of the LGN as a simple relay station, has been questioned by more recent 

research (e.g., Dougherty et al., 2018). Although LGN neurons respond 

primarily to stimuli from one single eye, they actually receive information 

about the other eye as well. This interaction of binocular information 

affects the responses of LGN neurons, which in natural visual conditions 

are manifested as different responses to stimuli from the two eyes. The 

evidence from human neuroimaging studies and neurophysiological 

study in cats revealed that neurons in different layers of the LGN appear 

to receive information about the other eye despite responding to only one 

eye. This information is functionally relevant and effective because it 

alters or modulates the response under natural viewing conditions in 

which both eyes receive stimuli (Dougherty et al., 2018). Recent studies 

showed that roughly one third of LGN neurons in awake behaving 

primates exhibit binocular influences (Dougherty et al., 2021), and these 

binocular influences were found across all layers and cell types. 

Additionally, Zeater et al. (2015) found a small group of LGN neurons 
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respond binocularly, indicating that LGN plays a larger functional role on 

visual processing than previous recognized. These findings demonstrate 

that visual processing is not purely monocular before becoming binocular, 

but rather the combination of two eyes’ signals may occur gradually and 

hierarchically.  

 

1.1.2 The primary visual cortex 

Primary visual cortex (V1) is regarded as one of the main sources of 

binocular feedback to the LGN (see Figure 1.1). In primates and 

mammals, axons from the temporal half of the left eye combine with 

decussated axons from the nasal half of the right eye, forming the left 

optic tract, and vice versa. Subsequently, each optic tract departs from 

the chiasma, terminating on its respective hemisphere in a section of the 

thalamus identified as the lateral geniculate nucleus (LGN). Axons from 

relay cells exit the LGN on both sides and disperse to create the optic 

radiations, which then extend backward and upward, connecting to the 

visual cortex within the ipsilateral occipital lobe of the cerebral cortex 

(Figure 1.2). Due to the reversal of retinal images, the left half of the visual 

field (left hemifield) is processed in the right cerebral hemisphere, while 

the right hemisphere is responsible for the representation of the left 

hemifield. 

 

The pioneering research (Hubel & Wiesel, 1962, 1968) on V1 revealed 

that two main findings about V1 responses to each eye: First, very few 

V1 neurons respond exclusively to one eye or equally to both. In contrast, 

most V1 neurons respond to both eyes, but there is a preference for the 

response strength. This response preference, termed as ocular 

dominance, is  one  hallmark of V1 function though not exclusive to V1. 

Second, V1 neurons with comparable ocular dominance are organised in 

columns, terms as ocular dominance columns, which resembles similar 

column cells in V1, such as orientation, colour and object columns (see 

Figure 1.2). 
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Figure 1.2: Schematic illustration of V1 ocular dominance columns. 
Measurement of neurons responses arranged across layers I-VI (left side), 
which reveals a consistent response preference for one eye relative to the 
other. The middle layers (4C) is the only exception to the shared ocular 
dominance of neurons within the same V1 column, as many neurons in this 
layer respond to only one eye (in this case, the left eye), suggesting the 
existence of a hierarchical structure of columnar processing. Right side 
measures neuronal response tangentially across columns, indicating a slow 
transfer of ocular dominance from one eye to the other. V1 columns containing 
neurons that respond to one eye (monocular columns) and to both eyes (fully 
binocular columns) are alternated with columns to form a gradient of 
preference for one eye over the other. Image from Maier et al., 2022. 
 

Hubel and Wiesel (1962) highlighted a segregation of cells based on field 

complexity, in which simple and complex fields could exhibit distinct 

characteristics. Their research shed light on binocular interaction in 

cortical cells, demonstrating the role of eye dominance in modulating 

responses and the presence of binocular synergy in visual processing. 

Though their research limited the generalizability of the findings to other 

species or cortical regions in different animals, including humans, as well 

as overlooked other aspects of visual processing and cortical 

functionality, it raised the possibility of ocular dominance in relation to 

binocular depth.  
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The current consensus on V1’s lamination identifies six main layers, in 

which layer 4C in primates receives most of the sensory inputs from the 

LGN (Mitzdorf 1985, Schroeder et al., 1998). Compared with neurons in 

the supragranular and infragranular layers respond binocularly, neurons 

in layers 4C primarily respond to one eye. This monocular response 

pattern is consistent with the observation that the majority of LGN 

neurons respond to one eye, indicating a low degree of thalamocortical 

synaptic convergence across the inputs from the two eyes. 

 

The pioneering anatomical and electrophysiological work of Hubel and 

Wiesel (1972) and others established the classical model of binocular 

convergence in the early primate visual system that has dominated the 

field ever since. The model can be summarized as follows: the 

projections of each retina remain anatomically and functionally separated 

until monocular neurons located in input layer 4C of V1 converge and 

activate binocular neurons in the layer above. However, new findings 

regarding binocular integration challenge this view that the signals from 

the two eyes remain isolated until they reach V1’s input stage and being 

combined thereafter. In order to perform complex computation (i.e. 

combine two eyes’ views, resolve their difference and compute depths), 

recent discovery (Verhoef et al., 2015) indicated the early primate visual 

system appears to be more binocular at early stages and less binocular 

at later stages (see Figure 1.3). 
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Figure 1.3: The comparison of classical model and revised model for binocular 
integration within V1 pathway. 
Left side: Schematic model of Hubel and Wiesel (1972), which involves two 
processing phases: an initial monocular phase comprising the lateral 
geniculate nucleus (LGN) of the thalamus and granular layer 4C of the primary 
visual cortex (V1), followed by a binocular phase starting from the topmost 
layer of V1. Only the middle and upper layers are shown for simplicity. 
Specifically, LGN neurons receive inputs from the ipsilateral eye (red) that 
project to layer 4C of a set of V1 ocular dominance columns (top). LGN 
neurons receive inputs from the contralateral eye (green) project to layer 4C of 
the neighbouring eye dominance column. The model relies on strict isolation 
of signals from each eye at the 4C level of the LGN and V1 primary input layer 
and explains the origin of the ocular dominance columns as well as the 
presence of monocular neurons at the centre of each column. Right side: The 
revised model shows a greater degree of binocularity from the first postretinal 
synapse. Specifically, although the primate LGN layer consists almost entirely 
of neurons activated by only one eye, a large proportion of these neurons 
significantly change their responses when the other eye is also stimulated 
(indicating that these neurons receive information about binocularity). Image 
from Maier et al., 2022. 
 

1.1.3 The horopter and stereopsis 

Binocular vision is a process engendered by stimuli arising in the two 

eyes, and is generally distinguished by three levels of processing (Worth, 

1921), The first level is simultaneous macular perception, which is the 

ability of the visual system to perceive and compare the separate stimuli 

received by the two eyes at the same time. In this level of binocular 
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processing, a stimulus presented to one eye is not affected by another 

stimulus presented to the other. The corresponding regions of the two 

retinae receive input from virtually the same locations in the environment 

due to their substantial overlaps in visual fields. The second level refers 

to the ability to combine these binocular inputs into a single presentation, 

which requires sensory unification of the two retinal images as well as 

motor coordination between the two eyes in order to maintain sensory 

fusion. Since two eyes perceive the external world differently due to their 

physical horizontal separation in the head, an offset in spatial perception 

between the views of both eyes is known as binocular disparity (Howard 

& Rogers, 1995; Julesz, 1971; Wheatstone, 1838). Fusion can only occur 

when this disparity is within a certain range, where the two retinal images 

can be merged and perceived as a single object. However, when the 

disparity of retinal images exceeds a threshold, the images cannot be 

fused, resulting in the perception of two distinct images originating from 

different regions of space – a condition referred to as diplopia (Howard & 

Rogers, 1995). When binocular fusion has been achieved by solving the 

correspondence problem (i.e. matching the appropriate features of a 

single object in two eyes), binocular disparity becomes an essential cue 

for coding depth in stereoscopic images (Fender & Julesz, 1967; 

Gonzalez & Perez, 1998; Mach & Dvorak, 1872; Mitchell, 1966a; Ogle, 

1950; Pulfrich, 1922). As the highest level of binocular vision, stereopsis 

refers as the ability to perceive depth and three- dimensional structure 

based on binocular disparity between the images projected to each eye. 

 

The horopter describes the set of points in space that stimulate 

corresponding points in the eyes, resulting in single vision. Each eye has 

corresponding points evenly distributed at equal angles relative to the 

oculocentric primary visual direction. The geometric horopter is called the 

Vieth-Müller circle (Figure 1.4), which was first proposed by Aguilonius 

(1613). An object placed near the horopter can produce an image with a 

crossed disparity in the two eyes as the visual lines from each eye cross 

inside the horopter (point A in Figure 1.4). On the other hand, an object 

placed beyond the horopter could produce an image with an uncrossed 
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disparity (Point B in Figure 1.4). Panum (1858) proposed that a specific 

retinal point in one eye could correspond to a small group or region of 

retinal points in the other eye (Mitchell, 1966b; Panum, 1858). This region 

of correspondence is known as "Panum's fusional area" - where the 

images from the two eyes falling in this region can be fused into a single 

percept, and beyond this region diplopia (double vision) is experienced. 

The distinction between fusion and diplopia is whether the process of 

combining two monocular views is success or not. nevertheless, even 

diplopia resembles a single binocular experience from a 

phenomenological perspective. During diplopia, the images of the two 

eyes appear superimposed rather than side-by-side without overlap, 

suggesting that binocular perception is fundamentally singular (Maier, et 

al., 2022). 

 

Human vision is fundamentally binocular, which involves processes for 

integrating information from two eyes in the brain to represent the three-

dimensional layout of the world by using the extracted disparity (Ogle, 

1950). This disparity helps the brain to sense relative depth and causes 

the retinal images of three-dimensional objects to differ both vertically 

and horizontally. Horizontal disparities, denoting side-to-side distinctions 

in the positions of corresponding images between the two eyes, can 

create a compelling sense of three-dimensionality. Vertical disparities 

refer to the differences in the vertical positions of corresponding points in 

the images received by the two eyes (Rogers & Bradshaw, 1993). These 

differences arise due to the slightly different vantage points of the two 

eyes when viewing a three-dimensional scene. Because the distance 

from each eye to an object varies, the visual system uses these 

disparities to scale depth and size in stereoscopic vision. 
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Figure 1.4: An illustration of The Vieth-Müller circle, horopter and Panum’s 
fusional area. It is the top view of the eyes fixating at F (black dot), A (red dot) 
and B (green dot). This theoretical circle that describes the spatial distribution 
of points in the visual field that generate corresponding retinal images in both 
eyes. The curved line on the top is horopter, all points along this curve line 
have zero disparity with the fixation point F. The region surrounding the 
horopter corresponds to Panum’s fusional area, within which objects exhibit 
disparities tolerable for a unified percept. However, point A and B generate a 
disparity beyond the fusional range, resulting in physiological diplopia. Point A 
is nearer than the Fixation point, the visual lines from each eye cross inside 
the horopter. The images of point B are uncrossed as it is farther than the 
Fixation point and the visual lines from each eye cross beyond the horopter. 
 
 

Barlow et al. (1967) were the first to report the discovery that certain 

cortical units in cats were optimally excited by objects situated at different 

distances. In their experiment, electrode was placed in area 17 of adult 

cats to record the action potentials of single neurons in V1. They found 

that stimuli under constant convergence could activate distinct neurons, 

providing a plausible foundation for binocular depth discrimination and 

stereopsis. Even though there is much to uncover regarding how this 

depth information is separated among various primary cortical cells as 

well as how it is further processed and organized by higher-order visual 

neurons. 
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Figure 1.5: examples of binocular rivalry images. 
(a). Dichoptic orthogonal gratings; (b) Stimuli designed to investigate 
interocular grouping; (c). Complex stimuli involving presenting a picture of face 
to one eye and a picture of house to the other eye. Image from Tong et 
al.,2006. 
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The ability to utilize retinal disparity signals to make extremely fine 

relative-depth judgments is a process termed stereopsis. Binocular 

stereopsis creates the impression of depth from binocular cues, which 

underlies our ability to discriminate between differences in depth. 

However, the traditional understanding of stereopsis as a by-product of 

binocular vision is challenged by empirical observations demonstrating 

that monocular viewing—particularly when combined with motion cues, 

such as motion parallax—can also elicit a vivid impression of tangible 

solid form and immersive space, akin to the qualitative experience of 

stereopsis. This suggests that stereopsis, as a perceptual phenomenon, 

is not exclusively tied to binocular disparity but may arise from other 

depth cues as well (Vishwanath & Hibbard, 2013). An alternative 

hypothesis posits that stereopsis is fundamentally a qualitative visual 

experience related to the perception of egocentric spatial scale. 

Specifically, the primary phenomenal characteristic of stereopsis—the 

impression of “real” separation in depth—is proposed to be linked to the 

precision with which egocentrically scaled depth (absolute depth) is 

derived. This precision in depth perception may play a functional role in 

guiding motor action, providing a plausible explanation for the secondary 

phenomenal characteristics associated with stereopsis, such as the 

impression of interactability and realness. By conceptualizing stereopsis 

as a generic perceptual attribute rather than a product of specific depth 

cues, this hypothesis offers a more unified account of the variation in 

stereopsis across different viewing conditions, including real scenes and 

pictorial representations. Furthermore, it provides a theoretical basis for 

understanding how depth perception can be maintained in pictures 

despite the presence of conflicting visual signals. 

 

Binocular rivalry (BR) occurs when conflicting monocular images are 

presented to each eye, the two images may compete for exclusive 

dominance with perceptual awareness alternating between images 

rather than forming a stable composite (see Figure 1.5). During the 

phenomenon of binocular rivalry, visual awareness alternates between 

the images perceived by the two eyes. Typically, only one image is 
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perceived at a time (i.e., the dominant image), while the other is 

temporarily invisible to the viewer (Levelt, 1965). In contrast, when the 

two images are sufficiently similar and their disparities fall within the 

brain's fusional range, the visual system can achieve fusion, integrating 

the two images into a coherent three-dimensional percept. This fusion is 

what gives rise to the vivid impression of depth and solidity characteristic 

of stereopsis. Importantly, the distinction between rivalry and fusion 

highlights that stereopsis is not merely a mechanical consequence of 

binocular disparity but depends on the brain's ability to match and 

integrate corresponding features from the two retinal images. Sir Charles 

Wheatstone made a great contribution to studying binocular rivalry, as he 

was the first to systematically describe the phenomenon of binocular 

rivalry in his monograph with the invention of the stereoscope 

(Wheatstone, 1838). This optical device (Figure 1.6) could present 

images to the same region of the left and right eye separately. With this 

device, Wheatstone observed that the pair of images appeared as a 

single image in the median plane beyond the mirrors. 

 

 
Figure 1.6: Schematic of mirror stereoscope. 
This equipment can divide the binocular vision into two halves, left eye can 
only see the image presented in the left screen and vice versa. Image from 
Wheatstone, 1838. 
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When observing incompatible objects, the human visual system may first 

match corresponding features from the two eyes’ view (Marr, 1982). An 

individual with normal eye alignment can find matching features of two 

images when presenting the two images simultaneously to the two eyes. 

If left- and right-eye foveas’ images cannot match, conflicting information 

will be provided to the brain, resulting in binocular rivalry. Blake (1989) 

concluded that rivalry was the default result caused by the failure of 

stereopsis. Blake, Yang, and Wilson (1991) favoured the proposition that 

stereopsis took precedence over rivalry by dichoptically presenting two 

gratings with different spatial frequencies to observers. The study 

showed that dichoptic gratings with a slight difference in spatial frequency 

(3%) resulted in stable stereoscopic single vision, while a larger 

difference in spatial frequency (260%) between two gratings produced 

binocular rivalry. Constructed in this way, the visual system may 

continuously search for matching features from rival targets, and when 

the matching process fails binocular rivalry will result. 

 

Understanding the fundamental bases of visual perception is a central 

goal of neuroscience and is vital to our understanding of sensory 

processing in biological systems. To perceive the three-dimensional 

layout of a scene, both the depths and visual directions of the objects 

within it need to be determined. A key step and a computational challenge 

faced by the brain is how to combine the information from the two eyes 

to achieve a single, unified representation of the world and determine the 

visual direction of objects in space relative to the viewer. Our everyday 

visual experience tells us that this is accomplished effortlessly, but 

nonetheless, the underlying mechanisms are still poorly understood. 

Understanding these mechanisms is central to the aim of this thesis, 

which seeks to uncover the neural and computational principles that 

enable the brain to integrate binocular information and resolve potential 

conflicts between the two eyes' inputs. This thesis will focus on how 

humans encode binocular visual direction and attempt to illuminate the 

mechanisms used to assign a single visual direction to a binocular feature, 

for which the left and right eyes are signalling different directions. 
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1.2 The binocular visual direction 

The left and right eyes perceive different perspectives of the same object, 

and the differences between these two views are recognized to create 

convincing stereoscopic perceptions of relative distance or depth 

(Wheatstone, 1838). Shimono and Wade (2002) explored the alignment 

of vertical lines at different physical horizontal positions within the same 

eye and how this alignment varied with perceived depth between them. 

By conducting two experiments using random-dot stereograms and 

rectangular stereograms with binocular disparity, they found that visual 

direction and the perceived depth of monocular stimuli are mediated by 

different mechanisms. In random-dot stereograms, monocular lines with 

different visual directions can be perceived in the same visual direction, 

challenging the notion that the retinal local sign of a monocular stimulus 

remains fixed when transformed into visual direction. In rectangular 

stereograms, the comparison monocular line was always to the left of the 

standard line, but the difference in horizontal positions of aligned lines 

varied across different disparity conditions. These results suggest that 

two vertical monocular lines can be regarded as a part of the binocular 

stereogram when presented in the binocular area, which contracts 

conventional monocular law of visual direction that the processing 

mechanism for visual direction of monocular line is determined simply on 

the basis of retinal position. Thus, the finding indicates that the 

processing mechanisms for visual direction and depth perception are 

separate, the visual direction of monocular stimuli may be determined 

after the depth perception. 

 

Binocular cues allow for estimating actual shape, size, and location of 

objects in the visual scene, which enables observers to perceive depth 

and spatial relationships with greater accuracy and detail (e.g. Harris, 

2004; Hibbard, Haines, & Hornsey, 2017; McKee, 1983; Stevenson, 

Cormack, & Schor, 1989). Stereoscopic displays result in a significant 

enhancement in performance on tasks involving spatial understanding or 

object manipulation (McIntire et al., 2012). Additionally, they are also 
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moderately beneficial for tasks requiring the judgment of object position 

or distance, as well as for tasks involving object finding, identification, or 

classification (McIntire et al., 2012).  As proposed by Palmisano et al. 

(2010), binocular disparity decreases with the square of the observation 

distance for the same depth separation. This suggests that binocular 

disparity for a particular depth is considerably greater when the 

observation distance is short, leading to the conclusion that stereopsis is 

primarily valuable in near spaces. Behaviourally, humans are highly 

sensitive to binocular disparity (McKee et al., 1990) but exhibits individual 

variation across population (Bosten et al., 2015; Dorman & van Ee, 2017; 

Hess et al., 2015; Hess et al., 2016; Zaroff, Knutelska, & Frumkes, 2003), 

human stereoacuity has been found smaller than 5 seconds of arc 

(McKee, 1983; Stevenson, Cormack, & Schor, 1989).  

 

1.2.1 The frame of references 

To interact effectively with objects in our environment, we require precise 

information about their locations. This involves understanding their 

positions relative to ourselves (an absolute or egocentric direction task) 

and relative to other objects within the visual field (a relative or exocentric 

direction task). People can judge the direction of an object in any of the 

following reference frames, the first three of which are egocentric 

because they involve some part of the observer’s body (Mapp, Ono, & 

Howard, 2012). Oculocentric judgments only require the image's position 

on the retina (Moidell & Bedell, 1988). A headcentric judgment requires 

the observer to register both the position of the images in the eyes (the 

oculocentric component) and the angular position of the eyes within the 

head (the eye-position component) (Howard, 1982; Matin, 1986). This 

combination allows for a comprehensive understanding of the object's 

position relative to the observer's head. Torsocentric judgments further 

require information about the position of the head relative to the torso 

(Longo et al., 2020). In exocentric judgments, the direction of one visual 

object is assessed with respect to a second object or an external 

reference frame (Sterken et al., 1999; Wade & Swanston, 1996; 
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Wertheim, 1994). When making a directional judgment about an object, 

it is crucial to know which frame of reference the viewer is using. In this 

thesis we mainly concentrate on headcentric directional judgments 

(Mapp, Ono, & Howard, 2012). 

 

1.2.2 Two strands of visual direction research 

The history of research on visual direction reflects an ongoing struggle 

between two approaches from antiquity to the present. The first relies on 

observation and phenomenology, initially with little underlying theory. 

This method results in a summary of observations in the form of 

propositions, principles, or laws of visual direction. An alternative 

approach relies on underlying theories (such as geometry or optics), after 

which observations become subordinate to the theory (Ono & Wade, 

2012). The evolution and researchers responsible for these two different 

strands are shown in Figure 1.7. 

 

The observational approach was promoted by Aristotle (384–322 BC). By 

making controlled observations of the perceived locations of vertical 

cylinders, Ptolemy (c. 150) defined single vision and distinguished 

between crossed and uncrossed directions in diplopic perception in the 

second century AD (Howard & Wade, 1996; Smith, 1996; Tyler, 1997).  

Wells (1792) defined the optic axis, visual base and common axis in 

relation to visual direction. Wells (1792) introduced three propositions, 

stating that objects on the optic axis appear in the common axis, objects 

in the common axis appear in the eye's axis, and objects in a line through 

the intersection of optic axes to the visual base appear in another line 

towards the left or right (see Figure 1.8). Wells' propositions, although not 

widely acknowledged, were unique and laid the foundation for 

understanding visual direction with two eyes. In the second half of the 

19th century, Towne (1866), Hering (1868/1977,1879/1942) and LeConte 

(1871) continued developing Wells’ propositions. Above all, Hering 

(1868/1977,1879/1942) made great contributions upon rediscovering 
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Wells’ experiments and proposed that the reference point for judging 

visual direction was a “cyclopean eye”, and thus concluded that objects 

located along an eye's visual axis were perceived as lying along a line 

that represented the average of the visual axes. In the 20th century, the 

observational strand had accepted the idea of a reference point for visual 

direction, which was called “central eye” (Towne, 1866), “double eye” 

(Hering, 1868/1977) and “cyclopean eye” (Hering, 1879).  

 

Euclid (c. 300 BC) developed the optical approach and demonstrated that 

physical location and perceived visual locations were not necessarily 

identical. During 17th to 18th centuries, Johannes Kepler developed the 

optical tradition by explaining how light was refracted through the eye's 

structures and focused on the retina. According to his view, the position 

of an object could be estimated from the direction in which a ray of light 

originates, regardless of how refraction alters the direction along its path 

between the eye and the object. Significant disagreement existed around 

whether the light ray entering the eye was directly responsible for 

determining visual direction. Subsequently, Porterfield (1737) proposed 

an explicit theory of visual direction based on the location of the retinal 

image. In the first half of the 19th century, Brewster (1830, 1831) linked 

the definition of projection in the visual (“visible” in his terminology) 

direction with retinal an anatomy. Additionally, Brewster (1844) found 

stimulation of the peripheral retinal produced visible objects different from 

their actual positions, he used the term of “ocular parallax” to describe 

such difference and argued the deviation of the visual direction from the 

actual direction was very small. With the invention of Wheatstone’s 

stereoscope (1833), he was able to correctly predict the apparent location 

of a fused image based on disparate stimuli in the stereoscope.  
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Figure 1.7: A chronology of the major contributors. This table includes portraits 
and the books they wrote on this topic. Image adapted from Ono & Wade, 
2012. 
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Recent studies have accepted the claim that reference point is an 

important conceptual summary of the experience of visual direction 

(Erkelens, 2000; Erkelens & van Ee, 2002), though there is a continuous 

debate about where the reference point for visual direction is located. 

Some eye dominance studies (Wall, 1951; Robin & Wall, 1969) proposed 

that the reference point for visual direction is located in one eye, called 

the “directionalizing eye” (Robin & Wall, 1969, p.368), but experiments 

conducted with a wider population have failed to confirm this prediction 

(Barbeito, 1981; Barbeito & Simpson, 1991; Ono & Barbeito, 1982; Ono, 

Wilkinson, Muter, & Mitson, 1972; Pickwell, 1972). However, they 

neglected the rules that two objects aligned with an eye would appear to 

be on the common axis. Therefore, Mapp and others (2003) proposed 

that one cannot simply conclude reference point is located in one eye, as 

the location of the reference point should be inferred from the physical 

location of the objects rather than from a line passing through the 

perceived and apparent locations of the objects. These two strands of 

historical research on visual direction have been competing for 

dominance. However, these two strands need not be in opposition, 

people like Ptolemy and Wells made significant advances because they 

combined optical knowledge with observational experiences. 

 

1.2.3 Basic law of visual direction 

The perceived retinal image location can be used to determine both 

distance and direction in binocular vision. In terms of visual direction, an 

object fixated binocularly appears to have only one direction in space, 

despite the eyes pointing in different directions relative to the head's 

median plane. The two eyes somehow combine directional information 

to form a unitary visual property or qualia. The question then arises as to 

where in the head direction judgment originates? There is a possibility 

that it originated from the dominant eye, but it’s widely acknowledged that 

directional judgments are referenced to a point located midway between 

the two eyes - known as the visual egocentre (or the cyclopean eye) 

(Mapp & Ono, 1999; Mapp, Ono, & Barbeito, 2003; Ono, 1991). 
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Therefore, information from each eye must be integrated into a cyclopean 

representation. This section explores the mechanisms of this integration, 

both when the images from the two eyes correspond and when 

directional information is obtained from disparate images. 

 

1.2.3.1 Wells’s (1792) Propositions of the visual direction 

The analysis of visual direction starts with the visual line, which is the 

basic unit of all directional judgments. A visual line is any line passing 

through the pupil of an eye and the nodal point (the area where all visual 

lines intersect). Among all the visual lines, the one through the centre of 

the fovea is termed the visual axis. It is also possible to specify a visual 

line according to its eccentricity and meridional angle, each fixed point in 

space has only one physical and apparent direction for a particular eye 

position. Wells (1792) defined some terms he employed in his 

experiments. For example, the optic axis is determined as a line passing 

through an object placed in a position where is more visible than in any 

other situation and a point between such object and the eye by a visual 

alignment task. The visual base is defined as the distance between the 

cornea points where the axes enter the eye. The common axis is 

represented by the line from the centre of the visual base through the 

intersection of the axes. There followed three propositions were made to 

better perceive visual direction: 

 

Proposition I: Objects in the optic axis are perceived in the common axis 

(see Figure 1.8(b)). 

Proposition II: Objects that lie on the common axis do not appear to be 

on that line, but on the axis of the eye that cannot see them (Figure 1.8 

(c)). 

Proposition III: Objects lie along any lines passing through the 

intersection of optic axes to the visual base do not appear to be in that 

line. Instead, it appears to be in another line passing through the same 

intersection but shifts to a point, which is displaced by half the distance 
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of the visual base. It describes the perceived displacement of visual 

objects in relation to the eyes' alignment (see Figure 1.8(d)). 

 

 
Figure 1.8: A demonstration of Wells’s (1792) Proposition I, II and III, shown 
with (a): Stimulus. (b)- (d) Perception in Proposition I, II and III 
A card with two circular holes placed 3 cm apart, positioned in the middle 
between two eyes and fixation stimulus. The left eye views the stimulus 
through the left hole, while right eye views the stimulus from the right hole. 
According to Proposition I and II, when fixation on the stimulus, they may 
perceive square in the common axis from each optic axis, also the circular 
holes in the optic axes are seen as one square in the common axis. Two 
outside circular holes are predicted by Proposition III, which is used to 
determine the apparent location of diplopic images, 
 

Wells’ propositions are clearly stated and empirically supported. 

Proposition I emphasize the role of both eyes acting as a single organ 

when perceiving objects. Proposition II highlights the unified perception 

of visual stimuli by the two eyes. Proposition III, the most comprehensive 

of the three, logically encompasses the first two propositions and serves 

as the fundamental principle of Wells' theory. It involves determining the 

apparent locations of diplopic images based on the point of fixation and 

the stimulus position. 

 

During the experiment, Wells placed a card with two circular holes (one 

in each optic axis) in front of the eyes and observed a circular hole along 

the common axis (Figure 1.8) in accordance with Proposition I. In this 

situation, an imaginary hole appears in the median plane, and through 

this hole, the fixated object is seen. In Figure 1.8(a), there is a square-

shaped stimulus in the median plane. Figure 1.8(b), according to 

Proposition I, describes that the object is perceived from the common 
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axis. Figure 1.8(c) illustrates that, according to Proposition II, the square-

shaped stimulus occurs in two places, specifically at the location of the 

visual axes. The two outer circular holes shown in Figure 1.8(d) can be 

explained by Proposition III.  

 

Figure 1.9 shows another demonstration of Wells’ proposition. Solid red 

and dashed green lines represent the perceptual outcomes of the distinct 

inputs received by each eye. For the majority of the observers, a line 

alternated in colour between red and green can be seen pointing to the 

base of the nose. Two other lines are also visible, they appear to point to 

the outside of the eyes instead of being directed towards the eyes. 

 

 
Figure 1.9: Another demonstration of Wells’s (1792) Proposition I, II and III.  
When the stimulus in (a) is viewed binocularly and fixed on the intersection of 
the red and green lines, illustrated in (b) in which the alternating red and green 
lines appear to point to the nose is predicted by Proposition III. Image created 
on the basis of the illustrations by Ono (1991). 
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Figure 1.10: An illustration of Wells’s (1792) Propositions III, determining the 
apparent location of the diplopic images. Two thick lines link the fixation point 
with the location of the stimulus (black circle), called the line of the apparent 
location by Wells. The green lines with green circle on are the real line of the 
stimulus, passing through the intersection of two visual axes and the real 
stimulus. Point B and C are determined as the half the distance of the visual 
base from point A. The diplopic image will be seen on the line passing through 
this point (e.g. point B to fixation point) on the visual base to the fixation point. 
Imaged reproduced from Ono, 1991. 
 
 
Wells’s (1792) first two propositions, as the special cases of Proposition 

III, can be derived from the Proposition III. Figure 1.10 explains how 

Proposition III can be used to determine where the outer holes appear in 

Figure 1.8(b), as well as the lines that appear to point toward the ear and 

nose in Figure 1.9 (b). Figure 1.10 demonstrates how Wells’s Proposition 



 40 

III can be used to determine the apparent locations of the illusory images. 

The first step in applying Proposition III is to draw a line through the 

intersection of the two visual axes and the actual position of the object, 

for example, the green line that coincides with the right axis here. The 

second step is to determine the intersection of the actual position line 

with the visual base (point A). Point B and C are determined as the half 

the distance of the visual base from point A. The line passing through the 

fixation point to each of these two points as the apparent line. One of the 

lines passes through point B to the fixation point refers as common axis 

here, and along it lies the apparent hole through which the target lies on 

one of the green lines is seen. The other line connects point C to fixation 

point, passing through an outer apparent circular hole and another green 

line points towards the right ear. According to Proposition III, when the 

stimulus is viewed binocularly, it will be seen as a single image if it is 

positioned at the intersection of the visual axes; it appears double when 

not at the intersection, one is on the common axis, and the other is shifted 

to the outward. 

 

In contrast, other theoretical concepts like the cyclopean eye, horopter, 

corresponding points, and identical visual direction are incorporated into 

the laws of visual direction that developed subsequent to Wells' research. 

Utilizing these constructs, Hering (1879/1942) demonstrated the law of 

identical visual direction. Hering’s (1879/1942) principle introduces the 

cyclopean eye as the reference point to combine visual inputs, predicting 

that objects seen separately by each eye will be perceived at different 

locations on their respective optic axes unless the images are perfectly 

aligned. Modern mathematical translations of these rules reveal that 

Hering's formulations (are discussed below) are more accurate in 

predicting binocular visual directions (van de Grind et al., 1995). 
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1.2.3.2 Hering’s (1879/1942) law of visual direction 

There are several different restatements of Hering’s (1879/1942) 

psychophysical law, in which is the most comprehensive one is provided 

by Howard (1982). The following describes Howard’s restatements. 

 

1.2.3.2.1 The laws of oculocentric direction 

A visual line is an imaginary line connecting an object to the nodal point 

of the eye. Each eye may perceive the object differently due to their 

physical separation. When objects are perceived to be aligned or 

superimposed, they share the same oculocentric direction, resulting in a 

unified perceptual experience. In contrast, non-over-lapping objects 

creates a disparity between the images seen by both eyes, resulting in a 

cue for depth perception. 

 

1.2.3.2.2 The law of cyclopean eye 

All objects are perceived as if seen from the cyclopean eye, at a 

reference point, which is located in the midway between the two eyes. 

With symmetrical convergence, any objects located on either of the 

corresponding visual lines will appear spatially superimposed. Assuming 

that the horopter conforms to the Vieth-Müller circle, the cyclopean eye 

lies on this circle, midway between the eyes. 

 

1.2.3.2.3 The law of monocular visual direction 

When viewing the object monocularly, those aligned along the same 

visual lines are perceived have the same visual direction, all visual lines 

point to the cyclopean eye.  

 

1.2.3.2.4 The law of cyclopean projection 

First, objects fall on the visual axes of both eyes are perceived as lying 

on the common axis, defined as the line passing through the cyclopean 

eye and the intersection of two visual axes. Second, an object located on 

a visual line is perceived to deviate from this common axis by an angle, 

which is equal to the angle between the visual axis and the visual line 
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containing that object (as an addition law supplemented by Howard 

(1982), this law does not apply to the fused images discussed in the law 

of binocular visual direction, but it highlights how perception is affected 

by angular relationship within the visual field). As shown in Figure 1.11(a), 

The object is perceived as a single image as if seen from the cyclopean 

eye in a direction that corresponds to its angle of entry relative to each 

visual axis (angle a and b represent the equal angel between visual line 

and visual axis for the two eyes). The angle between the direction seen 

from the cyclopean eye and the common axis matches the angle between 

the visual line and visual axis. 

 

1.2.3.2.5 The laws of binocular visual directions 

(a) Each visual line in one eye corresponds to a visual line in the other 

eye, with the same apparent visual direction, known as the law of 

identical visual direction. In Figure 1.11(a), an object does not occur on 

either axis, but on two corresponding visual lines, which means that the 

stimulus stimulates corresponding points on both retinae. 

 

(b) The perceived visual direction of slightly disparate different images is 

the average of the visual directions of the individual monocular images. 

As shown in Figure 1.11(b), when an object is outside the horopter, it 

produces an uncrossed disparity. The angle subtended by the visual line 

and visual axis are different for the two eyes. 

If the disparity is the disparity is minimal, the perceived visual direction is 

the average of the monocular images’ visual directions. 

 

(c) In the presence of competing images, the visual direction is 

determined by the dominant image, resulting in a suppression of the 

rivalling image. As the disparity in Figure 1.11(b) is large, one of the two 

possible apparent locations outside the horopter is perceived, resulting 

in a non-veridical visual direction. In this case, the perceived location 

does not correspond accurately to the object’s actual location. 
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(d) Widely disparate images are perceived in two distinct visual directions. 

If the disparity in Figure 1.11(b) is even larger, two separate objects are 

seen. 

 

 
Figure 1.11: The visual direction of an object.  
Fixation is on a point in the median plane of the head, so the eyes are in 
primary gaze position; the visual axes are represented by thick lines. An object 
is shown along with its corresponding visual lines (thick lines). b is the 
binocular visual direction of the target and is equal to the angle between the 
head’ s median plane and a line from the midpoint of the interocular axis to the 
target. The thin line from the cyclopean eye through the apparent position of 
the target is the binocular direction. In (a), the angles a subtended by the 
visual line and the visual axis for the two eyes are equal. In (b), the angle 
subtended by the visual line and the visual axis of the left eye is smaller than 
that of the right eye. Image from Ono (1991). 

 

1.3 The cyclopean view 

1.3.1 The cyclopean eye (or the visual egocentre) 

The cyclopean eye was described by Hering and Helmholtz as a 

hypothetical single ‘eye’ or “the mind’s eye”, based on a single 

stereoscopic image given appropriate stimuli in the two eyes. Julesz 

(1971) used the term “cyclopean” to describe the central processing of 

visual stimuli, he proposed that the essence of a cyclopean stimulus 
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occurs at some central location in the human brain. With random-dot 

stereograms, it is possible to portray information on the “mind’s retina"— 

a place where the left and right visual pathways combine in the visual 

cortex. 

 

 
Figure 1.12: Position in depth. 
Each eye is shown two horizontally offset bars simultaneously. In this case, 
the retinal locations stimulated differ from the perceived visual location of the 
bar, and therefore its depth is perceptually perceived. “Single position” 
stimulus: a bar is presented in the same position in both eyes and repositioned 
every 1.5s (1 TR) to determine the population receptive field of each cortical 
area. “Offset positions” stimulus: a bar is alternatively presented between the 
two eyes, and the bar is presented in the same retinal location as the “position 
in depth” stimulus. Image from Barendregt et al., (2015).  
 

A computational challenge faced by the brain is how to combine the 

information from the two eyes to achieve the cyclopean view and 

determine the visual direction of objects in space relative to the viewer. 

Recent evidence from a functional magnetic resonance imaging (fMRI) 

study suggested the transformation from a retinotopic to cyclopean 

representation takes place between the striate (V1) and extra-striate (V2) 

human visual cortex (Barendregt et al., 2015). This study presented two 

contrast bars with slight opposite horizontal offsets in front of each eye, 

so that it could produce depth perception (“position in depth” in Figure 

1.12). Two types of control stimulus were based on stimulus position 

either in the two retinal images or in the cyclopean image were measured 

in this study. One of the control stimuli was the contrast bars presented 

with identical position in each retinal image without binocular disparity 

(“Single position” in Figure 1.12. The other was presented alternately in 
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front of the two eyes, as the stimuli stimulated the same retinal position 

of both eyes, but was not integrated into a single image due to temporal 

alternation (“offset positions” in Figure 1.12). The blood-oxygen-level 

dependent (BOLD) response was used to estimate the population 

receptive field (pRF), that is, the area of visual space that optimally 

stimulated the group of neurons at each recoding site. Through 

comparing the BOLD responses in V1, V2 and V3 for two control models, 

there was a reliable distinguish evoked by these two conditions in V1 and 

V2, but the differences in responses predictions were insufficient to 

identify the stimulus presentation in V3 though all inclusive recording 

sites were considered (see Figure 1.13(a)). The pRF models based on 

either retinal images or the cyclopean images were compared to 

investigate the responses evoked by viewing “position in depth” stimulus. 

The left panel in Figure 1.13(b) demonstrates V1 represents the stimuli 

based on retinal positions while V2 represents stimuli based on 

cyclopean image, it is confirmed by the significant differences in how well 

retinal and cyclopean models best predict neural responses in each area, 

highlighting a transition from retinal to cyclopean representation between 

V1 and V2. Subsequent BOLD responses in extrastriate cortex (such 

asV2, V3, V3A, LO1 and LO2 in Figure1.13(b)) reflects the position of 

binocular stimuli in the cyclopean image rather than in the retinal images. 

Taken together, Barendregt and others (2015) provided the evidence that 

V1 undergoes a transformation from two separate retinotopic maps to a 

single cyclopean map. In extrastriate cortex (starting from V2), the neural 

response become less dependent of retinal position and more aligned 

with the position in the cyclopean image. These human fMRI findings are 

consistent with earilier research on other primates, which show that 

neurons in V1 mainly respond to input from one eye or the other, whereas 

V2 onwards, neurons are mostly binocular, responding to inputs from 

either eye (Chen, Lu, & Roe, 2008). 
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Figure 1.13: The representation of visual stimuli changed from reflecting 
retinal images to reflecting cyclopean images. 
(a) compares of how predictions based on “single position” and “offset 
position” stimuli explain the measured fMRI responses in V1, V2, and V3. In 
V1 and V2, it can be reliably distinguished between responses elicited by 
“single position” and “offset position” stimuli. In V3, the response prediction is 
not sufficient to distinguish between the two stimulus representations; (b) 
illustrate the transformation from a representation of two retinal image in V1 to 
a cyclopean image in V2 onward. Left panel shows the representation of “the 
position in depth” stimulus in V1 is best explained by the retinal images of the 
stimulus, while the representation in V2 is best explained by a cyclopean 
image. The right panel examines the voxels in areas V1 through LO2 that can 
accurately differentiate between “single position” and “offset position” stimuli. 
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1.3.2 Methods of measuring the location of the 

cyclopean eye 

There is ongoing debate around the exact location of the cyclopean eye. 

The precise position of the cyclopean eye, or egocentre, can be 

measured behaviourally in the laboratory using psychophysical 

techniques (Barbeito & Ono, 1979). Rather than assuming a fixed 

location, some investigators have developed different methods to 

estimate the location of the cyclopean eye. Four of these methods will be 

described briefly: two of them (Funaishi, 1926; Howard & Templeton, 

1966) attempt to estimate the egocentre location independently of the law 

of visual direction, whereas the other two (Fry, 1950; Roelofs, 1959) rely 

on the law of visual direction and estimate the location based on an 

observer’s response (Ono, 1991- see Figure 1.14). 

 

 
Figure 1.14: Schematic of four methods of locating the cyclopean eye. 
(a). Howard and templeton’s method involve the subject aligning two stimuli, 
one near and one far, the intersection point of the projected axes from these 
alignments is the cyclopean eye; (b). For Funaishi’s method, the subject 
fixates on a point and judges the direction of the non-fixated one by pointing to 
their apparent direction; (c). Roelofs’s method, the subject fixates on the front 
of the tube monocularly with the other eye occluded and indicates a point on 
the illusory line perceived; (d) Fry’s methods instructs the subject to fixate on 
one of two stimuli and indicate the apparent location of diplopic images 
produced by the non-fixated stimulus. Figure adapted on the basis of Mitson, 
Ono, & Barbeito (1976). 
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In Howard and Templeton’s (1966) method, an observer was asked to 

align two stimuli (near and far) until the imaginary axis joining them was 

judged to point directly at themselves. The intersection point of the 

projected axes is taken as the cyclopean eye (see Figure 1.14(a)). 

Funaishi’s (1926) task required an observer to fixate a point and then 

judge the direction of a non-fixated point placed to the left or right of the 

fixation point in the same frontal parallel plane. The apparent direction of 

the targets and lines are projected back through the response locations 

to estimate the cyclopean eye (see Figure 1.14 (b)). Roelofs’s (1959) 

method required the observer to fixate on the front of a tube with one eye, 

while the other eye is occluded, and indicate a point on the illusory line 

that is perceived between them. In accordance with Hering’s (1879/1942) 

principles of visual direction, the tube will appear to be pointing forward 

along a radial line joining the subject's cyclopean eye and the tube's front, 

rather than corresponding to its objective direction. As defined above, the 

apparent direction of the tube is regarded as the projection from its front 

to a point on the observer’s face at which the tube is pointing, such that 

the projection is considered to pass through the cyclopean eye (see 

Figure 1.14(c)). For Fry’s (1950) measurement, an observer was required 

to binocularly fixate on one of two stimuli (the farther target in Figure 1(d)) 

and indicate the apparent location of each diplopic image produced by 

the non-fixated stimulus (the closer one). The observer used a pointing 

device to mark these locations, ensuring that the hand used for pointing 

was not visible to maintain the accuracy of the perceived direction. Lines, 

projected from the indicated location of the diplopic images back towards 

the observer, are assumed to pass through the cyclopean eye (see 

Figure 1.14(d)).  

 

After comparing the predictive validity (the ability to predict responses on 

other visual direction tasks) and reliability (rest-retest stability) of these 

four methods, Barbrito and Ono (1979) concluded that the approach 

proposed by Howard and Templeton (1966) provided the best estimate 

of the location of the egocentre - the reference point used to perform this 

task could be located with much greater precision. Howard and 
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Templeton’s method required direct visual judgments, while the other 

three methods introduced potential sources of error (asking subjects to 

point to a location in space using their hands) to the visual judgment. 

Based on the predictive validity of Howard and Templeton’s method, the 

locations determined by it were most effective in predicting individual 

differences across three different visual direction tasks. As a result, the 

method's high precision is attributed to the lack of manual pointing 

responses as a source of variability (Barbrito & Ono, 1979). In addition, 

individual differences in constant errors associated with pointing to a 

location in space manually may obscure true variation in egocentre 

location and inflate estimate reliability, reflecting variations in constant 

error rather than the true egocentric localization (Barbrito & Ono, 1979; 

Mitson et al., 1976; Ono et al., 1972). Furthermore, manual pointing 

errors in different methods could lead to different egocentre locations, 

which may explain offsets in egocentre location – it’s more rightward in 

the Roelofs’s (1959) methods compared with Furnishi’s (1926) method. 
 

1.4 Individual differences 

Ono and Mapp (1995) supported Wells–Hering’s laws and emphasized 

the role of the cyclopean eye in predicting the visual direction of objects. 

This model outlines key elements of egocentric direction, including the 

retinal location being stimulated (local sign) and the positions of both 

eyes (Ono, 1981). However, the cyclopean eye location is a complex and 

individualized perceptual construct influenced by various factors, 

including age (e.g., Bian & Andersen, 2013; Norman et al., 2004;), eye 

position information (Barbeito & Simpson,1991; Erkelens, 2000; Ono & 

Weber, 1981; Park & Shebilske, 1991; Simpson 1992;Sridhar & Bedell, 

2011), eye dominance (Mapp, Ono & Barbeito, 2003). It has been 

demonstrated previously that individual differences in measured visual 

egocentre location can be used to predict individual differences in 

perceptions of directions (e.g. Ono et al., 1972; Barbeito & Ono, 1979).  

 

https://www-ncbi-nlm-nih-gov.nottingham.idm.oclc.org/pmc/articles/PMC3092072/#R18
https://www-ncbi-nlm-nih-gov.nottingham.idm.oclc.org/pmc/articles/PMC3092072/#R42
https://www-ncbi-nlm-nih-gov.nottingham.idm.oclc.org/pmc/articles/PMC3092072/#R42
https://www-ncbi-nlm-nih-gov.nottingham.idm.oclc.org/pmc/articles/PMC3092072/#R43
https://www-ncbi-nlm-nih-gov.nottingham.idm.oclc.org/pmc/articles/PMC3092072/#R53
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An extensive body of research has found that age-related reductions in 

the ability to process sensory information, including visual acuity (Corso, 

1981; Owsley & Sloanne, 1990), contrast sensitivity at higher spatial 

frequencies (Owsley, Sekuler & Siemsen, 1983), and the useful field of 

view (Sekuler & Ball, 1986). These age-related changes in vision have 

an effect on spatial abilities (Gazova et al., 2013, Roggiero et al., 2016, 

Techentin et al., 2014) and visual perception (Bian & Anderson, 2013; 

Norman et al., 2004), suggesting variability on the ability to process depth 

perception.   

 

The perceived egocentric visual direction is derived from a combination 

of eye position information (Bridgeman & Stark, 1991; Bock & Kommerell, 

1986) and retinal information (Howard, 1982). Barbeito and Simpson 

(1991) used an experimental setup where subjects pointed to the 

apparent direction of a target while one eye's position was varied. The 

results confirmed the linear relationship between eye position and 

egocentric visual direction and revealed individual differences in how 

each eye's position affects egocentric direction. For example, differences 

in how effectively they integrate retinal information with eye position or 

how well they combine joint binocular signals and eye position 

information leads to variations in the cyclopean eye position. In addition, 

changes in oculomotor control affects the way how retinal information and 

eye position signals are combined. Moreover, abnormal conditions like 

strabismus (misalignment of the eyes) affect how visual information is 

integrated, leading to shifts in the cyclopean eye position (Mollon et al., 

2017). Different levels of eye coordination may cause variations in the 

egocentre location (Cui, et al., 2010), a person with strabismus 

(misaligned eyes) may have a different egocentric perception compared 

to a person with normal eye alignment.  

 

Given the high sensitivity to relative direction, the visual system can 

provide precise information about the object’s position relative to its 

reference frame (Ono, Mapp & Howard, 2002). The differences in visual 

system sensitivity among individuals may give rise to variation on the 
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cyclopean eye locations. Individuals often have one dominant eye that 

exerts more influence in binocular vision, resulting in asymmetries in 

visual sensitivity when integrating information from both eyes (Ooi & He, 

2020) (eye dominance will be further discussed in the next section). For 

example, someone with a dominant right eye may have the cyclopean 

point closer to the right visual axis, affecting their sensitivity to certain 

spatial locations. It has also been found that greater amplitudes and 

faster peak velocities in dominant eye than non-dominant eye when 

conducting a sighting task (Oishi et al., 2005), in which different degree 

of eye dominance can also be considered as a factor leading to variations 

in the cyclopean eye positions. Moreover, observers’ knowledge on 

“point the rod to themselves” during binocular sighting task are different, 

which may lead to varied reference frames (e.g., bridge of nose, one eye, 

or anywhere on the face). The subjective impression based on individual 

knowledge plays an important role in determining the cyclopean eye 

location and explaining its variations (Erkelens, 2000; Erkelens et al., 

1996; Erkelens & van Ee, 2002; Ono, Mapp, & Howard, 2002) Long-term 

exposure to specific visual. environments or tasks can lead to 

adaptations in the visual system. For instance, pilots and athletes who 

rely heavily on precise visual information may experience shifts in their 

cyclopean eye location due to specialized visual demands (Howard & 

Templeton, 1966). 

 

The observed variation in individual egocentric localizations highlights 

the importance of studying individual differences in visual perception, 

which reflects the inherent diversity of individual's perceptual processing 

and anatomy. Recognizing and studying these differences can enhance 

our understanding of how spatial perception is adapted to individual 

needs and may have practical applications in areas such as virtual reality, 

and clinical assessment of spatial impairment. Taking into account 

individual differences in egocentric localization allows developers to tailor 

visual content to users' natural spatial orientation, enhancing realism and 

reducing discomfort used in Virtual Reality (VR) and Augmented Reality 

(AR) systems. For patients with spatial perception disorders, VR and AR 
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environments can be used to create controlled visual scenarios to 

gradually correct their spatial misjudgements and improve their functional 

ability. 

 

1.5 Eye dominance 

Research moved from developing the specific dominance tests to 

connecting eye dominance to other visual phenomena in the middle of 

the 20th century. Chamwood (1949) and Francis & Harwood (1952) found 

evidence of dominance changing when measured with a neural density 

filter, suggesting that eye dominance could shift to favour the eye with a 

brighter image. Among these studies, eye dominance was measured with 

different tasks, such as reaction time (Minucci & Connor, 1964), size 

distortion (Coren & Porac, 1976), accuracy of bisecting lines (Mefferd & 

Wieland, 1969), and even marksmanship (Crider, 1943). Interestingly, 

these early studies noted that eye dominance is not a single, unified 

phenomenon, suggesting that it may depend on the task itself 

(Woodhouse, 2009).  

 

1.5.1 Different forms of eye dominance 

Although the human body is symmetrical, one side may function more 

efficiently than the other. This difference in efficiency can result in a 

preference for using the more efficient one, known as the limb dominance, 

with handedness playing a crucial role in daily activities (Woodhouse, 

2009). Similarly, people tend to favour the visual input from one eye than 

the other when both eyes are open, the preferred eye is known as the 

dominant eye.  The concept of eye dominance was first mentioned by 

Porta in 1593 (Porac & Coren, 1976), in which an individual aligns a 

pencil (or a similar object) with a mark on the wall, known as the 

Rosenbach test (Miles, 1929) or Porta- Rosenback test (Miles, 1930). 

When performing this task, the eye used for alignment is the dominant 

eye. Eye dominance remained largely unexplored until the 20th century, 

when further tests of eye dominance were developed. Mile’s (1929) test, 
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as one the most famous tests, where an individual aligns a target through 

a small opening in a truncated cardboard cone that is held up to the face. 

The eye used for alignment refers the dominant eye, though observer is 

unaware he is sighting with only one eye. Crider (1944) expanded upon 

this by developing a set of seven sighting tests, including observers look 

through a ring, or look through a hole in a card, in which remain in use 

today (Ehrenstein, Amold-Schulz-Gahmen & Jaschinski, 2005; Handa et 

al., 2004). Banister (1935) examined the role of eye dominance in daily 

activities by investigating the impact of dominant eye on marksmanship, 

showing that right eye dominant individuals behave more accurate when 

shooting them from the right shoulder.  

 

Since eye dominance is defined based on such a wide range of criteria, 

its definition is complex and influenced by a variety of theoretical 

orientations (Porac & Coren, 1976). As a result of this complexity, 

different measurements of eye dominance show low intercorrelations 

(Coren & Kaplan, 1973; Crider, 1944; Gronwall & Sampson, 1971; Jasper 

& Raney, 1937; Washburn et al., 1934). It was initially thought that eye 

dominance was a single mechanism (Parson, 1924; Porta, 1593), but 

many scholars have suggested that eye dominance encompasses 

several, potentially independent factors, resulting in the development of 

different typologies (Berner & Berner, 1953; Cohen, 1952; Coren & 

Kaplan, 1973). There is still disagreement regarding the types of 

dominance and the number of mechanisms involved, with some 

suggesting as few as two (Berner & Berner, 1953; Cohen, 1952; Walls, 

1951) and others suggesting as many as five (Lederer, 1961). Coren and 

Kaplan (1973) contributed to this debate via an empiral experiment 

involving a battery of 13 common eye dominance tests, in which they 

used a non-dichotomous scoring system to assess both the strength and 

direction of eye dominance. Three different forms of ocular dominance 

were identified by their factor analysis: sighting, sensory, and acuity 

dominance. The findings suggested that different tasks or sensory 

demands can alter the dominance between the eyes, demonstrating eye 

dominance is not a unitary concept but rather varies depending on the 
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types of dominance being assessed. Thus, eye dominance is multi-

faceted, with sighting, sensory, and acuity dominance potentially 

producing different results. 

 

Despite the recognition of various forms of eye dominance, motor 

dominance (Walls, 1951), now referred as the sighting dominance, 

remains the focus. As is the most commonly measured form of eye 

dominance, sighting dominance reflects a behavioural selection or 

preference for one eye's input in situations where both eyes cannot be 

used simultaneously, or their views are discrepant and cannot be fused 

(Porac & Coren, 1975). Due to its frequent occurrence and familiarity, 

sighting dominance is regarded as the “definitive” type of eye dominance 

(Mapp et al., 2003; Porac & Coren, 1976), and is the most easily 

measurable simply by having them look through a pinhole (Crider, 1944). 

Large sample sizes have been used in numerous studies to investigate 

sighting dominance, revealing reasonable consistency between 

population norms (Porac & Coren, 1976). Studies have shown that 

approximately 65% of healthy populations prefer viewing with the right 

eye, 32% with the left eye, and 3% show no consistent preference (Li et 

al., 2010; Yang et al., 2010; Zhang et al., 2011). This finding indicates 

approximately 97% of people use the same eye consistently across a 

variety of sighting tasks, underscoring the reliability of sighting 

dominance as a phenomenon. In fact, it has been observed that certain 

animal species, especially primates, exhibit behaviours associated with 

sighting dominance, suggesting that primates may have particularly 

significance in terms of sighting dominance (Porac & Coren, 1976). For 

example, monkeys exhibit a dominant eye when engaging a sighting task 

(Cole, 1957; Hall & Mayer, 1966; Kounin, 1938; Kruper et al., 1967; 

Kruper et al., 1971; Smith, 1970), however, other animal species, like 

cats, exhibit paw preference but no eye preference (Crinella et al., 1972). 

 

Sensory dominance is more commonly seen in scenarios involving 

binocular rivalry (Coren & Kaplan, 1973). These scenarios lead to non-

fusible images and alternating conscious perceptions where one eye’s 
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view predominates for longer periods as two monocular images are 

highly discrepant. Thus, sensory dominance can be determined by 

comparing the duration of each monocular vision in the binocular 

perception (Cohen, 1952; Coren & Kaplan, 1973). Sensory dominance 

does not occur in daily situations but arises under specific conditions, 

such as reduced luminance in one eye or when objects are closer to the 

face than the near point of convergence, indicating sensory dominance 

is a distinct phenomenon from sighting dominance. Data from studies by 

Cohen (1952), Coren and Kaplan (1973), Porc (1974), and Washburn et 

al. (1934) suggested that 48% of individuals showing a preference for the 

right eye, 32% for the left eye, and 19% being no dominance. Although 

sensory dominance tends to favour the right eye, its strength is weaker 

than sighting dominance, such as that reported by Humphiss (1969), 

suggests a development increase in the strength of sensory dominance, 

which is not observed in sighting dominance studies. 

 

Acuity dominance, appears to be markedly different from the previous 

two forms of eye dominance, refers to the dominance of the eye with 

higher visual acuity. This form of dominance is evident in situations where 

the visual acuity of one eye is noticeably reduced than the other, such as 

amblyopia (Porac &Coren, 1975), or when one is more long-sighted 

(hyperopic) or short-sighted (myopic) than the other (Woodhouse, 2009). 

Unlike sighting and sensory dominance, which can shift between the 

eyes based on external factors like gaze direction or image manipulations 

(Khan & Crawford, 2001; Meegan et al., 2001), the concept of acuity 

dominance is based on the physiological of the eyes, with acuity being 

influence by the efficiency of relationship exists between the brain and 

the eye (Bruce et al., 1996) and hyperopic and myopic being defined by 

physical dimensions of the eyeball (Blake & Sekuler, 2006). It is logical 

to assume that acuity dominance remains stable and unaffected by 

external manipulations. 

 

However, the boundaries between three types of dominance are not as 

clear as they might initially seem. For instance, both forms involve 
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situations where two monocular images differ, either due to the difference 

in visual acuity (acuity dominance) or due to they are noticeably different 

from one other (sensory dominance). This suggests a potential 

relationship between acuity dominance and sensory dominance. If the 

acuity in one eye is reduced, which will trigger a form of dominance that 

affects the perceptual system. Small acuity disparities would identify the 

eye with better acuity as dominant. On the other hand, when there is a 

noticeable acuity differences, sensory dominance may take over, the eye 

with a prolonged percept refers as the dominant eye. As a result, acuity 

and sensory dominance may exist on a spectrum, with acuity dominance 

representing inherent physiological differences and sensory dominance 

taking over when those differences are aggravated by external 

circumstances. Some researchers attempted to connect acuity 

dominance to sighting dominance (e.g., Porac & Coren, 1975b; Woo & 

Pearson, 1927), stating that the eye with better visual acuity tends to be 

the eye chosen for sighting. The only measures of acuity dominance 

involve situations where dichoptic or non-dichoptic information is 

tachistoscopically presented (Coren & Kaplan, 1973; Hayashi & Bryden, 

1967; Kephart & Revesman, 1953; Perry & Childers, 1972). In these 

cases, the eye whose input is most frequently reported is the one with 

better acuity. However, even this relationship does not hold when 

exposure time is extended to approximately 250 milliseconds (Porac, 

1974). Therefore, a normal observer without significant acuity 

imbalances between the eyes is not particularly dependent on an acuity-

dominant eye. This factor may play a role in cases where there is a 

noticeable difference in acuity between the eyes, as can happen when 

cataracts or other ocular diseases like macular degeneration emerge. 

 

1.5.2 Eye dominance and generalized laterality 

The generalized laterality concept suggests that most individuals show 

consistent lateral preferences across various functions, such as 

handedness, footedness, and eyedness. Typically, a right-handed 
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person is also expected to be right-eyed. However, neurological evidence 

does not support a straightforward correlation between eye dominance 

and cerebral dominance. The complexity of the visual system, with its 

bilateral processing of visual input, means that eye dominance does not 

directly indicate which cerebral hemisphere is dominant. The relationship 

between eye dominance, handedness, and cerebral dominance is 

multifaceted and requires a nuanced understanding beyond simple 

lateral preferences (Porac & Coren, 1976). Several researchers have 

explored the connection between eye dominance and cerebral 

dominance by studying the projection of each hemi-retina to its respective 

cerebral lobe. These investigations have generally focused on whether 

dominance in the hemi-retina or visual field aligns with the overall eye 

dominance commonly measured. Some researchers (Jasper & Raney, 

1937; Spreen, Miller, & Benton, 1966) employed an ambiguous apparent 

movement task to determine whether observers resolved the movement 

in favour of the dominant visual field (i.e., cerebral hemisphere) or the 

dominant eye. Jasper and Raney observed both behaviours occurred, 

while Spreen, Miller, & Benton (1966) didn’t find any relationship between 

visual field dominance and eye dominance. 

 

Although there is little physiological relationship between cerebral and 

ocular lateralization, one could speculate on linking sensorimotor 

coordination with eye dominance. In tasks requiring continuous visual 

monitoring and control, such as mirror tracing, the use of the dominant 

eye does not appear to confer any advantage (e.g., Ong & Rodman, 1972; 

Schrader, 1971). However, in tasks involving ballistic movements or 

aiming, such as throwing a basketball or hitting a baseball with a bat, 

there is some evidence of an eye-hand effect. More accurate 

performance is often associated with having a dominant eye and 

dominant hand that are ipsilateral to each other (Adams, 1965; Shick, 

1971). This ipsilateral hand-eye dominance has also been shown to 

benefit sports performance in children (Lavery, 1944) and driving ability 

in adults (Quinan, 1931). 
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1.5.3 The relationship between the visual egocentre 

and the dominant eye 

Charnwood (1949) and Francis & Harwood (1952) were among the 

earliest researchers to examine if the evidence of an apparently moving 

dominant eye could indicate a shifting centre of visual direction. This 

concept sparked further investigation into the visual egocentre location, 

where visual information is combined to create a cohesive sense of 

direction. Important studies by Mitson, Ono, & Barbeito (1976) and 

Barbeito & Ono (1979) provided a better understanding of locating the 

visual egocentre, it will be discussed in more in detail in Chapter 4. 

 

The concept of the visual egocentre and the dominant eye are crucial to 

understanding human visual perception, particularly in determining the 

origin of visual direction. As mentioned in 1.3.1, the visual egocentre 

hypothesis proposes that the centre of visual direction is located exactly 

midway between the two eyes, integrating inputs from the two eyes to 

form a single visual percept (Hering, 1879/1942; Le Conte, 1881). The 

dominant eye hypothesis suggests that visual direction originates from 

one eye, typically the eye preferred during sighting tasks (Parson, 1924; 

Porac & Coren, 1981; Walls, 1951). Barbeito (1981) investigated both the 

location of the visual egocentre and the sighting dominant eye, and found 

that sighting judgments were made from a point between the eyes (the 

visual egocentre) rather than from the dominant eye, and the preferred 

eye in sighting tests aligns with the side of the midline where the visual 

egocentre is located. Ono and Barbeito (1982) evaluated two competing 

hypotheses regarding the centre of visual direction using a modified hole-

in-card test, they found that when observers viewed a distant object 

through the hole with the sighting dominant eye, the object appeared to 

be located on a visual axis that is collinear with an egocentre positioned 

directly between the eyes. In addition, the findings revealed that sighting 

dominance could vary based on how the task was performed: when 

observers raised up the card from the left, they tended to use the left eye, 

when raised up the card from the right, they tended to sight through the 
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right eye. Barbeito (1981) conducted three experiments to examine the 

reference point used in sighting tests and the location of the visual 

egocentre in relation to sighting dominance. Barbeito's research provides 

compelling evidence that the visual egocentre, rather than the dominant 

eye, is the primary reference point for judging the visual direction. This 

has significant implications for understanding visual perception and the 

mechanisms underlying sighting dominance. However, Barbeito's study 

focused on a sighting task; whether the dominance of visual egocentre is 

consistent across different visual contexts, such as depth perception, 

motion detection, or complex spatial navigation, remains unexplored. In 

addition, the neurological basis of cyclopean vision and its development 

over time were not addressed. Porac & Coren (1986) instructed 

observers to move a point of light until they perceived it as being located 

straight ahead. They found that those who sighted with the right eye 

tended to have a rightward bias, while those who sighted with the left eye 

tended to have a leftward bias, suggesting that the point of reference for 

judgment is displaced towards the sighting eye. 

 

Elbaum, Wagner, and Botzer (2017) conducted two experiments to 

compare the tracking accuracy between the visual egocentre, the 

dominant eye and the non-dominant eye in gaze-interface tracking. The 

study concluded that the visual egocentre provides more accurate 

tracking than either the dominant or non-dominant eye, particularly in 

initial or untrained conditions. This supports the theory of egocentric 

direction and the results have implications for the design and optimization 

of human-computer interaction systems. However, although the study 

acknowledges the concept of eye dominance, it does not delve deeply 

into the variability of dominance across different tasks and conditions. It 

is still unknown how eye dominance interacts with other factors, such as 

task difficulty and individual variations in visual processing. 
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1.6 Short-term monocular deprivation on 

sensory eye dominance 

Brain plasticity refers to the ability of central nervous system (CNS) 

neurons to rearrange in response to environment inputs, which allows us 

to learn new knowledge and skills, adapt to environmental changes, and 

recover from injuries (Bliss & Lomo, 1973; Kandel et al., 2014; Levy & 

Steward, 1983; Magee & Gruenberge, 2020; Malenka & Bear, 2004; 

Strettoi, 2022). Visual experience plays a crucial role in shaping neural 

connections, but its effects are most pronounced during a specific time 

window, termed the critical period of visual development. Monocular 

visual deprivation during the critical period results in shrinkage of ocular 

dominance columns associated with the deprived eye (Adams, Sincich, 

& Horton, 2007; Baker, Grigg, & von Noorden, 1974; Blakemore, Garey, 

& Vital-Durand, 1978; Crawford, Blake, Cool, & von Noorden, 1975; 

Frenkel & Bear, 2004; Wiesel & Hubel, 1963; Hubel & Wiesel, 1969).  

 

The first systematic investigation on critical period was conducted in the 

visual cortex of cats, Wiesel and Hubel (1963) used extracellular 

recordings to study the cortical responses in kittens deprived of vision in 

one eye for a few weeks after birth and found a shift in ocular dominance 

induced by monocular deprivation. This effect was the most pronounced 

between 4 and 8 weeks after birth and decrease gradually until 3 months. 

After the critical period closed, monocular deprivation had little impact on 

ocular dominance column distribution. Wiesel and Hubel’s (1963) 

research demonstrated the importance of critical period plasticity and 

suggested monocular deprivation had little impact on ocular dominance 

column distribution after critical period. Similar findings have been 

reported in the human visual cortex (Braddick & Atkinson 2011), where 

the visual cortex undergoes a similar reorganization when the visual 

experience is poor early in life due to ocular problems such as 

astigmatism, amblyopia, and congenital cataracts. For example, 

amblyopia is caused by abnormal visual input from one eye and can lead 
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to imbalance in the dominant eye and poor visual acuity (Hensch & 

Quinlan 2018). Amblyopia can be treated by covering the preferred eye 

with an eye patch and forcing the brain to use signals from the amblyopic 

eye (Webber & Wood 2005). Since the benefits of this treatment fade 

with age and are most effective in the early stages of life, it appears that 

the degree of plasticity peaks early in life and subsequently decreases 

(Fronius et al., 2014).  

 

However, in the recent decades, there factors have been identified as 

crucial for regulating developmental plasticity, namely, myelin maturation 

(McGee et al., 2005), the formation of perineuronal nets from extracellular 

matrix maturation (Hock et al., 1990; Pizzorusso et al., 2002), and the 

development of intracortical inhibition (Hensch et al., 1998; Huang et al., 

1999; Hensch, 2005). Notably, the last factor (intracortical inhibition) has 

been highlighted as a key element not only for the regulation of critical 

periods but also for the recovery of the plasticity in the adult visual system, 

suggesting that the visual system retains a considerable degree of 

plasticity even in adulthood (Castaldi et al., 2020; Sagi, 2011; Spolidoro, 

2009; Watanabe & Sasaki 2015).  

 

Various mechanisms have been proposed to account for the ongoing 

plasticity of the adult visual system, with Hebbian and homeostatic 

plasticity being two of the most influential. Hebbian plasticity involves 

synaptic alterations triggered by the relationship between pre- and 

postsynaptic activity, with synaptic strength rising when the presynaptic 

cell fires just prior to the postsynaptic cell (Hebb et al., 2004). For 

example, long-term depression (LTD) happens when the postsynaptic 

neuron fires before the presynaptic neuron, whereas long-term 

potentiation (LTP) happens when the presynaptic neuron fires first. In 

contrast, homeostatic plasticity helps the neuronal system return to 

baseline state after a disturbance by preventing hyperactivity or 

hypoactivity and regulating general neuronal functions (Turrigiano 1999; 

Turrigiano 2011; Turrigiano & Nelson, 2000). Studies have found that 

neuronal replay, a phenomenon where neuronal activity patterns from 
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experiences are re-expressed during rest or sleep, has been associated 

with Hebbian plasticity (O’Neill et al., 2010).  

 

The first observation of neuronal replay comes from hippocampal place 

in rodents (Wilson & McNaughton, 1994), a stronger neural connection 

formed with neighbouring place cells that corresponds to the animal’s 

next destination (Pfeiffer, 2020).  These connections formed during 

navigation create positive feedback within the system and encourage 

spontaneous replay (Chenkov et al., 2017; Jackson et al., 2006), which 

strengths these connections through repeated co-occurrence of neurons, 

thus reinforcing synaptic connections according to the Hebbian learning 

principles (Sadowski et al., 2016). Homeostatic plasticity refers to the 

global adjustment of synapses to maintain an overall balance of 

excitatory and inhibitory inputs for optimal neuronal performance, where 

potentiated synapses undergo downscaling and weakened synapses 

experience upscaling (Turrigiano, 1999, 2011). Despite their opposite 

direction, Hebbian and homeostatic plasticity act in concert maintain the 

equilibrium of neural network activity and promoting optimal functioning 

of the visual system (Fox & Stryker, 2017; Keck et al., 2017). For example, 

Hebbian and homeostatic plasticity work together in the consolidation 

process that occurs in the brain circuits involved in perceptual learning 

during wakefulness and sleep following training (Bang et al., 2018; 

Shibata et al., 2017). The consolidation of visual perceptual learning is 

closely linked to the balance between excitatory and inhibitory (E/I) 

neurochemical activity in early visual cortex (especially V1, V2 and V3). 

Specifically, Increased E/I ratios and reaction during weakness favours 

Hebbian plasticity, while enhanced spindle activity during Non-Rapid Eye 

Movement Sleep (NREM) is consistent with this mechanism as well 

(Bang et al., 2014; Tamaki & Sasaki, 2020; Tamaki et al., 2020). In 

contrast, decreased E/I ratios and increased theta activity during Rapid 

Eye Movement (REM) favours homeostatic plasticity. This implies that 

Hebbian plasticity predominates during waking and NREM, while 

homeostatic plasticity predominates during REM. Though the exact 

nature of these processes remains unknown the findings support the 
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involvement of both Hebbian and homeostatic plasticity in determining 

the plasticity of the visual system during learning and its subsequent 

stabilization.  

 

Additionally, Hebbian and homeostatic plasticity work together on 

regulating visual deprivation during adulthood (Keck et al., 2017; Lunghi, 

Burr, & Morrone, 2011, 2013). Monocular visual deprivation takes the 

form of altering the input of one eye for a period of years (long-term 

deprivation) down to hours (short-term deprivation), resulting in shifting 

eye dominance towards deprived eye (Bang, Hamilton-Fletcher, & Chan, 

2023; Lunghi, Burr, & Morrone, 2011, 2013; Wang, McGraw, & Ledgeway, 

2021; Zhou, Clavagnier, & Hess, 2013). The change of eye dominance 

is driven by alternated brain activities in visual cortex, in which the C1 

component of visual evoked potentials, alpha band peak, and the 

amplitude of V1 BOLD activity increase in the deprived eye but decrease 

in the non-deprived eye (Bang, Hamilton-Fletcher, & Chan, 2023; Binda 

et al., 2018; Lunghi et al., 2015a). Specifically, the effect of deprivation 

on BOLD responses in V1 is associated with eye dominance shifts, where 

V1 voxels that initially favoured the non-deprived eye shift towards the 

deprived eye. This supports the concept of homeostatic plasticity, where 

the brain enhances signals from deprived eyes to maintain network 

balance. An alternative interpretation is that increased signals from the 

deprived eye are due to a release from adaptation (inhibition) (Binda et 

al., 2018; Zhang et al., 2009). It remains unclear whether monocular 

deprivation effects are due to homeostatic plasticity or adaptation release, 

but both mechanisms appear to result in the same output, that is 

maintaining overall brain activity (Bang, Hamilton-Fletcher, & Chan, 2023; 

Binda et al., 2018). 

 

1.6.1 Short-term plasticity 

Short-term plasticity, as an important determinant of the information 

processing and response properties of neural circuits, refers to the 

dynamic changes in synaptic transmission including synaptic facilitation, 
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enhancement, enlargement and inhibition (Zucker, 1989). Research 

using ultra high field functional magnetic resonance imaging (fMRI) has 

found short-term plasticity effects in the adult’s primary visual cortex (V1) 

compatible with changes in ocular dominance (Binda et al., 2018). The 

classic paradigm of monocular deprivation is a powerful method used to 

investigate short-term plasticity, in which one eye is patched for a few 

days during development weakens the cortical representation of the 

deprived eye, resulting in a stable shift of ocular dominance columns in 

V1 ((Hensch & Quinlan, 2018; Wiesel & Hubel, 1963, 1965). The initial 

demonstration of short-term plasticity on health adults was conducted by 

Lunghi, Burr, and Morrone (2011), who observed a paradoxical 

enhancement of the deprived eye signal after patching with a translucent 

occluder for 150 minutes. This post-patching effect has been observed 

across psychophysical (Lunghi et al., 2011, 2013; Zhou, Clavagnier, & 

Hess, 2013; Zhou, Reynaud, & Hess, 2014; Zhou et al., 2017), 

electrophysiological (Lunghi & Sale, 2015; Zhou et al., 2015), and brain 

imaging studies (Binda et al., 2018; Chadnova et al., 2017; Lunghi et al., 

2015) in humans. During this period, the contrast gain of the deprived 

eye increases while that of the non-deprived eye decreases, suggesting 

a form of homeostatic plasticity in visual processing (Min, Baldwin, & 

Hess, 2019). 

 

SED was subsequently measured after removing the patch with a 

binocular rivalry (BR) task by viewing a dichoptic display with horizontal 

grating patches presented to one eye and vertical grating patches to the 

other eye. Findings revealed that the previously patched eye dominated 

perception for up to 90 minutes (Figure 1.15). Bai et al. (2017) 

demonstrated that short-term monocular deprivation leads to distinct 

effects in binocular rivalry measured by presenting incompatible stimuli 

to each eye. As inputs from both eyes tend to compete rather than fuse, 

relative durations of monocular perception were used to estimate ocular 

dominance plasticity during binocular rivalry tasks. Wang, McGraw, and 

Ledgeway (2020, 2021) demonstrated that eliminating visual input to one 

eye with an opaque patch could effectively enhance the subsequent 
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relative dominance of the previously patched eye in a BR task. Notably, 

an opaque eye patch that eliminates all visual input can also shift 

subsequent binocular balance towards the patched eye (Chadnova et al., 

2017b; Zhou et al., 2013), suggesting a possible role for retinal 

adaptation to light. However, Wang, McGraw, and Ledgeway (2021) 

compared three types of monocular treatments (an opaque, a diffusing 

lens, and an inverting prism) and found that all three manipulations 

altered dominance duration and predominance during the BR task in 

favour of the treated eye. Such similar effects help rule out possibility of 

retinal adaption. A binocular combination task involves presenting fusible 

stimuli to each eye, in which perception is based on the level of 

contribution of each eye to binocular vision. Changes in ocular 

dominance resulting from short-term patching are indexed using various 

combination tasks, such as phase combination, motion combination, and 

contrast combination (Zhou et al., 2013; Min, Balwin & Hess, 2019). 

Additionally, Kim, Kim, and Blake (2017) used eye patching and 

continuous flash suppression (CFS), two distinct deprivation regimes that 

lasted for 15 minutes each. While both methods increased the dominance 

of the deprived eye during the BR task, but CFS had a stronger effect. 

When a higher contrast pattern was utilized in the CFS regime, 

dominance effects were weaker and dissipated faster, indicating that 

complete suppression during CFS is a more efficient way to alternate 

ocular dominance. 
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Figure 1.15: The effect of 90-minute monocular deprivation on mean phase 
durations. 
(a) Following 150 minutes of monocular patching, observers participated in 
five consecutive sessions of binocular rivalry, viewing Gabor patches oriented 
vertically for one eye and horizontally for the other. (b) The relative phase 
durations of the two stimuli, expressed as a fraction of each observer's mean 
baseline phase duration, were recorded over time after the patch removal. 
Data points represent individual measurements, and bars represent group 
averages with standard error of the mean (s.e.m.) indicated by the bar 
symbols on the right. (c) The average proportion of time observers reported 
seeing the stimulus presented to the deprived eye was calculated as a 
function of time from the start of each session and smoothed with a Gaussian 
window of one-second time constant. For at least six minutes post-deprivation, 
this probability remained above chance, indicating a consistent predominance 
of the stimulus seen by the deprived eye. Image from Lunghi et al. (2011). 
 

1.6.2 Timescale 

As one of the key parameters that make ocular dominance plasticity 

fundamentally different from conventional monocular deprivation, the 

deprivation duration is an important parameter of sensory eye dominance 

plasticity following short-term monocular deprivation (Iny et al., 2006; 

Pham et al., 2004; Prusky, Alam, & Douglas, 2006; Sato & Stryker, 2008; 

Tagawa, Kanold, Majdan, & Shatz, 2005). In a series of studies, Lunghi 
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et al. (2013) used a translucent lens patching 150 minutes, which 

deprived the eye of spatial information while maintaining average 

luminance at a comparable level to the other eye. This post patching 

effect lasts for 30 - 90 minutes and decayed over time. Lunghi et al.  (2013) 

also observed that temporary dynamics of rivalry returned to pre-

deprivation levels within15 - 30 minutes after the end of the deprivation 

for luminance stimuli, whereas the effect of monocular deprivation could 

last up to 3 hours for chromatic stimuli. This finding suggest that the adult 

visual cortex maintains a high degree of plasticity even after the critical 

period, and adult visual cortex is more sensitive to colour pathway (parvo 

pathway) (see Figure 1.16). The relative dominance of the deprived eye 

changes depending on the deprivation durations, ranging from several 

minutes to hours. For example, the deprivation effect lasted only about 3 

minutes after 30 minutes of patching (Lunghi et al., 2013) (Figure 1.17). 

It has been found that the enhancement of the patching effect by 

extending the deprivation period is modest when considering both the 

magnitude and the duration of the effect (Min et al., 2018). The transience 

of this effect implies a lack of structural changes by modulating the 

contrast gain mechanism to enhance the response to weak stimuli, which 

sharply contrasts with the long-term impacts of extensive monocular 

deprivation during the critical period of early life. Such impacts can be 

permanent or semi-permanent (Blakemore, Garey, & Vital-Durand, 1978; 

Dews and Wiesel, 1970; Olson and Freeman, 1980; Swindale, Vital-

Durand, & Blakemore, 1981). 
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Figure 1.16: The timecourse of the patching effect of 150-minute monocular 
deprivation. The ratio of deprived to non-deprived eye phase duration as a 
function of the time since patch removal measured with chromatic or 
achromatic stimuli. Image from Lunghi et al. (2013). 
 

 

 
Figure 1.17: The timecourse of the patching effect of 30-minute monocular 
deprivation. It only included achromatic stimuli. Image adapted from Lunghi et 
al. (2013). 
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1.6.3 The mechanisms underpinning shifts in eye 

dominance 

Following monocular patching, the relative perceptual contribution of 

each eye to binocular tasks will vary based on whether the previously 

deprived eye becomes more sensitive or the other eye becomes less 

sensitive. However, there is conflicting evidence to support this proposal. 

Lunghi et al.’s (2011) original study found no change in each eye’s 

contrast distribution threshold following monocular deprivation. Baldwin 

and Hess (2018) conducted a dichoptic masking task to measure the 

effect of patching by evaluating contrast thresholds for detecting a 

stimulus presented to one eye while a mask was shown to the other. Two 

types of masks were compared: a parallel mask measured with the same 

spatial properties in both eyes, and a cross-oriented mask where the 

mask was orthogonal to the target. In addition to the direction observation 

indicating that monocular sensitivity remains unchanged following 

monocular deprivation. However, the indirect evidence can be inferred 

from Baldwin and Hess’s results showing that the magnitude of the 

deprivation effect revealed by different binocular tasks was not correlated 

across subjects (see Figure1.18). Therefore, a correlation would be 

expected if the changes in binocular balance are driven by a single effect, 

such as altered monocular sensitivity following monocular deprivation. 
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Figure 1.18: The effect of patching on dichoptic masking strength is depicted 
in two panels. (a) For both parallel and cross-oriented dichoptic masks, 150-
minute-deprivation significantly reduced subsequent masking effect (as 
indicated by threshold elevation) of the previously deprived eye. (b) patching 
effect, indicating no significant correlation between the parallel and cross-
oriented masking effects. Image adapted from Baldwin and Hess (2018). 
 

 

The findings of Baldwin and Hess (2018) have demonstrated reduced 

monocular detection thresholds in the deprived eye and increased 

thresholds in the non-deprived eye. The reciprocal nature of these 

monocular contrast threshold effects suggests that the strengthening of 

the deprived eye and the weakening of the non-deprived eye result from 

a binocular-based interaction rather than a monocular effect of the 

deprived eye (Arditi, Anderson, & Movshon, 1981; Ding, Klein, & Levi, 

2013; Legge, 1984a; Zhou et al., 2013; Zhou, et al., 2017). Binocular 

combination has been investigated through various tasks, including 

contrast detection (e.g., Anderson, & Movshon, 1989; Legge, 1984a), 

contrast discrimination (e.g., Baker, Meese, & Georgeson, 2007; Meese, 

Georgeson, & Baker, 2006), contrast matching (e.g., Baker, Meese, & 

Georgeson, 2007; Legge & Robin, 1981), visual direction (Mansfield & 

Legge, 1996) orientation discrimination (Bearse & Freeman, 1994) and 

phase perception (e.g., Ding & Sperling, 2006, 2007; Huang et al., 2009). 

For example, Legge (1984) proposed a quadractic summation model to 

explain how the visual system combines contrast information from both 

eyes.  
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However, Legge’s (1994b) model was unable to explain changes in the 

shape of binocular contrast contours when additional factors like added 

noise or contrast adaption were introduced. Anderson and Movshon 

(1989) proposed a multiple-channel model, suggesting that the visual 

system processes different aspects of contrast information from each eye 

through separate processing channels. This model, contrasts with single-

channel model that assume all visual information is processed through a 

single mechanism, allows the visual system to process complex visual 

information more flexible by dividing tasks into specialized pathways.  

 

Cohn and Lasley (1976) proposed evidence that single channel model 

was insufficient to predict luminance detection when both eyes received 

different visual signals. They proposed a two-channel model to account 

for binocular combination when each eye perceives changes with the 

same or opposite interocular polarity. According to this two-channel 

model, one channel for combining two eyes’ inputs and the other for 

calculating the difference between the inputs of two eyes. The following 

models for binocular combination collectively emphases the role of 

interocular inhibition and gain control in accounting for how the visual 

system integrates information from both eyes. For instance, Cogan (1987) 

incorporated interocular divisive inhibition into the summation channel of 

a two-channel model to detect changes in luminance.  

 

Using fMRI evidence, Moradi and Heeger (2009) proposed an interocular 

contrast normalization model to emphasise the importance of inhibitory 

interactions between the eyes in shaping visual perception. To address 

the limitation in previous models included nonlinear operators that tends 

to distort phase information when applied to predict the perceived 

combined binocular visual phase. Ding and Sperling (2006) proposed the 

gain-control model involving two paths for each eye: single path using 

linear operations selectively for orientation and spatial frequency and 
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gain-control path measuring the total contrast energy across all 

orientations and spatial frequencies for each eye and exerts gain control 

on the other eye (see Figure 1.19). Models like the interocular contrast 

normalization (Moradi & Heeger, 2009) and contrast-gain model (Ding & 

Sperling, 2006) suggest that the brain’s mechanism for summing and 

inhibiting each eye’s input are adjusted to maintain optimal visual 

processing during deprivation, highlighting the role of interocular 

interactions and neural plasticity in maintaining effective visual 

perception. 

 

 
Figure 1.19: Ding-Sperling’s (2006) gain control model. This model consists of 
left and right channel, each containing two mechanisms: single path and gain 
control path. The single path (black lines) is selective for orientation and 
spatial frequency, while the gain control path (blue lines) is based on total 
contrast energy (TCE) and nonselective for orientation and spatial frequency. 
These two TCE components are proportionally inhibited from each other in the 
gain control path with their respective TCE outputs, these outputs then exert 
gain control over the selective gain control of the other eye in single path. IL 
and IR represent the input of the left- and right-eye. eL and eR are the total 
weighted contrast energy to each eye across all orientations and spatial 
frequencies channels. The outputs îL and îR are linearly summed to determine 
the binocular signal. Image from Ding, Klein, & Levi (2013). 
 
 

Wang, McGraw, and Ledgeway (2024) examined whether bottom-up 

(monocular deprivation) and top-down (selective attention) mechanisms 

of binocular visual plasticity can be independently combined. The results 

showed that changes induced by one (e.g. short-term monocular 

deprivation) can be completely counteracted by another (e.g. directing 

attention to the non-deprived eye). This highlights the independent roles 
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of sensory deprivation and attentional modulation and underscored the 

complexity of ocular dominance plasticity (Figure 1.20). On the other 

hand, other studies have found a reciprocal change in contrast thresholds, 

with the patched eye showing decreased thresholds and the unpatched 

eye showing increased thresholds after deprivation. These findings 

suggested that shifts in eye dominance result from changes in the 

monocular contrast gain of each eye (Zhou, Clavagnier, & Hess, 2013; 

Zhou et al., 2017; Zhou, Thompson, & Hess, 2013). Such inconsistency 

of results might be related to a smaller sample size (only 5 in Zhou, 

Clavagnier, & Hess’s (2013) study), and the findings may not be 

generalizable to a larger population.  

 

 
Figure 1.20: The mean point of subjective equality (PSE) regarding the relative 
contrast of the deprived eye’s stimuli is presented for 7 observers under 
baseline, opaque patching, and diffuser conditions. 
The horizontal solid line represents the PSE in neutral condition, while dotted 
lines indicate the ± 1 SEM across the group. The bars represent the PSE for 
attending to the deprived eye and non-deprived eye conditions, relative to the 
neural condition. Error bars represent ± 1 SEM across the group. It is evident 
that although deprivation shifts the dominance toward the deprived eye, this 
deprivation effect can be completely counteracted by selectively attending to 
the non-deprived eye’s grating. Image from Wang, McGraw, & Ledgeway 
(2024). 
 

1.6.4 Plasticity in Ocular Dominance: Implications for 

Amblyopia 

Ocular dominance plasticity influences the development and treatment of 

amblyopia, commonly known as "lazy eye," a developmental disorder 

characterized by impaired vision in one eye due to abnormal visual 
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experiences during early childhood (Barrett et al., 2004; Crawford & 

Harwerth, 2004). Amblyopia is the leading cause of monocular vision loss 

in children and adults (Birch, 2013), with reduced visual acuity and 

contrast sensitivity in the amblyopic eye, along with disrupted cortical 

binocular connections leading to deficits in depth perception (Birch, 2013; 

Daw, 1998; Mitchell & MacKinnon, 2002; Simons, 2005). Monocular 

deprivation has been widely used to induce amblyopia in young animals, 

as this condition often results from disrupted interocular correlation 

(Harrad, Sengpiel, & Blakemore, 1996). 

 

Hubel and Wiesel investigated the effects of monocular deprivation 

(Wiesel & Hubel, 1963; Hubel, Wiesel, & LeVay, 1977; LeVay, Wiesel, & 

Hubel, 1980) on the visual system's structure and function, establishing 

several key principles. First, they identified the primary visual cortex 

(striate cortex, V1, Brodmann's area 17) as the main site of abnormality 

caused by deprivation. Second, they highlighted the importance of the 

age at which deprivation occurred and its duration, introducing the 

concept of a critical period for visual development. Finally, they proposed 

a model explaining cortical changes due to abnormal early visual 

experiences, emphasizing a competitive interaction between the cortical 

inputs from both eyes. However, early studies were primarily conducted 

on animals, raising questions about the relevance of monocular 

deprivation-induced amblyopia to common human forms of the condition. 

Although monocular deprivation has often been used as a method to 

induce amblyopia in young animals (e.g., von Noorden, 1973; von 

Noorden et al., 1970), a tailored experimental protocol is essential for 

developing more effective treatments for human amblyopia. 

 

Short-term monocular deprivation, in the form of part-time occlusion of 

the unaffected eye, is a key treatment for childhood amblyopia (Campos, 

1995; Webber, 2007; Webber & Wood, 2005). This approach is similar to 

the recovery of visual acuity loss seen with reversal deprivation 

(Blakemore, Garey, & Vital-Durand, 1978; Swindale, Vital-Durand, & 

Blakemore, 1981), although such plastic changes are effective only 
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before the closure of the critical period of visual development (Blakemore, 

Garey, & Vital-Durand, 1978; Blakemore & van Sluyters, 1974; Dews & 

Wiesel, 1970; Epelbaum et al., 1993). The degree of interocular inhibition 

in amblyopia patients is closely related to the severity of perceptual 

impairment and the differences in interocular vision (Holopigian et al., 

1988; Li et al., 2011; Sireteanu & Fronius, 1981). This association 

highlights the complex interplay between neural and sensory 

mechanisms that contribute to amblyopia (Cakir et al., 2024; Li et al., 

2011; Maehara et al., 2011; Meire & Giaschi, 2017). 

 

Strong evidence suggests that brief monocular deprivation alters sensory 

eye dominance (SED), which may be key to understanding amblyopia 

patch therapy (Lunghi et al., 2016; Lunghi et al., 2019; Wang, McGraw & 

Ledgeway, 2021, 2024; Zhou, Thompson, & Hess, 2013). It is generally 

thought that the effects of short-term monocular deprivation are 

temporary, but they can reveal important aspects of visual plasticity. 

Therefore, there is a crucial need to quantify sensory eye dominance 

induced by short-term monocular deprivation to develop more targeted 

and effective amblyopia treatment plans that leverage the brain's 

plasticity. 

 

1.6.5 Quantifying neural plastic changes on sensory 

eye dominance 

To create a coherent cyclopean perception, observers rely more on one 

eye than the other, such eye dominance is crucial in a variety of clinical 

settings (Bossi, et al., 2018). Therefore, assessing eye dominance 

provides valuable insights for clinical applications: such as the treatment 

of amblyopia (e.g., Birch, 2013; Bossi et al., 2017; Kehrein, Kohnen, & 

Fronios, 2016), diagnosis of age-related macular degeneration (Wiecek 

et al., 2015), and monovision correction or presbyopia (Rodriguez-Lopez 

et al., 2023).  
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Sensory eye dominance (SED) refers to the relative contribution of each 

eye to the unified, cyclopean visual perception under conditions where 

different images are presented to each eye (Ooi & He, 2001). When both 

eyes contribute equally, observers experience an enhanced contrast 

sensitivity with both eyes (e.g., Baker et al., 2007; Baker, Meese, & 

Summers, 2007) and stereopsis (e.g., Cumming & DeAngelis, 2001; 

O’Connor et al., 2010). Though there is no standard clinically test for 

binocular summation, stereoacuity forms the basis of clinical binocular 

assessment where visual researchers use innovative psychophysical 

methods to measure SED (Li et al., 2010). Standard tests of eye 

dominance involve the hole-in-card test (Gould, 1910), the point-a finger 

test (Roth, Lora, & Heilman, 2002; Khan & Crawford, 2001), the near-

point convergence test (Cheng et al., 2004; Seijas et al., 2007), the 

Worth’s 4-dots test (Sejias et al., 2007), the distance fixation disparity test 

(Seijas et al., 2007), and the modified Baglioni striated lens test (Bruce, 

2001). Standard tests of eye dominance offer a range of methods for 

assessing eye dominance, providing valuable insights for clinical 

applications. 

 

SED measurements are categorized based on whether they create a 

coherent cyclopean perception or induce binocular rivalry. The first type 

involves presenting observers two dichoptic sine-wave gratings that differ 

in phase and contrast. Observers are instructed to identify the position of 

the middle dark stripe in a phase-shifted grating that results from 

binocular summation (Ding & Sperling, 2006; Huang et al., 2009; Huang 

et al., 2010; Kwon et al., 2014; Zhou, Huang, & Hess, 2013), which allows 

for quantifying “balance point” based on the interocular contrast 

difference that produces equal contributions from each eye (see Figure 

1.21 (a)). Another measurement incorporates contrast manipulation into 

a global task, like motion coherence paradigms (e.g., Black et al., 2011; 

Hamm et al., 2017; Li et al., 2010), where observers discriminate the 

direction of the moving dots involving both signal dots and noise dots 

(see Figure 1.21 (b)). This measurement requires determining the 

contrast of the signal dots in dichoptic settings and the percentage of 
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moving dots required for reliable direction discrimination. Observers 

perceive a coherent cyclopean percept in both measurements, and the 

relative contrast of the optimal performance is termed as “balance point”, 

which quantifies SED. 

 

 
Figure 1.21: Schematic representation in the contrast-balance-point tasks for 
demonstration. (a). Phase combination test (90°), observers aim to 
demonstrate the position of the middle dark stripe of the grating resulting from 
binocular summation; (b). Dichoptic motion coherence threshold 
measurement, the dots presented to the left eye move to the left direction and 
form the signal dot population, while dots viewed by the right eye move in 
random directions and represent the noise population; (c). Letter-strength 
(overlapping) measurement: the rivalrous letters of differing contrast presented 
to each eye to determine the interocular balance point; (d). Dichoptic opposite 
contrast-polarity of the same symbol: each symbol consists of one dark and 
one light component, observers quantified SED by determining the lightest 
one. Image adapted from Bossi et al. (2018). 
 
 

The second category involves rivalrous stimuli, where different images 

fall on corresponding retinal location of both eyes may lead to either 

binocular rivalry or diplopia. The extend of conflict between the two eyes’ 

images indicates the degree of SED. Kwon et al. (2015) quantified this 

by using spatially overlapping rivalrous letter pairs of differing contrast 

(See Figure 1.21(c)), whereas Bossi et al. (2017) used dichoptic stimuli 

with opposite contrast polarity versions of the same symbols (See Figure 
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1.21(d)). The objective of both cases is to measure the “contrast balance 

point”, which indicates the contrast mixture required for equal perceptual 

influence from each eye, which quantifies SED. 

 

Together, these methods provide a comprehensive way to evaluate both 

the integration and conflict of visual information from both eyes and 

enhance our understanding of binocular vision and its anomalies. Based 

on the research presented here, it seems crucial to account for the 

magnitude of the neural plastic changes in SED due to different viewing 

conditions when assessing the effects of ocular dominance. Though 

various paradigms have been developed aimed at promoting ocular 

rebalancing, there has been a notable lack of investigation into the neural 

mechanisms underlying SED and its plasticity. Research on how to 

quantify the plasticity in eye dominance measured with alignment tasks 

has been even more limited in recent years. Purver and White (1994) 

investigated how individuals coped with monocular preference in a 

binocular alignment task through a partially occluded fenestrated screen 

positioned 2 meters from the eyes of the viewer. Among the 97 subjects, 

most alternated between the eyes to varying extents, with only four 

subjects exclusively using one eye. About half of the subjects were 

categorized as moderately dominant, depending on the frequency with 

which they used either eye for fixation. These findings suggest a 

discrepancy in behaviour compared to the hole-in-the-card test (e.g., 

Ehrenstein, Arnold-Schulz-Gahmen, & Jaschinski, 2005; Zeri et al., 

2011), where subjects often show consistent preference for one eye. 

Quantifying eye dominance through psychophysical and 

neurophysiological methods provides valuable insights into the 

mechanisms underlying visual processing and plasticity. From a clinical 

perspective, measures that provide a quantitative assessment of SED 

strength have potential applications in various contexts, including the 

selection of appropriate low vision aids and the treatment of amblyopia. 

In these cases, it is crucial to determine not only which eye is dominant 

but also the strength of this dominance. The technique described herein 

provides valuable information about the magnitudes of plastic changes, 
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making it particularly useful for clinical applications and optimizing 

therapeutic strategies. 

 

1.7 Overview 

The visual brain is responsible for determining the visual direction of 

objects in space relative to the viewer. It has been suggested that 

directional judgments are made relative to a single point, termed the 

visual egocentre, typically assumed to lie midway between the two eyes 

(e.g., Herings, 1868/1977; Howard, 1982; Julesz, 1971). Competing 

theories have proposed that either the egocentre location shifts towards 

the eye receiving the more visible image (Mansfield & Legge, 1996) or 

the binocular visual direction is determined from a weighted average of 

the oculocentric directions (Banks et al., 1997). This thesis aims to focus 

on the precise computational principles governing the egocentre position 

and the plasticity of cyclopean perception in ten psychophysical 

experiments. 

 

The starting point of the thesis in Chapter 3 attempts to discriminate 

between competing models of perceived visual direction using new 

stimuli (1 dimensional noise patterns) and additional control experiments. 

In Chapter 4, the visual egocentre location is measured physically by 

using a monocular and binocular sighting task. Chapter 5 examines 

whether short-term monocular deprivation also has consequences on 

judging the visual direction of objects in space, relative to the viewer (the 

visual egocentre), and compares the effect of patching dominant eye and 

non-dominant eye on the visual egocentric localization. Chapter 6 

investigates on quantifying the magnitude of neural plastic changes in 

SED induced by short-term monocular deprivation.  
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Chapter 2. General methods 

Fechner (1860) introduced a method known as psychophysics, which 

examines the relationship between psychological sensations and the 

physical stimuli that give rise to them. The experiments presented in this 

thesis employed psychophysical techniques to investigate perceived 

visual direction and sensory eye dominance. In the computer-based 

experiments (Experiments 1-4), a binocular alignment task was used to 

compare two existing competing models regarding binocular visual 

direction. A custom-built sighting apparatus was used for the rest of 

experiments (Experiments 5-10) to measure the visual egocentre 

location of each participant using a binocular sighting task. This method 

has the advantage of providing a physical estimate of visual egocentre 

position based on subjective responses, albeit with some individual 

differences. This chapter describes methodological approaches used in 

the present work. For more specific details in each experiment, please 

refer to methods section in the relevant experimental chapters.  

 

2.1 Observers 

This work investigated human binocular vision in the general population 

(including the author S1), who had normal or corrected-to-normal vision 

and no history of ocular disease. All the experiments reported were 

conducted with the approval of University of Nottingham, School of 

Psychology Ethics Committee and all participants gave informed consent. 

All experiments adhered to the general principles of the Declaration of 

Helsinki. 

 

All participants had their stereovision assessed using the TNO test 

(Lam ́eris Ootech, Nieuwegein, The Netherlands). The participant utilized 

red-green anaglyph spectacles to discern the orientation of a cyclopean 

object depicted within random-dot stereograms. The smallest disparity at 

which accurate identification could be reliably achieved was recorded as 



 81 

a measure of stereoacuity. The results demonstrated that stereoacuity 

was within the normal range for all individuals assessed (Baskaran et al., 

2023). In line with typical psychophysical research, each study involved 

a small participant group but with many repeated trials, with the exception 

that a relatively larger sample size was employed in Experiments 6 

(Chapter 4). The primary aim of this experiment was to evaluate the 

magnitude of individual variations in the egocentre location. 

 

2.2  Apparatus & stimuli 

Stereoscopic stimuli were grey-scale images generated using an Apple 

Macintosh computer running custom software written in PsychoPy and 

presented on two identical LCD monitors (22-inch Samsung Sync-Master 

2233RZ; 1024 × 768pixel resolution; 60 Hz refresh rate; 318cd/m2 

maximum luminance). The effectiveness of employing these displays in 

vision experiments, considering their spatial, timing, and luminance 

attributes, has been previously confirmed (Wang & Nikolic, 2011). The 

two monitors were temporally synchronised by driving with the dual 

outputs from the same video card. They were carefully calibrated using a 

Minolta Luminance Meter LS-110, such that their luminance output was 

a linear function of the digital representation of the image. The noisy-bit 

method was applied to each colour channel separately and was used to 

increase the number of effective intensity levels available on each display 

(Allard & Faubert, 2008). Our setup measured disparities down 

to 2.8arcmin, with effective bit-depth sufficient for luminance but 

ultimately constrained by pixel granularity. 
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 (a)                                                                         (b) 

 

 Figure 2.1: Wheatstone mirror stereoscope. 
(a) The Wheatstone stereoscope used in this experiment to achieve dichoptic 
presentation of two images. 
 (b) An observer can see the left display through the left mirror and the right 
display through right mirror independently. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A Wheatstone mirror stereoscope (Figure 2.1) was employed to enable 

the dichoptic presentation of the stimuli, which produced an optical 

viewing distance of 231.5cm. The pair of full-silvered mirrors in the 

stereoscope were set at an angle of approximately ±45° with respect to 

the median plane of the head, but participants could adjust the angle 

manually (if necessary) using a sprung screw, to align the monocular 

images and ensure stable fusion of the two images. We checked that only 

one image could be seen by a single eye once the stereoscope was 

aligned. The stimuli were presented on a uniform grey background (159 

cd/m2), which was surrounded by a high contrast black and white 

peripheral fusion frame, along with a pair of vertically and horizontally 

oriented nonius lines, to facilitate stable binocular fusion and provide an 

alignment check during runs. A chin rest was employed to stabilise 

participant’s head and minimise movement during the experiment. The 

stimuli used in Experiment 1 (see section 3.2.1) were two vertically-

separated Gabor patches with a luminance profile of the general form: 

 

𝐿(𝑥, 𝑦) = exp +− !!"#!

$%!
- cos(2𝜋𝑓𝑥)                                (2.1) 
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Where x and y represent the horizontal and vertical dimensions of the 

screen, s is the Gaussian envelope space constant, and f is the carrier 

spatial frequency. The sinusoidal waveform was always presented in 

cosine phase, with respect to the centre of the Gaussian envelope. The 

lower Gabor patch consisted of equal contrast stimuli in each eye, while 

the upper Gabor contained a contrast difference between the eyes that 

could be manipulated (see Figure 2.2). One eye’s stimulus was 

presented at a fixed Michelson contrast of 25%, while the other eye's 

image was set to a lower contrast to achieve the required interocular 

contrast ratios (including 1:1, 1:4 and 4:1 between two stimuli). In the 

second condition, a Michelson contrast of 50% was assigned to one 

image, while the same contrast ratios were tested. 
 

We measured the horizontal location at which the target with equal 

contrast in each eye appeared vertically aligned with the other target, 

which was presented at different relative visual depths (and had different 

contrasts in each eye). The vertical centre-to-centre distance between 

the upper and lower Gabor patches was 126arcmin There was a small 

black fixation square (3.41 x 3.41 arcmin) presented in the centre of each 

display between the upper and lower Gabor stimuli. 

 

 
Figure 2.2: A pair of vertically-separated Gabor patches used in Experiment 1. 
The stereo percept in crossed fusion is two Gabor targets vertically above 
each other. The upper targets have different contrast between the left and 
right eyes, while the lower ones have equal contrast in the two eyes. 
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                                   (a)                                                         (b) 

 

    

                            
Figure 2.3: An example of noise patterns. 
(a)Two vertically-separated, Gaussian-windowed, 1-dimentional correlated 
noise patches used in Experiment 2; 
(b) Uncorrelated noise patches used in Experiment 3 and 4. 
 

In Experiments 2-4, the stimuli were changed to Gaussian-windowed, 

one-dimensional noise patches (Gaussian SD 0.35°; bar width 0.06°) 

generated using custom software written in the C++ programming 

language. The difference between Experiment 2 and 3 was whether the 

stimuli were correlated or uncorrelated noise patterns for the upper and 

lower targets (Figure 2.3). The size of fixation marker was changed to a 

larger square (7.80 x 7.80 arcmin) to make it more prominent, which 

helped participants maintain fixation and reduced unwanted eye 

movements. The horizontal location of the lower patch was adjusted until 

it appeared align with the upper patch.  

 

 

 

 

 

 

 

 

 

 

 

 

In experiments 5-8, a custom-built sighting apparatus was used that 

consisted of a stainless-steel rod (19cm length, 0.25cm diameter located 

approximately 34cm from bridge of nose) mounted on a Thorlabs’ 

PR01/M Metric Precision Rotation platform. The rod could be smoothly 

and continuously rotated by hand through a full 360°, measured by the 1° 

graduation marks on the side of the stage when the steel locking 

thumbscrew was unlocked (Figure 2.4). The micrometre could provide ±5° 

of fine adjustment measured with 5 arcmin resolution by the vernier scale 

when locked the thumbscrew. As shown in Figure 2.4 (b), the PR01A/M 

Adapter Plate was attached to the top of the PR01/M Rotation Stage, in 

which a PM5(/M) stainless steel clamping arm was mounted in the centre 
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Figure 2.4: The custom-built apparatus used in the experiment. 
(a) The custom-built apparatus used in the experiment placed on the 
specially constructed table; (b) The participant was instructed to rotate the 
high-precision stage to make the rod move in the horizontal plane during the 
monocular and binocular sighting task. 
 

of the adapter plate and the distance from the adapter plate centre to the 

contact point that holds the rod is 2.286cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Experiments 9 and 10, the apparatus was modified by replacing the 

horizontal rod with a vertically oriented wooden toothpick (5cm height) - 

mounted on the steel clamping arm (Figure 2.5(b)). A 360-degree scale 

was added under the arm of the apparatus so that the rotation angle of 

the arm could be read precisely. The stimuli consisted of a fixed set of 19 

vertical lines, each 5cm in height, arranged in a horizontal row on a white 

wall with corresponding numbers displayed below them. These lines 

were spaced 10cm apart, positioned 119cm above the floor, and located 

100cm from the pointer of the apparatus (see Figure 2.5 (a)). These 

stimuli were designed for observers with an inter-pupil distance (IPD) of 

approximately 6 cm, with one of them being in front of the bridge of the 

nose (number 0), nine of them being to the left of the bridge of the nose 

(numbers -1 to -9), and nine were to the right of the bridge of the nose 

(numbers 1 to 9).  

 

(a)                                                     (b) 
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Figure 2.5: Apparatus used in Experiment 9-10.(a) Pre-set 19 horizontal scale 
markers used to establish the alignment task in different eccentricities; (b) The 
apparatus used in Exp. 9-10, it was changed on the basis of that used in 
Exp.5-8.  
 
 

A pair of two 35mm diameter unmounted linear glass polarizing filters 

were inserted into one side of an optical trial lens frame. Polarizers can 

be utilized in pairs to control light attenuation. When the transmission 

axes of the polarizers are parallel maximum light transmission occurs. 

Conversely, if they are placed perpendicular, known as "crossed," 

transmission is minimized as all possible polarization states are 

effectively filtered out. As shown in Figure 2.6 (a), filter A will polarize the 

light in a certain transmission axis, all the polarized light passes through 
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the filter B (in the same direction with filter A) will not be affected. In this 

manner.  The maximum intensity of light is transmitted. Adjusting the 

angle between the transmission axes allows for varying levels of 

attenuation. The angular difference between the polarization axes of the 

filters directly affects the extent of light attenuation. As shown in Figure 

2.6 (b), when filter A and B have the transmission axes perpendicular to 

each other, the intensity of the transmitted light drops to zero. 
 

 

 
Figure 2.6:How two polarizer filters work together to attenuate the light 
intensity. 
(a) When two polarizers were placed in the same direction, in which the 
maximum intensity of the light is transmitted; (b) When the second filter was 
rotated through 90°, the intensity of transmitted light is zero. 
 

 

2.3 Luminance calibration 

The single-lens-reflex (SLR) luminance meter LS-110 enables precise 

aiming and ensures the viewfinder shows the exact area to be measured. 

This optical system is also flareless, which eliminates the effects of light 

from the outside of the measurement area. In order to conduct 
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Experiments 9–10, an SLR luminance meter was set up on a tripod 60cm 

from the table. The distance between the luminance meters and the linear 

polarizers was 100cm, and the light source was positioned 20cm behind 

linear polarizers. The vertical height of the light source, linear polarizers, 

and SLR luminance meters from the table was the same. (see Figure 2.7 

(a)). A square of black card, with a central, circular aperture (1cm 

diameter) was positioned such that light passed through the centre of 

each filter (see figure 2.7 (b)). 

 

 
Figure 2.7: Luminance calibration in Experiment 9-10. 
(a) The apparatus setting for luminance calibration, the distance between the 
luminance metre to polarizers, as well as the polarizers to the light source are 
marked in the figure; (b) Two polarizers are inserted on the lens frame, there 
is a black card with an aperture in the centre to make sure the light goes 
through the centre of each polarizer. 
 

A Minolta luminance meter (LS-110) was used to measure the luminance 

at the surface of the polarising filters. First, luminance readings were 

taken without any filters to establish the baseline luminance level. Then 

one polarizer was added to the frame and another series of readings of 

luminance were made under the same lighting conditions. Finally, a 

second polarizer was placed in front of the first polarizer. Thereafter, a 

series of readings were taken as the orientation of the second polarizer 
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was systematically incremented from parallel (0°) until it was 

perpendicular (90°) relative to the first polarizer. We then continued to 

rotate the second polarizer until it reached 180°, bringing it back to a 

parallel orientation with the first polarizer. The intensity of plane-polarized 

light changes as a function of the angle between two linear polarizers. 

According to Malus's Law (Morus, 2005), the intensity of transmitted light 

I(θ) through two linear polarizers is proportional to the square of the 

cosine of the angle θ between light's initial polarization direction and the 

axis of the second polarizer. This relationship can be expressed 

mathematically as: 

 

𝐼(𝜃) = 	 𝐼$	&'(!(𝜃)                                                        (2.2) 

 

where 𝐼$	 represents the initial intensity of the light after passing through 

the first polarizer. The transmitted intensity gradually decreases as the 

angle θ increases from 0° to 90°, it reaches zero when the polarizers are 

perpendicular (i.e., at θ=90°). This explains how the relative orientation 

of the polarizing filters modulates the intensity of the plane-polarized light. 

The luminance of each measurement is plotted in Figure 2.8.  
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Figure 2.8: The luminance measured without polarizer (blue line), only one 
polarizer (green line) and two polarizers (light blue dots) rotated from parallel 
to perpendicular direction and then parallel again. Red curve line indicates 
how well Malus's Law fits the data with polarizers. The data points are shown 
with error bars indicate standard deviation. 
 
  

2.4 Procedure 

The psychophysical tasks used are explained in detail below. 

Participants were provided with short periods of practice before any 

formal data collection began.  

 

2.4.1 Measuring binocular visual direction 

(Experiments 1-4) 

A binocular horizontal alignment task was conducted to investigate which 

visual features were used to make a directional judgment. These 

experiments used the method of adjustment and completed in a dimly lit 

room. The method of adjustment is a psychophysical technique where 
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participants directly manipulate the stimuli until it perceptually matches a 

reference (Fechner, 1860/1966). This method is a simpler and quicker 

tool compared with other methods, and participants have an active role 

to adjust the stimuli. However, it depends more on participants’ subjective 

judgments, which may lead to bias and individual variations. A typical trial 

sequence is illustrated in Figure 2.9. At the beginning of each trial the 

participant was required to view the binocular fixation marker and 

maintain stable binocular fusion. The presentation of stimuli was initiated 

by a key press. In the experiment, the upper target with different 

interocular contrast ratios between two eyes’ stimuli was located on the 

vertical midline at the same plane with the fixation marker, while the lower 

target with equal contrast presented at different relative depths with the 

upper targets. The stereo targets were displayed for 1 second, following 

which the observer was required to adjust the location of lower target until 

the upper and lower stimuli were perceived to be vertically aligned. Then 

the current location of lower Gabor was recorded as the point of 

perceived alignment (PPA).  The adjustment approach is a potent tool in 

this experiment that enables accurate and personalized identification of 

the perceived alignment point at which participants can adjust the 

alignment to meet their subjective perception properly.  
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Figure 2.9: Schematic representation of one trial.  
After fixation point, stereo Gabor patches were separately presented to two 
eyes for 1 sec (mixed-contrast target was presented at the top half of the 
screen, while the equal-contrast target was presented at the bottom half of the 
screen). Then a blank field with fixation point would replace the stimuli, where 
participant had to press one of four keys (coarse or fine adjustment) to reduce 
the misalignment of the stereo Gabor patches. When the mixed-contrast target 
and the equal-contrast target appeared to be vertically aligned, pressed 
‘space’ key. 10 alignments estimates were collected for each combination of 
contrast ratio and equal contrast Gabor disparity.  

 

2.4.2 Measuring the visual egocentre location 

(Experiments 5-8) 

As the results would be compared with physical interpupillary distance 

and locate the exact position of the visual egocentre relative to the head, 

head circumference and interpupillary distance were measured before 

starting the visual direction task. In experiment 5-6, both monocular and 

binocular sighting tasks were measured to demonstrate the visual 

egocentre location. Participants were instructed to rotate the orientation 

of a rod in the horizontal plane until it pointed directly to the right eye, left 

eye or directly towards himself/herself during binocular viewing. 

Measurements were made along the horizontal azimuth for each of a 
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range of eccentricities spanning ±52.5°. relative to the centre of the head. 

The mean point of intersection of the extensions of the rod’s axis at each 

eccentricity, were used to derive estimates of the monocular visual 

directions and location of the binocular egocentre. Monocular measures 

give an estimate of the locations of the two eyes in the head which can 

be compared to the physical inter-pupil distance (IPD). In experiments 7-

8, a binocular sighting task measured along the horizontal azimuth for 

each of a range of eccentricities spanning ±30°. relative to the centre of 

the head, referred as the baseline visual egocentre location.  

 

2.4.3 Quantifying sensory eye dominance 

(Experiments 9-10) 

The stimuli consisted of 19 vertical lines, each 5cm in height, arranged in 

a horizontal row on a white wall, with numbers displayed below each line. 

These lines were spaced 10cm apart, positioned 119cm above the floor, 

and located 100cm from the pointer of the apparatus. The visual field 

extends to 35.64° in both the left and right visual fields relative to the 

fixation point at 0°, as shown in Figure 2.5. Participants were asked to 

rotate the orientation of the arm and align the pointer to the 

predetermined markers both monocularly and binocularly: the rotation 

angle of the protractor scale was used to determine the egocentric angle. 

Following alignment between the pointer and the scale marker under 

binocular viewing, we then reduced the luminance to the dominant eye 

until perception switched to the fellow eye by rotating the angle of 

external polarizer from 0° to 90°. The angle of the polarizer at this 

transition was taken to indicate a balance point for a shift in eye 

dominance. The switch to a monocular image result from the suppression 

of the reduced-luminance image in the dominant eye. In fact, the 

procedure we use here is similar to that used to test the depth of 

suppression in individuals with amblyopia - where a Sbisa is used to 

reduce the luminance of a target presented to the dominant eye until 

perception switches to the amblyopic eye (Crawford & Griffiths, 2015). In 
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the following process, the external polarizer was rotated from 90° to 180°, 

progressively increasing contrast to the dominant eye until physiological 

diplopia reappeared, and this rotation angle was recorded as well. The 

same procedure was repeated for the other two eccentricities (0° and 

12°), and each measurement was repeated three times in this 

predetermined order. This setting aims to explore if subtle, rapid 

adjustments can be observed using alignment tasks with help of linear 

polarizers. 

 

2.5 Curve fitting 

The data reported in some of the experiments were fitted with curves, the 

fitting procedures are detailed as follows. 

 

In Experiment 5-6, the visual egocentre was taken to be a least-squared 

approximation to the location of the 'true' single intersection, which had 

the shortest perpendicular offsets to each of the nine lines (see Figure 

2.10) (Mitson, Ono, & Barbeito, 1976). The objective is to estimate the 

convergence point (x, y) of nine lines by minimising the sum of squared 

perpendicular distances from (x, y) to each line. The lines are defined by 

their coefficients (𝐴), 𝐵) and 𝐶)) using the nonlinear least squares fitting 

method in MATLAB: 

 

F	(𝑥, 𝑦) =6 7&"	!"'"	#"("	
	*&"

!"'"
!
8

$+

,-.

                                                    (2.3) 

 

Where A and B affect the slope of and the orientation of each line, C 

determines the line’s position relative to its origin. The point (x, y), in 

Euclidean coordinates, has the shortest perpendicular distance to each 

of the 9 lines. This method ensures that the selected point is optimally 

located relative to all lines, balancing distances and finding a point that 

minimises overall variation. 
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In Experiment 8, the magnitude of deprivation effect as a function of 

timecourse for each eye with respect to the median plane, and the 

corneal plane, respectively, was fitted with a power function with three 

parameters (a, b and c) (Lunghi et al., 2013): 

 
𝑦 = 𝑎𝑥/ + 𝑐                                                     (2.4) 

 

Where y is the magnitude of the deprivation effect, x is the time elapsed 

in minutes expressed in log, a is the amplitude and b defines the decay 

rate, while c is the lowest deprivation effect.  

 

 
Figure 2.10: Measurements were made along the horizontal azimuth for each 
of a range of eccentricities spanning ±52.5° relative to the median plane of the 
head.   
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Chapter 3. Establish the best fitted model 

for binocular visual direction 

3.1 Introduction 

Understanding the fundamentals of visual perception is a central goal of 

neuroscience and an essential part of understanding the sensory 

systems in living organisms. To perceive the three-dimensional layout of 

a scene, both the depths and visual directions of the objects within it need 

to be determined when perceiving the three-dimensional layout of an 

object. Strictly speaking, all animals with forward-facing eyes have 

binocular vision (Howard & Rogers, 1995), which is a large region of 

binocular overlap for animals to code visual depth. Organisms with 

binocular vision are able to exploit the slight differences between the 

images received by the two eyes, a phenomenon called binocular 

disparity. The ability to utilize these retinal disparities to make extremely 

fine relative-depth judgments is a process termed stereopsis. Binocular 

stereopsis creates the impression of depth from binocular cues, which 

underlies our ability to discriminate between differences in depth. A key 

step in this process, and a computational challenge faced by the brain, is 

how to combine the information from the two eyes to achieve a single, 

unified representation of the world and determine the visual direction of 

objects in space relative to the viewer. 

 

When determining the direction of a visual object with respect to the 

viewer’s head, it is necessary to take into account both the positions of 

the images in the eyes (the oculocentric component) and the angle of the 

eyes with respect to the head (the eye-position component) (Howard & 

Rogers, 1995). A robust framework for studying headcentric, egocentric 

visual direction is provided by a model commonly attributed to Hering, 

with origins traceable to Wells a century earlier (Ono, 1981). This model 

encompasses the essential components of egocentric direction, namely 
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the retinal location stimulated (local sign information) and the positions of 

both eyes (eye information), in accordance with two subsystems 

proposed by Gregory (1958, 1966): the retinal-image system and the 

eye-head system work together to combine the local sign signal and eye 

position signal to determine the visual direction.  

 

To fully capture the phenomenology of egocentric direction, an origin of 

perceived direction, referred to as the cyclopean eye (or the visual 

egocentre), serves as a reference point. Collectively, these three 

elements—retinal location, eye positions, and the cyclopean eye—offer 

a comprehensive depiction of headcentric, egocentric visual direction 

and form the foundation for a model of egocentric localization (Barbeito 

& Simpson, 1991). The cyclopean eye refers to the location from which 

judgments of relative direction are made. Our everyday visual experience 

tells us that this is accomplished effortlessly, but nonetheless, the 

underlying mechanisms are still poorly understood. 

 

The conventional model, initially formulated by Wells (1792) and Hering 

(1879) and subsequently expanded upon by Ono (1981) and other 

researchers, proposes that binocular visual direction is determined by 

averaging the information from monocular images. Furthermore, this 

model asserts that the resultant visual perception gives the impression 

that the participant is viewing the target from a single position located in 

the midway between the two eyes, referred as the visual egocentre (or 

the cyclopean eye). Figure 3.1 shows an illustration of the conventional 

model. The participant is fixating on a point along the median plane of the 

head, so both eyes are in primary gaze. The two thick lines represent the 

visual axes. Additionally, there is a binocular target present accompanied 

by its corresponding visual lines. The angles 𝛼!  and 𝛼#  between the 

visual axes and lines correspond to the oculocentric direction of the target 

for the left and right eye, respectively. The binocular visual direction is 

determined by the angle between the median plane and a line originating 

from the midpoint of the interocular axis and extending to the target. This 

angle 𝛼* can be approximated using the subsequent equation: 
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𝛼* = (𝛼! + 𝛼#)/2                                            (3.1) 

 

Despite the traditional geometrical model's intuitive appeal, evidence 

suggests that the position of the visual egocentre is not stable and that 

the calculation of binocular visual direction may be more complex that 

previously assumed (Mitson, Ono, & Barbeito, 1976). Indeed, it has been 

demonstrated that behavioural estimates of visual direction can be 

reliably altered by changing the input (e.g., luminance contrast) to one 

eye leaving other aspects of features, including stereoscopic depth, 

relatively unchanged. Verhoeff (1933) presented different luminance 

intensities stereograms to the two eyes and found that the relative 

direction of the features in the stereogram is systematically biased 

towards the perspective of the eye perceiving the image with greater 

luminance intensity. This effect is also observed in the binocular 

observation of real three-dimensional scenes. These findings challenge 

the traditional geometrical principles, suggesting that binocular visual 

direction is the average of the directions measured from both eyes. 

Instead, the left and right direction signals are weighted by factors such 

as luminance, image resolution, and ocular dominance, either at or prior 

to the stage of binocular combination. 
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Figure 3.1: The geometry of the conventional model. The participant is fixating 
directly on a point situated within the median plane of the head so that the 
eyes are in primary gaze position. The visual axes are indicated using two 
thick lines. A target is presented, accompanied by its corresponding visual 
lines depicted as thin lines. The angles aL and aR are the angles between the 
visual axes and the lines of the left and right eye, respectively. The angle aB 
corresponds to the binocular visual direction of the target, as estimated based 
on the conventional theory. This angle is equivalent to the angle formed 
between the head's median plane and a line extending from the midpoint of 
the interocular axis to the target. The dashed line extending from the visual 
egocentre through the apparent location of the target signifies the binocular 
direction line. Illustration adapted from Banks et al., (1997). 

 
 

On the basis of previous studies, Mansfield and Legge (1996) assessed 

the influence of interocular contrast differences on the perceived visual 

direction of binocularly vertically-aligned Gabor targets, in which the top 

Gabor patch was positioned with a disparity and varying monocular 

contrasts to create different interocular contrast ratios while bottom 

Gabor patch always had equal contrast in both eyes. Participants were 

instructed to adjust the horizontal position of the bottom Gabor patch to 

align it vertically with the top Gabor patch, different contrast ratios were 

tested by varying the contrast in one eye while keeping the other eye’s 

contrast constant in this experiment. 
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Supported by data showing that the visual direction of binocularly viewed 

features is biased towards the eye with the higher contrast image, 

Mansfield and Legge (1996) proposed a new model where the relative 

alignment of depth features is determined by a maximum-likelihood 

combination of the direction signals from both eyes. This model explains 

the change in visual direction caused by interocular contrast differences 

in terms of choosing the most likely direction based on the noisy 

estimates from the left and right eyes. Unlike other models, this model 

accounts for visual direction in either monocular or binocular viewing 

conditions. There are two critical parameters in the model: k represents 

the exponent describing the relationship between image contrast and 

direction uncertainty, and W (WL/WR) refers to the ocular dominance 

between the two eyes. W >1 indicates a stronger weighting of the left 

eye’s input, and W <1 means a weaker weighting of the left eye’s input. 

The following equation (2) describes the relationship between binocular 

visual direction, ocular dominance and the contrast ratio (Q) of the stimuli 

presented to the two eyes CL/CR (Mansfield & Legge, 1996). 

 

𝐵/  =+,!"!-.#-

+,!"./
                                                    (3.2) 

 

The data that changes in the binocular visual direction of the mixed-

contrast target can be accurately predicted based on the monocular 

vernier acuities reinforced the finding that visual direction is determined 

by a weighted combination of signals from both eyes and influenced by 

contrast. This was achieved by measuring monocular vernier acuity as a 

function of the lower Gabor and assessing the binocular visual direction 

of a mixed-contrast Gabor. This maximum-likelihood model essentially 

states that the egocentre location moves toward the eye receives more 

visible image when the visual input to one eye is compromised. 

 

However, Banks and colleagues (1997) criticized that Mansfield and 

Legge’s (1996) interpretation on cyclopean eye position was 

inappropriate. They argued Mansfield and Legge’s task was an alignment 
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task, in which the perceived changes in alignment could be explained 

without assuming shifts in the visual egocentre position. Banks et al. 

(1997) suggested an egocentre task would be required where 

participants indicate the body part with which targets appear to be aligned 

and thus provide information relevant to the position of the visual 

egocentre. Banks et al. (1997) further demonstrated that changes in 

vergence (the angle between the eyes when focusing on a point) 

influenced perceived direction, though they did not empirically test these 

assumptions. This was contrary to Mansfield and Legge’s (1995, 1996) 

assertion that perceived direction was independent of eye position. 

Therefore, Banks et al. (1997) argued that the observed effects could be 

fully explained by the conventional theory of binocular visual direction 

with a simple modification for differential weighting of eye signals based 

on contrast, in which a weighted average of oculocentric direction is 

assumed to determine the binocular direction of a target, specifically, 

 

𝛼* = 𝑊𝛼# + (1 −𝑊)	𝛼!                                        (3.3) 

 

Where 𝛼*,  𝛼!	and 𝛼# represent binocular direction, left visual direction 

and right visual direction, respectively. W is defined as the weight given 

to the oculocentric direction of the target in the right eye, ranging from 0 

to 1. W >0.5 represents a greater contrast in the right eye, while W < 0.5 

represents a greater contrast in the left eye. According to this modified 

conventional model, the perceived shift of the binocular direction of an 

object when the visual input to one eye is degraded is characterized by 

a rotation of the binocular direction line about a fixed cyclopean eye, while 

the position of the cyclopean eye itself does not change. These 

observations, when weighted by the monocular visual direction, are 

consistent with the conventional geometry model. They asserted that the 

perceived relative binocular direction was affected by the eye position 

although interestingly they did not formally collect any empirical data to 

test these assertions. Although Banks et al. (1997) presented some 

informal demonstrations in their paper, based on the ability to free fuse 

pairs of stereoscopic images, to support their model, they did not test the 



 102 

predictions of their model in a systematic manner in the laboratory and 

thus crucially its validity remains untested. Figure 3.2 describes the 

difference of these two models, in which the upper patch was located on 

the vertical midline (X = 0arcmin) with a disparity (Z) of 0arcmin. The solid 

lines show the model of Mansfield and Legge (1996), while the dashed 

lines correspond to the model of Banks et al. (1997). Different contrast 

ratios between the two eyes are depicted by different colours and 

symbols.  

 
Figure 3.2: The difference of two models. 
The solid lines represent the model predictions of Mansfield and Legge (1996) and the 
dashed lines represent those of Banks et al. (1997). Different colours and symbols 
depict different contrast ratios between the left and right eyes. The solid lines show that 
the location of egocentre shifts towards the eye receiving a more visible image, whereas 
the dashed lines describe that the location of egocentre is fixed, but the vergence of 
egocentre changes when one eye receives a higher contrast image. 
 

Despite the fact that all of these explanations provide qualitative accounts 

of binocular visual direction, none has been widely accepted. 

Consequently, considerable uncertainty persists about the precise 

computational principles governing egocentricity and plasticity in 

cyclopean perception. To identify which model best predicts 

psychophysical performance across diverse viewing conditions, this 

study evaluates competing models of binocular visual direction. 

Moreover, it aims to uncover the mechanism by which a binocular feature 

is assigned a single visual direction, where the left and right eyes indicate 

different directional information. 
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Even though each of these explanations can qualitatively explain the 

binocular visual direction, none has been widely accepted, and the 

geometrical averaging rule remains the predominant explanation for 

binocular visual direction. Consequently, much uncertainty remains 

concerning the precise computational principles governing the egocentre 

position and the plasticity of cyclopean perception in general. Therefore, 

current study aims to test competing models of binocular visual direction 

and establish which model best accounts for psychophysical 

performance under a broad range of viewing conditions, then determine 

the mechanisms of how a single visual direction is assigned to a binocular 

feature for which the left and right eyes are signalling different directions.  

 

3.2 Experiment 1: The effects of contrast on 

binocular visual direction - a replication of 

Mansfield and Legge’s (1996) study 

3.2.1 Methods 

3.2.1.1 Observers 

Three participants (the authors) with normal or corrected-to-normal vision 

and no history of ocular disease participated in this experiment (age 

range: 30-51years, mean age: 44 ± 9.90years). Before formal data 

collection began, the TNO stereo test (Laméris Ootech, Nieuwegien, The 

Netherlands) was administered to ensure each of the participants had 

normal stereo vision and thus were able to perceive the depth and 3-

dimension structure of visual information (range from 60 to 120arcsec). 

The experiment was approved by School of Psychology Ethics 

Committee at University of Nottingham and participant gave informed 

consent before the experiment. Participants gave informed consent 

before the experiment and all experimental procedure conformed to the 

guidelines laid out in the Declaration of Helsinki.   
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3.2.1.2 Apparatus and stimuli 

The experimental task was conducted in a dimly lit room. Stereoscopic 

stimuli were grey-scale images generated using an Apple Macintosh 

computer running custom software written in the C programming 

language and presented on two identical LCD monitors (22-inch 

Samsung Sync-Master 2233RZ; 1024 × 768-pixel resolution; 60Hz 

refresh rate; 318cd/m2 maximum luminance). The suitability of employing 

these displays in vision experiments, considering their spatial, timing, and 

luminance attributes, has been thoroughly documented elsewhere 

(Wang & Nikolic, 2011). The two monitors were temporally synchronised 

by driving them using the dual outputs of the same video card. They were 

carefully calibrated, and gamma-correction was checked using SLR 

luminance meter LS-110 to ensure that their luminance was a linear 

function of the digital representation of the image. For precise control of 

luminance contrast the number of intensity levels available on each 

display was increased using the noisy-bit method (Allard & Faubert, 

2008). 

 

The observer was instructed to view the stimuli dichoptically using a 

Wheatstone mirror stereoscope (Figure 3.3), producing an effective 

viewing distance of 231.5cm from mirror to each display. The pair of full-

silvered mirrors in the stereoscope were nominally set at an angle of ±45° 

with respect to the median plane of the head, but observer could adjust 

the angle manually (if necessary) to maintain stable fusion of the two 

images. A chin rest was employed to stabilise the participant’s head and 

minimise movement during the experiment. 
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Figure 3.3: The apparatus used in the experiment. 
(a) The Wheatstone stereoscope used in this experiment to achieve dichoptic 
presentation of two images; (b) The participant can see the left display through 
the left mirror and the right display through right mirror independently. 
  
 

The stimuli displayed on each monitor were identical to those used by 

Mansfield and Legge (1996) and were comprised of two vertically-

separated Gabor patches with a luminance profile of the general form: 

 

𝐿(𝑥, 𝑦) = exp	[−(𝑥" + 𝑦")/(2𝑠")] cos(2𝜋𝑓𝑥)                                (3.4) 

 

Where x and y represent the horizontal and vertical dimensions of the 

screen, s is the Gaussian envelope space constant set at 0.35deg., and 

f is the carrier spatial frequency set at 1.0c/deg. The sinusoidal waveform 

was always presented in cosine phase, with respect to the centre of the 

Gaussian envelope. The lower Gabor patch consisted of equal contrast 

stimuli in each eye, while the upper Gabor contained different contrasts 

between the eyes that could be manipulated. The stimuli were presented 

on a uniform grey background (159cd/m2), which was surrounded by a 

high contrast black or white fusion frame, along with a pair of vertical and 

horizontal nonius lines to facilitate stable binocular fusion. The vertical 

centre-to-centre distance between the upper and lower Gabor patches 
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was 2.1deg. There was a small black fixation square presented in the 

centre of each display between the upper and lower Gabor patches 

(Figure 3.4). The participants were instructed to maintain fixation on this 

binocular mark, although vergence position could not be confirmed 

objectively. 

 

 
Figure 3.4: Example stereo-Gabor patches used in the experiment. The stereo 
percept in crossed fusion is two Gabor targets vertically above each other. 
The upper targets have different contrast between the left and right eyes, 
while the lower ones have equal contrast in the two eyes.  
 

We measured the horizontal location at which the target, presented with 

equal contrast in each eye and at varying relative depths, appeared 

vertically aligned with the upper target, which had different contrasts in 

each eye. The position of each stereo-Gabor was based on the following 

parameters (Mansfield & Legge, 1996): 

 

X refers to the horizontal location of the Gabor stimuli as perceived by 

both eyes, defined as (𝐿𝑥	 + 𝑅𝑥) ∕ 2,where 𝐿𝑥 and 𝑅𝑥 are the horizontal 

coordinates corresponding to the centre of the left and right stimuli, 

respectively. It indicates where the stimulus appears to lie along the 

horizontal plane when the views from both eyes are combined. Z 

represents the binocular disparity, defined as difference in the horizontal 

position of the stimulus as seen by the left and right eye, expressed by 

(𝐿𝑥	 − 𝑅𝑥). 
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3.2.1.3 Procedure 

The upper Gabor was located on the vertical midline (X = 0arcmin) with 

a disparity (Z) of 0arcmin. The stereo-Gabor in the bottom half of the 

screen had equal contrast between the two eyes’ images, while different 

interocular contrast ratios were obtained for the top images between the 

two eyes. An alignment task was used to measure the horizontal location 

(X) at which the lower target appeared vertically aligned with the upper 

target. The disparity (Z) of the equal-contrast Gabor was set to either -30, 

-15, 0, 15, or 30arcmin correspond to the upper Gabor for alignment 

estimation. Figure 3.5 is a top-down view if this task to help understand 

disparity pedestals. Based on these data, we can estimate the visual 

direction of the mixed-contrast target. 

 

 
Figure 3.5: A top-down view of this task. 
The blue-outlined circle represents the upper target (0 arcmin). The black-
outlined circle denotes the lower target, positioned at depths ranging from -30 
to +30 arcmin. Targets in front of the upper target (crossed disparity) are 
connected with red dashed lines, while targets behind it (uncrossed disparity) 
are linked with green dashed lines. 
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The observer initiated each trial by pressing the “enter” key on a standard 

computer keyboard. At the beginning of each trial, the initial horizontal 

location of the lower Gabor was set randomly. The stereo Gabor targets 

were then displayed for 1s, following which the participant was required 

to indicate (by pressing one of four keys) whether the lower Gabor 

appeared to be vertically-misaligned to the left or right of the upper target. 

These four keys represent either a coarse or fine adjustment in either 

direction. In the subsequent trial, the X-location of the lower Gabor was 

adjusted in the correct direction (by either 1.5arcmin or 15arcmin based 

on the key response) to minimize the misalignment (Figure 3.6). This 

adjustment was achieved by adding equal increments to both 𝐿𝑥 and 𝑅𝑥 

while keeping the disparity of the equal-contrast Gabor constant. Once 

the participant was confident that the upper and lower stimuli were 

perceived to be vertically aligned, the current location of lower Gabor was 

recorded as the point of perceived alignment (PPA). 

 

 
Figure 3.6: Schematic representation of one trial. After achieving stable 
fixation, a pair of stereo Gabor patches were presented to two eyes for 1 s 
(mixed-contrast target was presented at the top half of the screen, while the 
equal-contrast target was presented at the bottom half of the screen). The 
Gabor stimuli were then removed (only the fixation stimuli remained on 
screen), and the participant had to press one of four keys to reduce the 
perceived misalignment of the stereo Gabor patches. When the mixed-
contrast target and the equal-contrast target appeared to be vertically aligned, 
the participant pressed the ‘space’ bar. 10 alignments estimates were 
collected for each combination of contrast ratio and equal contrast Gabor 
disparity. There were 15 trials in each session. 
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For the upper Gabor, one eye’s image was presented at the fixed contrast 

(C), while the other eye's image was set to a lower contrast to achieve 

the required interocular contrast ratio. For the first condition, C was set 

to 25% (Michelson contrast) and the contrast ratios were 1:1, 1:4 and 4:1. 

In the second condition, C was set to 50% and the contrast ratios were 

also 1:1, 1:4 and 4:1. For each contrast ratio, the task was completed 

with the left eye exhibiting a higher contrast than the right eye and then 

the converse configuration. Trials from two independent alignment tasks 

were randomly interleaved so that it was impossible for the participant to 

predict which eye would receive the higher contrast image. 10 alignments 

estimates were collected for each combination of contrast ratio and equal 

contrast Gabor disparity. There were 15 trials in each contrast condition. 

 

3.2.2 Results 

The data from three participants measured with a fixed contrast C of 25% 

and 50% are shown in Figure 3.7 and are plotted in the same manner as 

Mansfield and Legge (1996). In each graph the location (X) where the 

lower Gabor appeared to be vertically aligned with the upper Gabor (the 

PPA) is plotted as a function of the lower Gabor’s disparity (Z). Each point 

is the mean of ten alignment estimates and the error bars above and 

below each data point represent the standard error of the mean (SEM).  

 

If Mansfield and Legge’s (1996) model was used to establish the 

binocular visual direction, then the PPA depends on both the lower 

Gabor's disparity and the upper Gabor's contrast ratios, that is the PPA 

may shift closer to the left eye when the left eye is presented with a higher 

contrast image and the opposite is true when the right eye is presented 

with a higher contrast image. On the other hand, all of the PPAs would 

be expected to be along the X = 0 horizontal line if the data were 

consistent with the modified conventional model. The difference between 

them is whether the PPA has large bias towards the more visible image. 
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Figure 3.7: Data from three participants with a fixed contrast C of 25% and 
50%. The disparity of the upper Gabor was always 0 arcmin. Each data point 
represents the X location of lower Gabor that appears vertically aligned with 
the upper Gabor. The contrast ratios between the left and right eye are 
depicted by the different coloured symbols and lines as indicated in the legend 
at the right of each plot. Error bars represent the SEM calculated across 
repetitions of the task for each observer. 
 

According to Figure 3.7, for disparities greater than 0 arcmin, such that 

the lower Gabor appears in front of the upper Gabor, the PPAs lie to the 

below of the true (physical) alignment when the left eye views a higher 

contrast image than the right eye. While for disparities less than 0arcmin 

(lower Gabor is behind the upper Gabor), the PPAs lie to the above of 

the true alignment when the left eye has a higher contrast. When the right 

eye has greater contrast, the opposite is true. This suggests a weighting 

of visual inputs that is related to the contrast difference between the eyes. 

However, a point to note is that these data, like those of Mansfield and 

Legge (1996), show considerable individual differences. Even though 

data are collected in the same contrast conditions (i.e., C = 25%), the 
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discrepancy in the PPAs for all three subjects are quite different. The data 

from S1 and S3 exhibit a similar trend, but the data from S2 is somewhat 

different. For disparity is less than 0 arcmin, the PPAs for S2 is more than 

10arcmin removed from the point of geometrical alignment when the left 

eye receives a more visible image. In addition, data of the same 

participant measured with different contrast conditions also exhibited 

different behaviours. For example, the PPAs for S1 measured in C = 25% 

contrast condition lie along the X = 0 horizontal line, but the discrepancy 

observed in the C = 50% contrast condition shows more than 5arcmin 

removed from the horizontal line when disparity is greater than 0arcmin. 

 

Linear regression analyses were conducted to quantify the relationship 

between contrast ratios (4:1, 1:1, and 1:4) measured in two contrast 

conditions (25% and 50%) for each participant. While inter-participant 

variability is evident, a consistent directional pattern emerges across 

conditions. In terms of 25% contrast condition, participants elicited 

uniformly strong negative relations for 4:1 contrast ratio (all β ≈ -0.97, p 

< .01), while the 1:4 contrast ratio showed positive effects for two 

participants (S1 and S2: β ≈ 0.90, p < .05). The 50% contrast condition 

produced participant-specific effects for 4:1 contrast ratio with only S2 

showed significant positive relationship (β ≈ 1, p < .01), while the 1:4 

contrast ratio showed positive effects for all participants (β ≈ 0.96, p < .05). 

1:1 contrast ratio shows weak and non-significant effects (all p >.05). 
 

In summary, the results from Experiment 1 indicate that binocular visual 

direction is biased towards the visual line from the eye that receives 

higher contrast image, but an alignment task, rather than egocentre task, 

could not directly explain whether the cyclopean eye position. Instead, 

modified conventional model can explain these changes of perceived 

visual direction without assuming a wandering cyclopean eye. There are 

a number of unresolved methodological issues with Mansfield and 

Legge’s (1996) original study that have yet to be adequately resolved. 

For example, they only showed a subset of the results obtained for their 

first experiment (measuring the PPAs as function of lower Gabor disparity) 
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and these exhibited marked individual differences between the three 

participants tested but these were not adequately addressed. 

Furthermore, they also did not present the PPA settings made by these 

same participants in subsequent experiments, designed to test their 

model, in which several methodological details were changed, thus the 

generality of the findings is uncertain. These important issues will be 

explored further in the next experiment. 

 

3.3 Experiment 2: Egocentric visual direction 

using one-dimensional correlated noise 

stimuli 

The results of Experiment 1 show some qualitative differences with 

respect to the published data from Mansfield & Legge (1996), despite the 

fact that we employed an identical procedure, and these may have arisen 

due to the following issues. First, like Mansfield and Legge (1996), we 

did not measure eye movements and although our participants were well 

practiced on psychophysical tasks, they may have made eye movements 

(i.e., had unstable vergence) rather than maintaining fixation on the 

central square. According to Hering's (1879/1942) laws, visual directions 

do depend on eye movements under specific viewing conditions 

(Erkelens, 2000). This criticism was levelled by Banks et al. (1997) and 

could contribute to some of the inconsistencies reported. Second, the 

Gabor stimuli used in Experiment 1 were constructed such that the 

sinusoidal waveform was always in cosine phase with respect to the 

centre of the Gaussian envelope, so they were unbalanced and had an 

overall luminance offset with respect to the uniform background. The 

magnitude of this luminance offset is directly proportional to the contrast 

of the Gabor presented to each eye. Mansfield and Legge (1996) 

acknowledged this luminance artefact in their original study but played 

down its importance even though previous research has shown that 

interocular luminance differences can produce changes in visual 
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direction (e.g., Francis & Harwood, 1951). Furthermore, the Gabor stimuli 

used in this, and previous research, may not be optimal stereoscopic 

stimuli for studying the mechanisms of visual direction because they have 

an inherent ambiguity due to their periodic structure. That is, they can 

give rise to disparity mismatches (“false correspondence”) that can lead 

to misperceptions of depth (Prince & Eagle, 2000) in stereoscopic 

displays. In Experiment 2, we sought to exercise greater experimental 

control over the stimuli by using windowed visual noise patterns in the 

same vertical alignment task. This modification is particularly effective to 

reduce such inherent ambiguity present in periodic stimuli. Unlike 

structured or repetitive patterns, visual noise lacks a periodic 

organization, minimizing the risk of spurious matches in stereopsis. By 

using windowed noise, we ensure that local disparity cues are 

unambiguous, thereby improving the reliability of depth perception 

judgments. This approach allows us to isolate the mechanisms of visual 

direction more precisely, as the stochastic nature of noise eliminates the 

confounding effects of regularity in the stimulus. 

 

3.3.1 Methods 

3.3.1.1 Observers 

Six observers participated in this experiment (S1, S2 and S3 participated 

in Experiment 1 also participated in Experiment 2; age range: 30-51years, 

mean age: 35.83 ± 10.82years). The observers all had normal or 

corrected-to-normal vision and no history of ocular disease. Before 

formal data collection began, the TNO stereo test was administered to 

ensure each of the observers had normal stereo vision and thus were 

able to perceive the depth and 3-dimension structure of visual information 

(range from 60 to 120arcsec).  
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3.3.1.2 Apparatus and stimuli 

The apparatus was identical to that used in Experiment 1, but 

stereoscopic stimuli were changed to vertically-separated, Gaussian-

windowed, one-dimensional, aperiodic noise patches (Gaussian SD: 

0.35°; bar width: 0.06°). The stimuli used were correlated noise samples 

for the upper and lower targets, in which the upper and lower noise pairs 

had the same texture on any one trial (see Figure 3.8). 

 

 
Figure 3.8: Two vertically-separated, Gaussian-windowed, 1-d correlated 
noise patches used in Experiment 2, in which the upper and lower patches 
were in the same patterns. 
 
 

To investigate performance under a wide range of viewing conditions 

three stereoscopic depths were used for the upper noise target, either 0, 

+30 or -30arcmin relative to the fixation marker, in separate runs of trials. 

The contrast ratio between the left and right images for the upper noise 

patch was varied, in an identical manner to that used in the first 

experiment, to provide ratios of 4:1, 1:1 and 1:4. The lower noise target 

always had equal contrast in each eye, which was presented at five 

different stereoscopic depths (range ±60 arcmin) relative to upper target. 

The size of fixation marker was increased to make it more prominent from 

3.41arcmin to 7.80arcmin, to help participants maintain stable fixation 

and reduce eye movements. The horizontal location of the lower patch 

was adjusted until it appeared aligned with the upper patch.  
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3.3.1.3 Procedure 

The procedure was identical to that used in Experiment 1 with the 

exception that another two disparity conditions were measured for the 

upper patch, in which the upper patch was located on the vertical midline 

(X = 0) with a disparity (Z) of 0, +30 and -30arcmin. The lower patch was 

located at five different stereoscopic depths, which were -30, -15, 0, +15, 

or +30arcmin when the upper patch disparity was 0 arcmin disparity 

condition; and 0, +15, +30, +45, or +60arcmin when the upper patch 

disparity was +30 arcmin; and -60, -45, -30, -15, or 0arcmin when the 

upper patch disparity was -30 arcmin. 

 

In each adjustment procedure, the initial horizontal location of the lower 

patch was set randomly. In order to help minimise potential eye 

movements, the presentation of the stereo patches was reduced from 1 

s to 150ms. As Experiment 1 showed that the absolute stimulus contrast 

(C) used had little to no effect on performance, in Experiment 2, a 50% 

Michelson contrast level was used for the upper patch for one eye, and 

the other eye's image was set to a lower contrast to achieve the required 

interocular contrast ratio. 

 

3.3.2 Results 

The data for one representative participant (S3) measured with 

correlated noise patches is depicted in Figure 3.9. and shows the X 

locations at which the lower target appeared to be vertically aligned with 

the upper target (the PPAs). It is evident that the PPAs are dependent on 

the contrast ratios of the upper targets and disparity depths of the lower 

targets. The perceived binocular direction of the upper target appears to 

be biased towards the eye with the more visible image. This is consistent 

with the results of Experiment 1. However, different from the view of 

Mansfield and Legge (1996), the result suggests the direction perceived 

with both eyes is not straightforwardly determined by one eye but rather 

computed. As shown in Figure 3.9(b) measured in the same disparity 
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condition with Experiment 1, the PPAs do not show apparent 

displacement with the X = 0 horizontal line. When fixating on an object, 

the vergence angle, formed by simultaneously moving two eyes in 

opposite directions to maintain single vision, provides a powerful depth 

cue. A larger vergence angle (eyes turning inward) indicates the object is 

closer, while smaller vergence angle (eyes turning outward) indicates a 

farther object. It highlights the importance of ocular vergence in 

perceiving the visual direction, but the effect of ocular vergence on visual 

direction changes depending on different viewing conditions, indicating 

that the environment and context in which we view objects can alter how 

vergence affects our perception. These observations are thought to 

consistent with the modified conventional model proposed by Banks et al. 

(1997), indicating that our brain computes the binocular visual direction 

by averaging the directions seen by each eye separately. Such averaging 

is weighted, implying some visual inputs may be given more importance 

than others in the computation process.  

 

According to Figure 3.9(a), the upper target has a crossed disparity of 

+30arcmin relative to the fixation marker, while the lower target has 

disparities ranging from 0 to +60arcmin. The observer fixates behind the 

target, resulting in 𝛼!and 𝛼# with equal magnitudes but opposite in sign 

(𝛼!	is clockwise or negative). When the weight W in Equation (3) is 0.5, 

indicating equal contrast between the two eyes (as shown by the red lines 

in Figure 3.9). So 𝛼* is the average of 𝛼!and 𝛼#, 𝑡𝑎𝑛	𝛼* therefore equals 

to 0 calculated from the average of 𝑡𝑎𝑛𝛼!  and 𝑡𝑎𝑛𝛼# . The target is 

perceived as being in the middle between the two eyes. If the weight W 

in Equation (3) is greater than 0.5, the right eye receives a higher contrast 

image (the green lines in Figure 3.9), causing 𝛼* to be biased towards 

the value of 𝛼# and the PPA appears to the left of the true alignment. 

Conversely, if W is less than 0.5, the left eye receives a higher contrast 

image (the blue lines in Figure 3.9). Therefore, 𝛼* is biased towards the 

value of 𝛼!, suggesting PPA is farther to the right of the true alignment. 

In Figure 3.9(b), the upper patch is at the same disparity as the fixation 

marker, while the lower patch has disparities from -30 to +30arcmin. All 
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three lines lie along the X = 0 horizontal line, indicating that the target is 

perceived in the head’s median plane. Figure 3.9(c) describes the upper 

target with an uncrossed disparity of -30arcmin relative to the fixation 

marker, while the lower target with disparities ranging from -60 to 0arcmin. 

In this condition, the participant fixates in front of the target, making 

𝛼!and 𝛼# equal in magnitude but their reversed signs compared to Figure 

3.9(a). When both eyes receive images with equal contrast, the target is 

perceived in the head’s median plane. In instances where the right eye 

receives a higher contrast image (indicated by the green lines in Figure 

3.9), the perceived point of alignment (PPA) is displaced to the right of 

the true alignment. Conversely, when the left eye receives a higher 

contrast image (represented by the blue lines in Figure 3.9), the PPA 

moves to the left. These findings are consistent with the modified 

conventional model, which posits that the shift in perceived visual 

direction is attributable to the rotation of ocular vergence rather than an 

alteration in the cyclopean eye. 

 

Figure 3.10 is a replot of the data for the same subject from Figure 3.9 to 

give a clearer picture of the data Disparity (Z) has been converted to the 

physical distance in centimetres from the participant. Similarly, X has 

been converted into centimetres displaced from the midline. The left and 

right visual lines passing through the mixed-contrast target are also 

plotted. The PPAs map out the line of depths which appeared aligned 

with the mixed-contrast targets for each contrast ratio. A linear least 

squares method was used to find the best fitting straight line through 

these points for each contrast ratio (different colours represent different 

contrast ratios).  
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Figure 3.9: The example data of an observer measured in correlate patterns. 
The disparity of upper Gabor was set at+30, 0 and -30arcmin. Each data point 
represents the X location of lower noise patch that appears vertically aligned 
with the upper patch (the PPA). The contrast ratios between the left and right 
eye are described in different colour of lines as indicated at the right of each 
diagram. Error bars represent the SEM calculated across repetition of the 
task. 
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Figure 3.10: Data with correlated patterns from one participant is replotted with 
X and Z converted into physical distances (cm). The black lines represent the 
visual lines from the left and right eyes passing through the upper target. The 
contrast ratios between the left and right eye are described in different colour 
of lines as indicated at the right of each diagram. Situation a, b and c 
represent the upper target was located at +30, 0 and -30arcmin, which has 
been converted to the physical distance in centimetres. Unequal contrast in 
the left and right eye bias PPAs to the visual line with higher contrast image. 
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Accordingly, Figure 3.11 maps out the binocular visual line fitter with the 

PPAs that lower and upper targets appear to be vertically aligned. These 

points must have the same visual direction since they are perceptually 

aligned. The straight line, viewed as the binocular visual line, is fitted to 

the PPAs between the mixed- and equal-contrast targets. The orientation 

of this line with respect to the veridical direction (straight ahead) indicates 

the change in visual direction of the mixed-contrast target caused by the 

interocular contrast difference, with the formula: 

 

For the purposes of describing the data, the angle B is taken as a 

measure of the binocular visual direction of the mixed contrast target. 

Based on Figure 3.11, it is evident that the shift in perceived visual 

direction can be readily explained by a rotation of the binocular direction 

line about a fixed cyclopean eye, rather than a change in the location of 

the cyclopean eye. With the incorporation of varying weights assigned to 

the monocular measurements of direction, in this manner, the binoculus 

rotates to the eye receiving the higher contrast image. Therefore, these 

observations are entirely congruent with the modified conventional theory 

of binocular visual direction.  

 
Figure 3.11: A straight line, viewed as the binocular visual line, is fitted to the 
PPAs between the mixed and equal contrast target. Compared to straight 
ahead, the angular (B) indicates a change in visual direction due to the 
unequal monocular contrasts. L and R represent the orientation (with respect 
to the straight ahead) of the left and right visual lines passing through the 
location of mixed-contrast target. 
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The relationship between interocular contrast ratio and perceived visual 

direction was modelled using a linear fit: 

 

Y = BX + D                                           (3.5) 

 

Where B represents the slope, quantifying sensitivity to contrast 

imbalance, D is intercept representing baseline bias. 

 

Table 3.1, 3.2, and 3.3 show the best fitting parameters for six 

participants measured with correlated patterns. The disparity of the 

equal-contrast (lower) targets was positioned at either +30, 0 or -

30arcmin, respectively. B indicates the binoculus angle (°), D is the 

distance (cm) away from the midline and the goodness of fit indicated by 

R2. For six participants, the value of D is below 0.3 cm, suggesting that 

the shift of the perceived visual direction is due to the rotation of ocular 

vergence instead of changing the visual egocentre location. The R2 

values show a strong fit across most conditions, particularly for S1, S2, 

and S3 (R2 > 0.9 in several cases), confirming that robustness of the 

model. 

 
Table 3.1: Fit results (Eq. 3.5) of the binocular visual direction from 6 
observers when the upper target disparity was fixed at +30arcmin measured 
with correlated noise patches. The estimates of the three parameters B (°), D 
(cm) and the goodness of fit described by R2 are shown. 
 Correlated patches 

L:R 4:1 1:1 1:4 

 B (°) D (cm) R2 B (°) D (cm) R2 B (°) D (cm) R2 

S1 -0.22** 0.19 0.99 0.07** -0.05 1.00 0.20** -0.20 0.93 

S2 -0.11* 0.16 0.82 0.11 -0.01 0.71 0.31** -0.18 1.00 

S3 -0.17** 0.20 0.91 0.06* -0.01 0.77 0.22** -0.18 0.92 
S4 -0.11* 0.24 0.76 0.08 -0.03 0.75 0.12 -0.21 0.39 

S5 -0.02 0.14 0.49 0.03 -0.01 0.29 0.11** -0.11 0.99 

S6 0.04 0.14 0.60 0.09** -0.01 0.92 0.17** -0.16 0.98 
Note: * p < 0.05, ** p < 0.001 
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Table 3.2: Fit results (Eq. 3.5) of the binocular visual direction from 6 
observers when the upper target disparity was fixed at 0arcmin measured with 
correlated noise patches. The estimates of the three parameters B (°), D (cm) 
and the goodness of fit described by R2 are shown. 

 Correlated patches 
L:R 4:1 1:1 1:4 

 B (°) D (cm) R2 B (°) D (cm) R2 B (°) D (cm) R2 

S1 -0.15* 0.04 0.92 -0.05 -0.01 0.58 0.06 -0.04 0.57 
S2 -0.06* -0.03 0.84 0.14* -0.01 0.85 0.25* 0.02 0.93 

S3 -0.08* 0.01 0.77 -0.02 0.03 0.48 0.09* 0.01 0.85 

S4 0.01 0.03 0.51 0.02 0.02 0.24 0.04 0.02 0.52 
S5 -0.05 0.03 0.69 -0.07 0.01 0.67 0.01 0.06 0.52 

S6 -0.06 0.03 0.37 0.00 0.04 0.50 0.03 0.04 0.54 

Note: * p < 0.05 

 
Table 3.3: Fit results (Eq. 3.5) of the binocular visual direction from 6 
observers when the upper target disparity was fixed at -30arcmin measured 
with correlated noise patches. The estimates of the three parameters B (°), D 
(cm) and the goodness of fit described by R2 are shown. 

 Correlated patches 
L:R 4:1 1:1 1:4 

 B (°) D (cm) R2 B (°) D (cm) R2 B (°) D (cm) R2 

S1 -0.18** -0.12 0.97 -0.24** -0.11 0.98 0.06* -0.03 0.77 

S2 -0.18* -0.23 0.94 -0.07 -0.07 0.38 0.28** 0.22 0.97 
S3 -0.24** -0.18 0.99 -0.07* 0.00 0.87 0.09** 0.15 0.81 

S4 -0.12 -0.17 0.39 0.01 0.01 0.45 0.13* 0.24 0.83 

S5 -0.09* -0.13 0.84 -0.08* -0.02 0.94 -0.02 0.14 0.55 
S6 -0.17** -0.15 0.96 -0.06 0.00 0.71 -0.17** -0.15 0.96 

Note: * p < 0.05         

 
 

Figure 3.12 illustrates the effects of different contrast ratios between the 

left and the right eye measured with correlated patterns at three depth (-

30arcmin, 0arcmin, and 30arcmin) on two fitting parameters: B (°) and 

D(cm). The y-axis in the left panel represents the binocular angle and in 

the right panel represents the distance (cm) away from the midline, while 

x-axis in both panels indicates the contrast ratio between the left and the 

right eye (4:1, 1:1, 1:4). Bars with different colours correspond to -30 

disparity (blue), 0 disparity (green), and -30 disparity (brown). Error bars 

indicate standard error of mean (SEM). Individual data points are overlaid 

to show variability across participants. As shown in the Figure 3.12, the 
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greater disparities result in greater deviations in binocular alignment, but 

both the changes in binocular angle and displacement remain within ±0.3. 

 

 
Figure 3.12: The effect of contrast ratio between the left and right eye (LE:RE) 
measured with correlated patterns across three disparity conditions: -30arcmin 
(blue), 0arcmin (green), and 30arcmin (brown) on two fitting parameters: B (°) 
(left ) and D(cm) (right). Error bars indicate standard error of mean (SEM), 
individual data points are overlaid to illustrate variability across participants. 
 

3.4 Experiment 3: Egocentric visual direction 

using one-dimensional uncorrelated noise 

stimuli  

3.4.1 Methods 

3.4.1.1 Observers 

Six observers that participated in Experiment 2, also participated in 

Experiment 3. 
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3.4.1.2 Apparatus and stimuli 

Experiment 3 aimed to investigate the nature of the visual features used 

by participants to make judgments. That is whether observers used the 

fine scale spatial detail (e.g. individual noise bars or clusters of bars) or 

the coarse scale global envelope of the stimuli to support alignment 

judgements. The stimuli in Experiment 3 were similar to those used in 

Experiment 2, but crucially the noise samples used for the upper and 

lower noise pairs were uncorrelated on each trial, rendering only the 

coarse scale spatial information available to perform the task (see Figure 

3.13). 

 

 
Figure 3.13: Two vertically-separated, Gaussian-windowed, 1-d uncorrelated 
noise patches used in Experiment 3. The upper and lower targets were quite 
different.  
 
3.4.1.3 Procedure 

The procedure was identical to that used in Experiment 2. 

 

3.4.2 Results 

The data were averaged across the group of 6 participants to 

demonstrate the overall group result (see Figure 3.14). The data of 

correlated and uncorrelated noise patches will be different if alignment 

judgments are based on the finer scale internal structure rather than the 

coarse scale features. However, the similarity in alignment estimates 

between correlated and uncorrelated noise patches indicates that these 

finer details did not impact the observers' judgments. When participants 

viewed the noise patches, they relied more on the overall shape and 
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boundaries defined by the Gaussian window, which is a larger, smoother 

feature. This is likely because coarse scale features are easier to detect. 

The brain tends to prioritize these features in complex visual 

environments because they provide essential information about the 

general structure and layout of objects. This reinforces the idea the brain 

naturally organizes visual information into whole structures rather than 

focusing on individual elements. This principle supports the reliance on 

overall shapes and boundaries, as these provide essential information 

about the general structure of objects in the visual field (Wagemans et 

al., 2012). 

 

Table 3.4, 3.5, and 3.6 show the best fitting parameters for six 

participants measured with uncorrelated patterns. The disparity of the 

equal-contrast (lower) targets was positioned at either +30, 0 or -

30arcmin, respectively. B indicates the binoculus angle (°), D is the 

distance (cm) away from the midline and the goodness of fit indicated by 

R2. For six participants, the value of D is below 0.3 cm, suggesting that 

the shift of the perceived visual direction is due to the rotation of ocular 

vergence instead of changing the visual egocentre location. The R2 

values show a strong fit across most conditions, confirming that 

robustness of the model. 

 

Figure 3.15 illustrates the effects of different contrast ratios between the 

left and the right eye measured with uncorrelated patterns at three depth 

(-30arcmin, 0arcmin, and 30arcmin) on two fitting parameters: B (°) and 

D(cm). The y-axis in the left panel represents the binocular angle and in 

the right panel represents the distance (cm) away from the midline, while 

x-axis in both panels indicates the contrast ratio between the left and the 

right eye (4:1, 1:1, 1:4). Bars with different colours correspond to -30 

disparity (blue), 0 disparity (green), and -30 disparity (brown). Error bars 

indicate standard error of mean (SEM). Individual data points are overlaid 

to show variability across participants. As shown in the Figure 3.15, the 

greater disparities result in greater deviations in binocular alignment, but 

both the changes in binocular angle and displacement remain within ±0.3. 
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Figure 3.14: Group data of six participants in correlated and uncorrelated 
patterns. The disparity of upper Gabor was set at 0, +30 and -30arcmin. Each 
data point represents the X location of lower noise patch that appears 
vertically aligned with the upper patch. The contrast ratios between the left 
and right eye are described in different colour of lines as indicated at the right 
of each diagram. Error bars represent the SEM calculated across repetition of 
the task. 
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Table 3.4: Fit results (Eq. 3.5) of the binocular visual direction from 6 
observers when the upper target disparity was fixed at +30arcmin measured 
with uncorrelated targets. The estimates of the three parameters B (°), D (cm) 
and the goodness of fit described by R2 are shown. 

 Uncorrelated patches 

L:R 4:1 1:1 1:4 

 B (°) D (cm) R2 B (°) D (cm) R2 B (°) D (cm) R2 

S1 -0.18* 0.20 0.89 0.04 -0.05 0.74 0.17** -0.17 0.91 
S2 -0.10* 0.13 0.88 0.09** -0.04 0.91 0.21** -0.16 0.94 

S3 -0.10* 0.19 0.76 0.00 0.02 0.01 0.21** -0.16 0.99 

S4 -0.01 0.18 0.06 0.03 0.00 0.50 0.07 -0.17 0.45 
S5 -0.02 0.13 0.55 0.04 0.00 0.44 0.08 -0.11 0.76 

S6 0.02* 0.16 0.81 0.07* 0.00 0.82 0.15** -0.15 0.95 

Note: * p < 0.05, ** p < 0.01 

 
 
Table 3.5: Fit results (Eq. 3.5) of the binocular visual direction from 6 
observers when the upper target disparity was fixed at 0arcmin measured with 
uncorrelated targets. The estimates of the three parameters B (°), D (cm) and 
the goodness of fit described by R2 are shown. 

 Uncorrelated patches 
L:R 4:4 1:1 1:4 

 B (°) D (cm) R2 B (°) D (cm) R2 B (°) D (cm) R2 

S1 -0.13* 0.05 0.87 -0.04 0.00 0.41 -0.01 -0.05 0.53 

S2 -0.07 -0.01 0.69 0.03 0.00 0.45 0.13* 0.02 0.84 
S3 -0.07* 0.02 0.77 -0.02 0.00 0.65 0.06* 0.01 0.85 

S4 0.01 0.02 0.58 0.03 0.01 0.74 0.05* 0.00 0.77 

S5 0.04** 0.02 0.92 -0.02 0.01 0.22 -0.01 0.05 0.45 
S6 -0.03 0.03 0.32 -0.05 0.04 0.73 0.03 0.05 0.33 

Note: * p < 0.05, ** p < 0.01 
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Table 3.6: Fit results (Eq. 3.5) of the binocular visual direction from 6 
observers when the upper target disparity was fixed at -30arcmin measured 
with uncorrelated targets. The estimates of the three parameters B (°), D (cm) 
and the goodness of fit described by R2 are shown. 

 Uncorrelated patches 

L:R 4:1 1:1 1:4 

 B (°) D (cm) R2 B (°) D (cm) R2 B (°) D (cm) R2 

S1 -0.17** -0.12 0.99 -0.18* -0.08 0.88 -0.08** -0.03 0.92 
S2 -0.10** -0.17 0.97 -0.05** -0.04 0.91 0.09* 0.11 0.87 

S3 -0.14** -0.14 0.99 -0.04 0.02 0.61 0.04 0.14 0.53 

S4 0.01 -0.11 0.54 0.02 0.03 0.32 0.02 0.15 0.48 
S5 -0.15 -0.17 0.75 -0.04 -0.01 0.64 -0.01 0.17 0.03 

S6 -0.16** -0.14 0.99 -0.09** -0.01 0.94 -0.05 0.15 0.56 

Note: * p < 0.05, ** p < 0.01 

 

 
Figure 3.15: The effect of contrast ratio between the left and right eye (LE:RE) 
measured with uncorrelated patterns across three disparity conditions: -
30arcmin (blue), 0arcmin (green), and 30arcmin (brown) on two fitting 
parameters: B (°) (left ) and D(cm) (right). Error bars indicate standard error of 
mean (SEM), individual data points are overlaid to illustrate variability across 
participants. 
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3.5 Experiment 4: Comparison with longer 

presentation. 

Experiment 3 showed that there was no difference between the patterns 

of results found using correlated and uncorrelated one-dimensional noise 

patterns. However, it is unknown if this consistency was a consequence 

of the very brief duration (150ms) of the stimuli, as participants may not 

have sufficient time to process and compare the fine internal spatial 

details of the two vertically-separated stereo patches containing the 

same noise sample in Experiment 2. Indeed, there is much evidence that 

stereoscopic-depth perception may be mediated by two distinct systems 

(transient versus sustained stereopsis), operating over different 

timescales and with different properties (e.g. Schor, Edwards, & Pope, 

1998). If this was the case, participants are able to utilise fine spatial 

scale information when it is available for a sustained period of time, one 

might expect a different result using correlated versus uncorrelated 

patterns when the stimuli are presented for a longer duration. 

 

3.5.1 Methods 

3.5.1.1 Participants 

Six participants participated in Experiment 3, also participated in 

Experiment 4. 

 

3.5.1.2 Apparatus and stimuli 

This experiment used both the correlated and uncorrelated noise 

patterns as stimuli. 

 

3.5.1.3 Procedure 

The procedure was identical to that used in Experiment 3 with the 

exception that the presentation of stereo patches lasted 1s, which was 
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consistent with Experiment 1. Only one disparity condition was measured 

in this experiment, in which the upper patch was located at fixation 

(0arcmin). The disparity of the lower patch ranged from -30 to +30arcmin. 

The same contrast parameters were measured to that used in 

Experiment 3.  

 

3.5.2 Results 

Our findings with brief presentation (150ms) stimuli were robust and not 

dependent on the operation of a transient stereo vision mechanism as 

we obtained similar results even with a much longer presentation which 

should favour a sustained stereo mechanism (see Figure 3.16). Since 

there is no difference between the results using correlated and 

uncorrelated targets, this suggests that alignment judgements were 

made using the overall coarse spatial scale of the Gaussian envelope 

(window) rather than the finer scale internal structure. Figure 3.16 depicts 

the data of all six participants when disparity of the upper noise patch 

was located at 0 arcmin and measured with both correlated and 

uncorrelated patterns. Consistent with Figure 3.14b, the perceived visual 

direction remains along the X = 0 horizontal line, regardless of different 

interocular contrast differences. This indicates that the visual direction 

does not shift towards the eye with the more visible image.  

 

Figure 3.17 depicts the best fitting straight lines to the alignment data, 

which is a replot of the data for the six subjects from Figure 3.16. Similarly, 

Z and X have been transformed into physical distance (cm). The left and 

right visual lines passing through the mixed-contrast target are also 

plotted. In Figure 3.17, the best fitting straight line through these points 

for each contrast ratio (different colours represent different contrast ratios) 

are considered to represent the binocular visual line. According to Figure 

3.17, the displacements from the X = 0 horizontal line for participants 

were generally minimal, not exceeding 1cm. However, participants S1 

and S2 showed slightly larger displacements, which were still less than 1 

cm, especially when their right eye received a higher contrast image. This 
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may be due to their right eye dominance influencing their judgments. No 

significant differences were observed between correlated and 

uncorrelated patterns, indicating that alignment judgments were based 

on the overall coarse structure. Therefore, the results were consistent 

with the modified conventional model (Banks et al., 1997), which posited 

that the cyclopean eye is fixed and does not shift towards the eye with a 

higher contrast image. The fitted parameters (Eq.3.3) for binocular visual 

direction under three contrast ratios with correlated patterns are 

presented in Table 3.7 and visualized in Figure 3.18. The uncorrelated 

patterns are presented in Table 3.8 and visualized in Figure 3.19. 

 

The distance (D value) was consistent small (with D < 0.06) across all 

conditions and participants, indicating no systematic deviation from the 

midline. Figure 3.18 and Figure 3,19 demonstrates the effects of 

interocular contrast difference on binocular visual direction judgments for 

correlated targets and uncorrelated targets, respectively. The y-axis in 

the left panel represents the binocular angle and in the right panel 

represents the distance (cm) away from the midline, while x-axis in both 

panels indicates the contrast ratio between the left and the right eye (4:1, 

1:1, 1:4). Error bars indicate standard error of mean (SEM). Individual 

data points are overlaid to show variability across participants. The stable 

displacement confirms that the cyclopean eye is fixed rather than shifting 

to the eye receiving a more visible image. 
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Figure 3.16: Individual data of six observers viewing with correlated and 
uncorrelated patterns. The upper Gabor was located at 0arcmin. Each data 
point represents the X location of lower noise patch that appears vertically 
aligned with the upper patch. The contrast ratios between the left and right eye 
are described in different colour of lines as indicated at the right of each 
diagram. Error bars represent the SEM calculated across repetition of the 
task. 
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Figure 3.17: Data from 6 observers with 1s presentation is replotted with X 
and Z converted into physical distances when viewing with both correlated and 
uncorrelated patterns. Each data point represents the X location of lower noise 
patch that appears vertically aligned with the upper patch. The contrast ratios 
between the left and right eye are described in different colour of lines as 
indicated at the right of each diagram. Error bars represent the SEM 
calculated. 
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Table 3.7: Fit data (Eq. 3.5) of the binocular visual direction from 6 observers 
when the upper target disparity was fixed at 0 arcmin measured with 
correlated targets and longer presentation. The estimates of the three 
parameters B (°), D (cm) and the goodness of fit described by R2 are shown. 

  Correlated patches 
  4:1 1:1 1:4 

  B (°) D (cm) R2 B (°) D (cm) R2 B (°) D (cm) R2 

S1 0.05 0.06 0.18 0.15** 0.01 0.95 0.20* 0.00 0.89 

S2 -0.07 -0.02 0.73 0.15* -0.01 0.90 0.27* 0.01 0.94 

S3 -0.10** 0.03 0.96 0.01 0.03 0.61 0.08 0.03 0.51 

S4 -0.03* 0.01 0.82 0.00 0.00 0.50 0.03 -0.02 0.32 

S5 -0.04 0.03 0.55 -0.01 0.04 0.47 -0.01 0.04 0.44 

S6 0.02 0.05 0.47 0.00 0.04 0.40 0.04 0.05 0.42 

Note: * p < 0.05, ** p < 0.01 

 

 
Figure 3.18: The effect of contrast ratio between the left and right eye (LE:RE) 
measured with correlated patterns at 0arcmin on two fitting parameters: B (°) 
(left) and D (cm) (right). Error bars indicate standard error of mean (SEM), 
individual data points are overlaid to illustrate variability across participants. 
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Table 3.8: Fit results (Eq. 3.5) of the binocular visual direction from 6 
observers when the upper target disparity was fixed at 0 arcmin measured 
with uncorrelated targets and longer presentation. The estimates of the three 
parameters B (°), D (cm) and the goodness of fit described by R2 are shown. 

  Uncorrelated patches 
  1:4 1:1 4:1 

  B (°) D (cm) R2 B (°) D (cm) R2 B (°) D (cm) R2 

S1 -0.09 0.03 0.53 0.06 -0.01 0.41 0.17* -0.04 0.83 

S2 -0.07** 0.01 0.92 0.07* 0.01 0.82 0.13** 0.02 0.97 

S3 -0.09** 0.02 1.00 0.00 0.01 0.42 0.02 0.01 0.41 

S4 -0.03* 0.01 0.82 0.00 0.00 0.40 0.03 -0.02 0.32 

S5 -0.03 0.03 0.22 0.00 0.04 0.44 0.03 0.06 0.51 

S6 -0.03 0.06 0.46 0.00 0.06 0.50 0.01 0.06 0.45 

Note: * p < 0.05, ** p < 0.01 

 

 
Figure 3.19: The effect of contrast ratio between the left and right eye (LE:RE) 
measured with uncorrelated patterns at 0arcmin (on two fitting parameters: B 
(°) (left) and D (cm) (right). Error bars indicate standard error of mean (SEM), 
individual data points are overlaid to illustrate variability across participants. 
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3.6 Discussion 

When the target image appears at different locations in the two eyes, 

estimates of binocular visual direction become ambiguous. This 

ambiguity arises because identical retinal disparities can result from 

different real-world configurations. To resolve this conflict, the brain must 

rely on additional cues—such as occlusion, perspective, or prior 

knowledge—to disambiguate the perceived direction. The perceived 

visual direction of the fused image is from the left and right eye (e.g., 

Walls, 1951), it is perceived as if viewing from one imagery eye, the 

cyclopean eye (or the visual egocentre) which is believed as the average 

of the monocular images (e.g., Hering, 1879; Ono, 1981; Wells, 1792). It 

has long been established that differences in target luminance between 

the eyes affect perceived visual direction (Charnwood, 1949; Francis & 

Harwood, 1951; Verhoeff, 1933, 1935). This finding led Mansfield and 

Legge (1996) to propose a novel model based on which the most likely 

direction given the noisy direction estimations communicated by the left 

and right eyes is selected. This model takes into consideration variations 

in visual direction affected by interocular contrast differences. According 

to the theory of Mansfield and Legge (1996), the cyclopean eye was not 

fixed, but rather was able to shift along the interocular axis in response 

to the relative contrast ratios presented to each eye. Nevertheless, Banks 

et al. (1997) argued that their findings cannot be explain by a wandering 

cyclopean eye, as the alignment task is unable to pinpoint the location of 

the cyclopean eye without assuming a wandering cyclopean eye, Banks 

et al. (1997) modified the conventional model by adding varying weights 

allocated to the monocular direction measurements. 

 

Figure 3.20 describes the predictions of these two models measured at 

three different stereoscopic depths, in which the upper patch was located 

on the vertical midline (X = 0arcmin) with a disparity (Z) of 0, +30, and -

30arcmin. The solid lines show the model of Mansfield and Legge (1996), 

while the dashed lines correspond to the model of Banks et al. (1997). 

Different contrast ratios between the two eyes are depicted by different 
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colours and symbols. The tendency of the solid lines is constant 

throughout stereoscopic depth settings, suggesting that the perceived 

visual direction is biased to the eye receives a higher contrast image. The 

dashed lines behave very differently in three stereoscopic depth 

conditions, suggesting that the cyclopean eye is fixed in the middle 

between the two eyes, but the binocular direction line can rotate relative 

to this cyclopean eye to change perceived visual direction if the two eyes’ 

inputs are unbalanced. 

 

The results of this study suggest that both depths and interocular contrast 

differences have an effect on perceiving the binocular visual direction. In 

line with earlier research showing that interocular brightness differences 

(e.g., Charnwood, 1949) impact visual direction, interocular contrast 

imbalance also somewhat influences how one perceives visual direction. 

As there was no difference between the results using correlated and 

uncorrelated luminance-balanced, aperiodic, one-dimensional noise 

stimuli with either relatively brief or longer presentation durations, 

suggesting that alignment judgments were made based on using the 

overall coarse spatial scale of the Gaussian envelope rather than the finer 

scale internal structure. For visual decision-making, this phenomenon 

indicates that the brain prioritizes broader and more prominent features, 

indicating the brain arranges visual information into whole structures 

instead of concentrating on individual components (Wagemans et al., 

2012). 
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Figure 3.20: The prediction of two models. 
The solid lines represent the model predictions of Mansfield and Legge (1996) 
and the dashed lines represent those of Banks et al. (1997). Three depths 
conditions were compared: 0arcmin (top), 30arcmin (middle) and -30 arcmin 
(bottom). Different colours and symbols depict different contrast ratios 
between the left and right eyes. The solid lines show that the location of 
egocentre shifts towards the eye receiving a more visible image, whereas the 
dashed lines describe that the location of egocentre is fixed, but the vergence 
of egocentre changes when one eye receives a higher contrast image. 
 
 

The results are more biased toward the modified conventional model 

(Bank et al., 1997) based on the best fitting parameters of binoculus 

angle and displacement from the midline. Therefore, binocular visual line 

changes are caused by ocular vergence rather than the location of the 

cyclopean eye when contrast imbalances occur between the two eyes. 
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The influence of contrast sensitivity varies depending on the area of the 

visual field when discussing contrast imbalances between the two eyes. 

Due to the high density of cone photoreceptors in the fovea, the central 

region of the visual field is the most contrast sensitive. As contrast 

sensitivity declines from the fovea to the peripheral retina, the peripheral 

retina is more sensitive to low light levels (Wright & Johnston, 1983). 

Which portion of the retina is exposed to the stimuli depends on the eye 

position, and this has a distinct effect on contrast sensitivity. 

Consequently, when contrast imbalance occurs between the two eyes, 

changes in perceived visual direction may be attributed to changes in eye 

position or vergence. Mansfield and Legge (1996), on the other hand, did 

not record eye movement because they believed that eye position would 

not influence directional judgments. Consequently, they were unable to 

take into account the variation in vergence in all experimental situations. 

 

Furthermore, Mansfield and Legge (1996) highlighted the distinction 

between detecting stereo depth and visual direction, suggesting that the 

geometrical model is not straightforward if the images from the left and 

right eye are not stereoscopically integrated. Stereo depth perception 

necessitates that the stimulus be detected in both eyes (Hawken, Parker, 

& Simmons, 1987; Simmons, 1992; Simmons & Kingdom, 1994), 

whereas visual direction can be determined as long as the stimulus is 

detectable in either one or both eyes. Consequently, the accuracy of 

stereo depth judgments is constrained by the noise in the least sensitive 

monocular channel (Legge & Gu, 1989), while binocular visual direction 

judgment is constrained by the noise in the most sensitive monocular 

channel. There is a critical interocular contrast ratio, beyond which 

achieving stereo fusion becomes impossible (Smallman & McKee, 1995). 

This can potentially explain the diplopia that was reported by our 

participants in some cases when viewing the correlated one-dimensional 

noise conditions, especially when the upper patch was presented with a 

disparity of -30arcmin.  
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As predicted by the fusion theory, dichoptic stimuli with a small disparity 

were perceived as single. When the upper target was located at a depth 

of -30arcmin (an uncrossed disparity), the target moved back to the 

fixation point, and the subject perceived a sense of plasticity in the depth 

difference between the fixation marker and target. In terms of Panum's 

fusional area, this disparity corresponds to the outer border of binocular 

single vision (Ogle, 1952). Therefore, there is a reported difficulty in 

fusing the stimuli, and thus diplopia is perceived. As fusion may not 

always be achieved in all cases, the relative direction between the two 

targets is determined by the eye that can see both targets if the contrast 

in one eye is below the detection threshold. However, an absolute 

direction alignment task should be employed if they want to conclude 

there is a wandering cyclopean eye shifting along the interocular axis. In 

terms of a fixed cyclopean eye, whether it is located centrally or non-

centrally, the origin of all visual directions remains consistent. However, 

the origin of a wandering cyclopean eye changes depending on the 

stimulus setting; the direction of objects relative to the participant must 

be continually recalibrated (Mapp & Ono, 1999).  

 

The binocular visual line, an imaginary line that depicts the combined 

direction of gaze from both eyes, rotates markedly when two eyes receive 

unequal contrast images, according to Banks et al.’s (1997) theory. As a 

result, the brain gives more weight to the eye presented with a higher-

contrast image. As compared with the minor shifts in cyclopean eyes, this 

rotation is more substantial. In many studies, the terms effective 

viewpoint and cyclopean eye have been blurred (e.g., Charnwood, 1949; 

Francis & Harwood, 1951; Erkelens & van de Grind, 1994). The effective 

viewpoint refers to the actual position where objects are observed. 

Erkelens and colleagues (1996) characterized it as a local centre of 

direction that could be situated at the left eye, the right eye, or midway 

between the eyes. The position of this local centre of direction varies 

depending on whether the alignment targets are situated near a region 

that was monocularly occluded. The cyclopean eye represents the 

perceived point from which egocentric direction judgments are formed, 
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essentially signifying the perceived “self” location. Accordingly, their 

claim that the effective viewpoint moves to the eye receiving higher 

contrast does not differ much from their initial argument that the 

cyclopean eye moves, and, as such, it is subject to all the same criticisms 

discussed by Banks et al. (1997). 

 

In summary, the results of the current study are consistent with models 

in which binocular visual direction is computed by a weighted average of 

the monocular directions and favour coarse-scale information. 

Nonetheless, future work should aim to develop tasks that can measure 

the location of the cyclopean eye directly, as the current experiments 

cannot decisively establish its precise location within an individual. 

Understanding how human binocular vision determines the directions of 

objects in space relative to the viewer has important implications not only 

for basic science but for many ocular diseases where input to one eye is 

modified, such as cataracts and amblyopia. 
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Chapter 4. Measurement of the visual 

egocentre location 

4.1 Introduction 

When determining the direction of a visual object relative to the head, it 

is necessary to take into account the positions of the images in the eyes 

(the oculocentric component) and the angle of the eyes with respect to 

the head (the eye-position component) (Howard & Rogers, 1995). A 

visual object fixated by the two eyes has a different (monocular) direction 

in each eye, yet it’s judged to have a single direction in space. Though 

our two eyes receive distinct images, the visual system combines them 

into a single unified representation of world, termed the cyclopean view. 

This concept was first proposed by Alhazen in the eleventh century - he 

used the term “centre” rather than “cyclopean eye”. Later, Hering 

(1868/1977), during a discussion on binocular visual direction, introduced 

the concept of a hypothetical body anchor point to serve as a reference 

for judging the direction of objects relative to the viewer. The point, 

situated midway between the two eyes, has been given various names, 

such as the “cyclopean eye”, “projection centre”, “binoculus” and the 

“visual egocentre” (Howard, 1982). The idea of a cyclopean eye acting 

as a reference for visual direction persisted without substantial challenge 

for almost a century (see Fry, 1950) until Walls (1951) introduced a new 

theory of egocentric localization. According to Walls, visual direction is 

referenced against the dominant eye's visual line (or sighting dominance) 

rather than against a hypothetical interocular projection centre. Julesz 

(1971) extended Hering’s ideas and proposed that the processing of 

cyclopean perception resides at a central location in the human brain. 

The first opportunity for the visual system to combine outputs from each 

eye into a single unified representation is the primary visual cortex (area 

V1 in primates). Hubel and Wiesel (1962, 1968) found that a majority of 

the cortical cells in area 17 of the cat and area 18 of the monkey could 
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be driven binocularly. More recent evidence from neuroimaging in 

humans suggests that V1 provides a representation of the stimulus 

position in each eye, while responses in V2 and other extrastriate cortical 

regions are better predictors of the location of cyclopean images 

(Barendregt et al., 2015).  

 

Wells’s (1792) three propositions together illustrate how visual direction 

is affected by the alignment of objects with various visual axes and visual 

lines. According to Proposition I, even when an item is directly aligned 

with the optic axis, it appears to be viewed in the common axis, indicating 

that visual perception changes from the optic axis to the common axis. A 

shift in perception from the common axis to the individual axis of the eye 

is indicated by Proposition II, which demonstrates that an object aligned 

with the common axis does not appear to be on it, but rather on the axis 

of the eye that is unable to see them. The first two propositions, as special 

cases of Proposition III, can therefore be deduced from it. Proposition III, 

as the core proposition of Wells’s theory, describes a more complex and 

comprehensive phenomenon of visual direction perception, covers the 

perceptual shift in different situations, and reveals the influence of 

binocular disparity on stereopsis. Wells’s theory not only explains why 

the objects’ position we see may not correspond to their actual positions, 

but also demonstrates an early attempt to codify the relationship between 

the physical and perceived locations of objects in the visual field.  

 

Wells (1792) focused on the descriptive observation of how objects are 

perceived in different visual axes instead of relying on constructs, but his 

research was not widely understood or recognized until Hering 

(1879/1942) developed a comprehensive explanation of visual direction. 

Hering (1879/1942) posited that the direction of an object is determined 

by projecting the retinal image to a hypothetical "cyclopean eye", based 

on retinal points in both eyes corresponding to the visual direction. 

Hering’s law incorporated hypothetical constructs such as the cyclopean 

eye, corresponding points, and identical visual direction, focusing on how 

the brain combines images from two eyes to create a unified visual 
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direction. Accordingly, researchers have devoted a great deal of effort to 

understanding how people determine the location of the cyclopean eye 

(or the visual egocentre) and to formalizing the various principles of visual 

direction (González, Steinbach, & Ono, 1999). There is ongoing debate 

on the exact location of the cyclopean eye. One of the hypotheses, had 

been remained unchallenged for nearly a century, suggested that the 

cyclopean eye is located at the midway between the two eyes (Fry, 1950; 

Hering, 1868/1977, 1879/1942; Le Conte, 1881). Walls (1951) proposed 

that the egocentric visual direction is determined by the sighting dominant 

eye, or the dominant eye (Parson, 1924; Porac & Coren, 1981; Rubin & 

Walls, 1969; Sheard, 1926). This phenomenon of the non-sighting eye 

being temporarily suppressed during the visual alignment task led to this 

hypothesis. These two hypotheses led to one question - where is the 

exact position of the visual egocentre (or the cyclopean eye)? The 

precise position of the visual egocentre can be measured behaviourally 

in the laboratory using psychophysical techniques, and a number of 

different methods have been developed for this purpose (Barbeito & Ono, 

1979).  

 

Four of these methods will be described briefly: two of them (Funaishi, 

1926; Howard & Templeton, 1966) attempt to estimate the egocentre 

location independently of the law of visual direction, whereas the other 

two (Fry, 1950; Roelofs, 1959) rely on the law of visual direction and 

estimate the location based on an observer’s response (Ono, 1991 - see 

Figure 1.14 in Chapter1). In Howard and Templeton’s (1966) method, an 

observer was asked to align two stimuli (near and far) until the imaginary 

axis joining them was judged to point directly at themselves. The 

intersection point of the projected axes is taken as the egocentre (see 

Figure 1.14 (a)). Funaishi’s (1926) task required an observer to fixate a 

point and then judge the direction of a non-fixated point placed to the left 

or right of the fixation point in the same frontal parallel plane. The 

apparent direction of the targets and lines are projected back through the 

response locations to estimate the egocentre (see Figure 1.14 (b)). 

Roelofs’s (1959) method required the observer to fixate on the front of a 
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tube with one eye, while the other eye is occluded, and indicate a point 

on the illusory line that is perceived between them. In accordance with 

Hering’s (1879/1942) principles of visual direction, the tube will appear to 

be pointing forward along a radial line joining the subject's egocentre and 

the tube's front, rather than corresponding to its objective direction. As 

defined above, the apparent direction of the tube is regarded as the 

projection from its front to a point on the observer’s face at which the tube 

is pointing, such that the projection is considered to pass through the 

egocentre (see Figure 1.14 (c)). For Fry’s (1950) measurement, an 

observer was required to binocularly fixate on one of two stimuli (the 

farther target in Figure 1(d)) and indicate the apparent location of each 

diplopic image produced by the non-fixated stimulus (the closer one). The 

observer used a pointing device to mark these locations, ensuring that 

the hand used for pointing was not visible to maintain the accuracy of the 

perceived direction. Lines, projected from the indicated location of the 

diplopic images back towards the observer, are assumed to pass through 

the egocentre (see Figure 1.14 (d)).  

 

After comparing the predictive validity (the ability to predict responses on 

other visual direction tasks) and reliability (rest-retest stability) of these 

four methods, Barbrito and Ono (1979) concluded that the approach 

proposed by Howard and Templeton (1966) provided the best estimate 

of the location of the egocentre - the reference point used to perform this 

task could be located with much greater precision. Howard and 

Templeton’s method required direct visual judgments, while the other 

three methods introduced potential sources of error (asking subjects to 

point to a location in space using their hands) to the visual judgment. 

Based on the predictive validity of Howard and Templeton’s method, the 

locations determined by it were most effective in predicting individual 

differences across three different visual direction tasks. As a result, the 

method's high precision is attributed to the lack of manual pointing 

responses as a source of variability (Barbrito & Ono, 1979). In addition, 

individual differences in constant errors associated with pointing to a 

location in space manually may obscure true variation in egocentre 
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location and inflate estimate reliability, reflecting variations in constant 

error rather than the true egocentric localization (Barbrito & Ono, 1979; 

Mitson et al., 1976; Ono et al., 1972). Furthermore, manual pointing 

errors in different methods could lead to different egocentre locations, 

which may explain offsets in egocentre location – it’s more rightward in 

the Roelofs’s (1959) methods compared with Furnishi’s (1926) method. 

We choose to employ a similar paradigm based on the approach used by 

Howard and Templeton (1966), but in order to reduce errors in the 

alignment between the two stimuli, we used a rod instead. The rod is free 

to rotate until its near front side (the one closer to the observer) directly 

toward the observer. In order to explore the true individual variations in 

the egocentre location that eliminates the effects of measurement error 

or systematic biases, both binocular and monocular sighting tasks are 

conducted based on this paradigm to investigate the egocentre locations 

and correlate the horizontal separations with the physical Inter-Pupil 

distance (IPD) among individuals. Individual difference studies can be 

used to compare visual characteristics between different populations, 

such as gender differences, age differences, and differences between 

patients with certain diseases and normal people (Mollon et al., 2017). 

These variations can give us deeper understanding of the workings of the 

visual system and are crucial in the clinical domains, such as 

investigating the biological causes of illnesses and linking specific visual 

characteristics to specific clinical symptoms. 
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4.2 Experiment 5: Variation in the location of the 

visual egocentre measured using a 

monocular and binocular sighting task  

4.2.1 Methods 

4.2.1.1 Observers 

Twenty-six participants (N = 26, age range: 23-53years, mean age: 30.76 

± 7.76years) took part in this experiment. The participants all had normal 

or corrected-to-normal vision and no history of ocular disease. Before 

formal data collection began, the TNO stereo test (Lam ́eris Ootech, 

Nieuwegein, The Netherlands) was presented orthogonally at a distance 

of approximately 40cm. The observer utilized red-green anaglyph 

spectacles to discern the orientation of a cyclopean object depicted within 

random-dot stereograms. The smallest disparity at which accurate 

identification could be reliably achieved was recorded as a measure of 

stereoacuity. We first presented Plate III to ensure each of the 

participants had normal stereo vision and thus was able to perceive the 

depth and 3-dimension structure of visual information (range from 60 to 

120 arcsec). The observer then was presented with Plate V-VII, in which 

six pairs of figures are characterized by retinal disparities of 480, 240, 

120, 60, 30 and 15arcsec, respectively. It would be used for exact 

determination of stereoscopic sensitivity. The experiment was approved 

by the School of Psychology Ethics Committee at the University of 

Nottingham. Participants gave informed consent before the experiment 

and all experimental procedure conformed to the guidelines laid out in 

the Declaration of Helsinki.  

 

4.2.1.2 Apparatus and Stimuli 

We used a custom-built sighting apparatus consisted of a stainless-steel 

rod (19cm length, 0.25cm diameter located approximately 34cm from 
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bridge of nose) mounted on a Thorlabs’ PR01/M Metric Precision 

Rotation platform, which could be smoothly and continuously rotated by 

hand through a full 360°, measured by the 1° graduation marks on the 

side of the stage when the steel locking thumbscrew was unlocked 

(Figure 4.1). The micrometre could provide ±5° of fine adjustment, 

measured with 5 arcmin resolution, by means of a Vernier scale. As 

shown in Figure 4.1, the PR01A/M Adapter Plate was attached to the top 

of the PR01/M Rotation Stage, in which a PM5(/M) stainless-steel 

clamping arm was mounted in the centre of the adapter plate and the 

distance from the adapter plate centre to the contact point that holds the 

rod was 2.286cm. Using this apparatus, the visual egocentre was 

measured using both a monocular and a binocular sighting task. During 

the task, the participant sat at a specially constructed table with their head 

supported by a chin rest. They fixated on the front end the rod (coloured 

red) and rotated the orientation of the rod in the horizontal plane until it 

pointed to either their right eye, left eye or directly towards them during 

binocular viewing. Fine adjustments could be made using a screw 

mechanism on the edge of the stage. The entire stage could be rotated 

in an arc around the participant’s head to vary the viewing angle.   

 

 
Figure 4.1: The apparatus used in the experiment. 
(a). The custom-built apparatus used in the experiment placed on the specially 
constructed table; (b)The high-precision stage used to move the rod in the 
horizontal plane during the monocular and binocular sighting task. 
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4.2.1.3 Procedure 

At the beginning of the experiment the individual’s head circumference 

was measured using a flexible tape measure. The participant was then 

instructed to place their head in the sighting apparatus using the head 

restraint and chin rest, and the distance from the front end of the rod to 

the bridge of the nose as well as from the centre of rotation to the bridge 

of the nose were measured. Then the participant was instructed to fixate 

on the red-coloured front end of the rod, during which the inter-pupillary 

distance (IPD) was measured with a ruler. After these measurements 

were complete, the participant was asked to adjust the orientation of the 

rod in the horizontal plane until its front end was pointing directly towards 

their right or left eye (monocular conditions), or directly towards them 

during binocular viewing. Measurements were made along the horizontal 

azimuth for each of a range of eccentricities spanning ±52.5°, relative to 

the centre of the head (9 eccentricities: 0°, 15°, 30°, 45°, 52.5°, -15°, -

30°, -45°, -52.5°), as shown in Figure 4.2. Within each experimental 

session, each task was measured five times, each time constituted a 

single trial that consisted of a set of nine single eccentricities made in a 

manner appropriate to the task in question. The order of these judgments 

within a trial was randomly assigned. Trial judgments were made with 

both left eye, right eye, and binocularly. Within each trial, the starting 

position was randomized. Subjects were given one practice trial before 

the start of each task. The mean intersection of the extensions of the 

rod’s axis at each eccentricity gave a direct measure of visual direction 

(termed measured egocentre). The point was taken to be a least-squared 

approximation to the location of the 'true' single intersection, which had 

the shortest perpendicular offsets to each of the nine lines (Mitson, Ono, 

& Barbeito, 1976). The perpendicular distance from a point (x, y) to each 

of the nine lines was determined using the nonlinear least squares 

method in MATLAB with three fitted parameters (A, B and C): 

 



 150 

F		(𝑥, 𝑦) =H I0#	1.*#	2.3#	
	40#

!.*#
!
J

"5

)6/

                                                    (4.1) 

 

Where A and B affect the slope of and the orientation of each line, C 

determines the line’s position relative to its origin. The point (x, y), in 

Euclidean coordinates, has the shortest perpendicular distance to each 

of the 9 lines. This method ensures that the selected point is optimally 

located relative to all lines, balancing distances and finding a point that 

minimises overall variation. This estimate was compared to the averaged 

egocentre, established by viewing the same rod monocularly and finding 

the midpoint of the left and right eyes’ sighting measurements. 

 

 
Figure 4.2: Schematic representation of the experiment.  
Measurements were made along the horizontal azimuth for each of a range of 
eccentricities spanning ±52.5° relative to the median plane of the head.   
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Figure 4.3: Three representative sets of data for both monocular and binocular 
measures. Left column a(1), a(2), and a(3) show monocular measurements 
where red lines represent the left eye sighting direction, and purple lines 
represent the right eye sighting direction. The blue crosses represent the 
intersections of these lines separately for the left and right eyes and the red 
cross represents the average of these two locations. Right column, b(1), b(2), 
and b(3) provide a direct estimate of the binocular visual egocentre location for 
each participant, indicated by the red cross. Error bars represent ±1 standard 
deviation, calculated across five repetitions of the task. 
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4.2.2 Results 

The visual egocentre location was established using a least squares 

method and represents the mean point of intersection of the extensions 

of the rod’s axis in its various azimuthal locations. Three representative 

participants’ data (S1, S2 and S3), measured with monocular and 

binocular viewing, are shown in Figure 4.3. In Figure 4.3a, monocular 

measures give an estimate of the locations of the two eyes in the head, 

derived from the sighting task, which can be compared to the physical 

IPD measured at the start of the experiment. The red lines indicate the 

left eye sighting direction while the purple lines indicate the right eye 

sighting direction. The blue crosses represent the intersections of these 

lines separately for the left and right eyes. The blue crosses for the left 

eye of S1, S2, and S3, are located 33.00 (SD = 1.93), 39.25 (SD = 2.40), 

and 42.74 (SD = 2.93) mm to the left of the median plane of the head, 

respectively. The blue crosses for the right eye of these same participants 

are positioned 46.69 (SD = 0.72), 24.55 (SD = 2.78) and 19.41 (SD = 

2.76) mm right of the median plane, respectively. The “averaged 

egocentre” (i.e. half the distance between the monocular sighting 

estimates indicated by red cross on each plot in Figure 4.3a) is located 

7.88 (SD = 0.6) mm to the right of the median plane and 32.76 (SD = 

9.46) mm behind the corneal plane for S1, 4.60 (SD = 0.65) mm left of 

the median plane and 32.78 (SD = 17.35) mm behind the corneal plane 

for S2, and 8.67 (SD = 1.41) mm left of the median plane and 18.28 (SD 

= 20.13) mm behind the corneal plane. The horizontal separation 

between the locations of the two eyes in the head, derived from the 

monocular sighting task, for the same three representative participants 

are 79.69, 63.80, and 62.15mm, respectively.  

 

Figure 4.3b shows the results of the binocular sighting task which provide 

a direct estimate of the binocular visual egocentre location (hereafter 

termed “measured egocentre”) for each participant, indicated by the red 

cross in each plot. The measured egocentre of S1 is located 15.59 (SD 

= 0.86) mm to the right of the median plane, and 33.94 (SD = 7.44) mm 



 153 

behind the corneal plane, indicating a marked bias towards the right eye’s 

location. The measured egocentre of S2 is situated 0.06 (SD = 0.01) mm 

to the right of the median plane, and 30.89 (SD = 26.64) mm behind the 

corneal plane. The measured egocentre location of S3 is located 15.15 

(SD = 2.12) mm left of the median plane, and 24.56 (SD = 18.80) mm 

behind the corneal plane, indicating a bias towards their left eye. 

 

Figure 4.4(a) compares the frequency of objective IPD (red bars) with the 

eye separation estimated from the monocular sighting task (blue bars) 

for the entire group of 26 participants. To assess the degree of 

association between the IPD and monocular measures, the Pearson 

correlation coefficient was calculated for the entire sample as shown in 

scatterplot in Figure 4.4(b). Although there is considerable variation in the 

estimates based on the monocular sighting measures (mean 74.22 ± 

9.59mm), which are generally higher than their equivalent IPD (mean 

62.04 ± 2.76mm), the two were nonetheless significantly correlated (r(24) 

= 0.416, p < 0.05). Monocular sighting estimates reflect the perceptual 

location of the fovea whilst viewing the end of the rod, whereas the IPD 

is the distance measured between the centres of pupils. Under normal 

distance viewing conditions there is an angular offset of about 5 degrees 

between the optical and the visual axes (termed kappa), with the fovea 

in each eye displaced horizontally in the temporal plane relative to the 

intersection point of the optical axis and the posterior pole (Artal, 2014). 

Moreover, when fixating on a relatively near object, the eyes will 

converge, so the distance between the pupil centres (the near IPD) will 

be smaller than when looking farther away. This inward eye rotation will 

also displace the fovea outwards, so the distance between them (derived 

from the monocular sighting data) will increase compared to more distant 

viewing. Consequently, one might reasonably expect the inter-fovea 

distance to be greater than the IPD. 
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Figure 4.4: The comparison between IPD and monocular sighting task 
distance across 26 participants. 
(a). The frequency of IPD (red bars) and monocular sighting distance 
estimates (blue bars) in the sample; (b). Scatterplot showing the degree of 
association between these two horizontal distances, with error bars indicating 
the standard deviations of monocular sighting measures for each participant. 
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The measured egocentre locations are plotted against the averaged 

egocentre locations separately for each participant in Figure 4.5 to reveal 

the individual variation within our sample of participants, representing 

asymmetries between half distance between monocular sighting 

estimates and the binocular sighting egocentre locations with respect to 

the median and the corneal plane of the head. In Figure 4.5(a), the green 

area represents the visual egocentre situated to the right of the median 

plane of the head, while the blue area indicates the visual egocentre is 

situated to the left of the median plane. It is possible to identify the 

sighting dominant eye for each individual by using the information of 

measured egocentre location in this figure. In Figure 4.5(b), the yellow 

area shows the egocentre is located in front of the corneal plane and the 

purple area indicates the egocentre is behind the corneal plane. The 

group measured egocentre is located on average 0.41 (SD = 11.13) mm 

to the right of the median plane of the head and 24.63 (SD = 13.85) mm 

behind the corneal plane, but considerable individual differences in its 

location are evident in both conditions. Similar to the binocular estimates, 

all the monocular estimates are positioned behind the corneal plane. 

However, in relation to the median plane, binocular estimates can be 

situated to either the left or the right. 

 

It is clear from Figure 4.5 that the measured egocentre and the averaged 

egocentre estimates fall close to a diagonal line with unity slope. The 

Pearson correlation coefficient was calculated to quantify the potential 

relationship between these two locations with respect to the median 

plane and the corneal plane. Performance on these two tasks is 

significantly and positively correlated, although estimates based on the 

median plane show a weaker correlation than those based on the corneal 

plane (r(24) of 0.537 vs. 0.682, respectively).  
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Figure 4.5: Measured egocentre location plotted against averaged egocentre 
location for all 26 participants, estimates measured (a) with respect to the 
median plane, (b) with respect to the corneal plane. Vertical and horizontal 
error bars represent the SEM calculated across repetitions of the 
measurement for each participant. The Pearson correlation coefficient 
between these two sets of measurements is also shown on each plot. 
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Figure 4.6: The relationship between average absolute deviations from the 
median plane and stereo classification. Stereoacuity measures were classified 
into relative good (stereoacuity ≤ 60arcsec) and relative poor (stereoacuity > 
60 arcsec). Each blue point represents an individual participant, with error 
bars indicating variability in the measurements of average absolute deviations. 
 
 

A repeated measures ANOVA was conducted to compare the variances 

in performance within subjects across five measurements to the variation 

between subjects. The analysis revealed a between-subjects variance of 

50.43 and a within-subject variance of 27.24, suggesting a significant 

difference between these two variances, F(25,100) = 1.85, p <.05. The data 

demonstrates that there is greater variability between subjects compared 

to the consistency of responses within the same individual. As 

demonstrated by the findings supporting the Howard and Templeton 

technique in the Barbeito and Ono (1979) study, the minimisation of the 

noise measurement is crucial for building confidence in our results. In this 

manner, it convinces that the variations observed are more likely due to 

true individual variation, such as differences in egocentric position, rather 

than noise associated with each measurement process. In terms of 

investigating the relationship between egocentric localization and 

corresponding processing mechanism. observers were classified into two 
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groups based on their TNO stereoacuity stores: Good (TNO ≤ 60arcsec) 

and Poor (TNO > 60arcsec). A Point Biserial Correlation was conducted 

to examine the relationship between stereo classification and egocentre 

deviations. The results revealed a negative correlation (r = -0.365), 

suggesting observers with relatively good stereopsis tended to exhibit 

less egocentre deviations compared to those with relatively poor 

stereopsis. However, the correlation was not statistically significant (p 

= .067). Figure 4.6 illustrates the relationship between egocentre 

deviations (y-axis) and stereo classification (x-axis).  

 

4.3 Discussion 

Since Hering (1879/1942) devised his principles of visual direction, the 

visual egocentre has often been assumed to lie at the midpoint of the 

interocular axis. The actual location of the visual egocentre, however, 

may deviate somewhat from this midpoint because different 

measurements have been found to yield varied results (Milson, Ono, & 

Barbeito, 1976). Thus, much uncertainty exists concerning the location 

of the egocentre, and its variation with the normal adult population, 

despite its fundamental importance to our understanding of binocular 

vision. 

 

This study performed a monocular and binocular sighting task to explore 

the variability of visual egocentre location across a relatively large sample 

of individuals. The binocular sighting measure allowed a direct estimation 

of the location of the visual egocentre, which is typically behind the 

corneal plane of the head and close to the median plane, but there were 

marked individual variations in its position. 

 

The sighting task procedure under monocular viewing required the 

participant to close one eye, a manipulation that is known to lead to 

apparent egocentric direction shifts with each alternation of monocular 

vision. This illusory displacement is termed the monocular egocentric 
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direction (MED) illusion (Park & Shebilske, 1991). Ono and Gonda (1978) 

explored the relationship between apparent movement, eye movements, 

and phoria (latent eye misalignment) when subjects alternate monocular 

viewing between their left and right eyes, showing that lateral 

heterophoria significantly affects monocular perception of direction and 

apparent movement. The MED illusion is a result of the interaction 

between retinal images and eye movements, influenced by lateral 

heterophoria. As the procedure of monocular sighting measurements 

were conducted in 9 different eccentricities across the horizontal plane, 

assuming all information from retinal displacements had been eliminated 

when transitions were made between blocks, there still existed individual 

differences in perceiving visual direction due to lateral heterophoria even 

though the participant was instructed to rotate the rod to point at the 

opened eye (Park & Shebilske, 1991). Therefore, another possible 

explanation of the variations of the horizontal distance estimates under 

monocular viewing is a shift in eye position caused by lateral heterophoria 

which may place the critical stimulus on a visual line different from the 

visual axes under binocular fusion, leading to an apparent displacement. 

 

Binocular sighting is believed to provide a direct estimate of the visual 

egocentre (Mitson, Ono, & Barbeito, 1976; Ono, Angus, & Gregor, 1977; 

Porac & Coren, 1981,1986). The mean location of the visual egocentre 

across individuals lies close to the median plane and behind the corneal 

plane of the head, which is consistent with the results of Howard and 

Templeton (1966), suggesting that the visual information from both eyes 

is combined to create a single perceptual egocentre located midway 

between the two eyes and behind the corneal plane, i.e., midway 

between the interocular axis and interaural axis. Their work provides a 

detailed analysis of the mechanisms underlying spatial orientation and 

perception. Anecdotal studies suggest that when young children are 

asked to look through a tube, they do so by placing the tube between the 

two eyes instead of in front of one eye, known as the cyclops effect 

(Church, 1966, 1970). This behaviour was observed in 2-year-olds and 

some 3-year-olds but decreased with age (Barbeito, 1981, 1983). It had 
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also been reported that the cyclops effect occurs in young strabismic 

children and in children under 4 years of age who have one eye 

enucleated two years earlier (Dengis et al., 1993). The cyclops effect was 

found in visual tasks such as aligning a line or a moving stimulus with a 

head landmark (the bridge of the nose or edge of the pinna) among older 

observers (5.8 to 22.8years), but less so in binocular observers matched 

by age (González, Steinbach, Gallie, & Ono, 1999). However, Dengis 

(1998) tested participants with normal vision, concomitant strabismus, or 

one eye enucleated, of varying ages. The results found that individuals 

with normal binocular vision or common strabismus aligned the stimuli 

with the midline of the head, whereas monocular removers aligned with 

the centre located 75% of the way to the other eye. This finding suggests 

that cyclops effect is independent of age, instead, it is related with 

egocentre location, which serves to reconcile the impressions derived 

from the two vantage points (Howard, 1982).  

 

The fovea is a small central area of the retina with the highest visual 

acuity due to its densely packed exclusively with cone photoreceptors, 

which are highly responsible for specialised for spatial vision. The fovea 

provides a stable frame of reference allowing accurate and stable spatial 

judgments and navigation. and the brain must prioritize the integration of 

information from this region to form a clear and detailed visual perception 

(Howard & Rogers, 2012). The visual egocentre serves as a reference 

point from which the information of directions and distances is perceived. 

When the human eye gazes at an object, it automatically rotates to 

ensure that the target image falls on the fovea. In this manner, this 

location can balance the convergence angle and parallax information of 

the visual axes of both eyes, thus optimizing the integration of visual 

information and ensuring the accuracy and stability of spatial perception. 

If the visual egocentre is located before the corneal plane, it may lead to 

an imbalance in binocular input, which in turn affects the accuracy of 

depth perception and spatial localization (Howard & Templeton, 1966; 

Purves, et al., 2001; Roger & Graham, 1979). It will be difficult for the 

visual egocentre to align with the optical axes if it is located in front of the 
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corneal plane. As a result of this misalignment, the brain may combine 

visual inputs from both eyes differently. The disparity between images 

from each eye, for instance, might result in distortions in perception of 

depth and spatial awareness (Kandel et al., 2014). Our findings support 

the notion that the visual egocentre is located behind the corneal plane, 

where enables the brain to effectively merge the slightly different views 

from each eye, thus maintaining a coherent and stable perception of 

space. 

 

Current study demonstrates convincingly that there is considerable 

individual variation in the location of the visual egocentre. It has been 

demonstrated previously that individual differences in measured visual 

egocentre location can be used to predict individual differences in 

perceptions of directions (e.g. Ono et al., 1972; Barbeito & Ono, 1979). 

From the view of oculomotor coordination, visual direction can be 

conceptualized based on the signals from two subsystems proposed by 

Gregory (1958, 1966): the retinal-image system and the eye-head 

system, which provides crucial framework how visual direction is 

established. The retinal-image system integrates retinal and eye position 

signals independently before combining information into the cyclopean 

eye. Simultaneously, the eye-head system uses joint binocular local 

signals and joint eye position signals to determine visual direction directly. 

Variations in how these subsystems combine and process visual 

information can affect the location of the visual egocentre. For example, 

differences in how effectively they integrate retinal information with eye 

position or how well they combine joint binocular signals and eye position 

information leads to variations in the visual egocentre location.  

 

In addition, changes in oculomotor control affects the way how retinal 

information and eye position signals are combined. Different levels of eye 

coordination may cause variations in the egocentre location (Cui et al., 

2010), a person with strabismus (misaligned eyes) may have a different 

egocentric perception compared to a person with normal eye alignment. 

Swanson, Wade, and Ono (1990) expanded on previous work by 
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proposing that retinocentric and eye movement signals are weighted and 

combined for each eye to create an egocentric representation. They 

demonstrated that left and right retinocentric signals merge to form a 

binocular retinocentric representation, while left and right eye position 

signals combine to produce a binocular eye movement signal. Both 

retinocentric and eye movement signals are weighted and combined for 

each eye to form a unified egocentric representation. In this manner, 

individuals weigh retinocentric and eye movement signals in different 

ways depending on the characteristics of their visual system or a 

particular visual task may lead to variations on the egocentric localization. 

For example, some people may focus more on retinal information when 

determining spatial location, whereas others may prioritize eye 

movement signals. This difference in weighting can affect the perceived 

location of the visual egocentre. Individual differences on the egocentre 

location can be attributed to different integration on the retinal-image and 

eye-head system, as well as different weights on retinocentric and eye 

movement signals. Recognizing these variations emphasizes the 

significance of both retinal and eye signals in identifying visual egocentre 

location and helps to explain why people may perceive their visual 

direction differently. 

 

Mitson, Ono, and Barbeito (1976) investigated three different methods 

(Funaishi, 1926; Howard & Templeton, 1966; Roelofs, 1959) for 

measuring the location of the visual egocentre and found the mean 

egocentre location was near the median plane, but estimates ranged 

within around 10 mm on either side of the median plane. In the present 

experiment, the visual egocentre locations of ten participants (38%) 

showed a deviation toward the side of the sighting dominant eye. This 

result inevitably raises the question, where is the point of origin of visual 

direction, the cyclopean eye or the sighting eye? Barbeito (1981) 

investigated the relationship between sighting dominance and the 

processing of visual direction and demonstrated that the reference point 

for sighting is the visual egocentre instead of a true preference for one 

eye. Barbeito (1981) further explained that the apparent preference for 
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one eye in sighting task stems from the requirement for monocular 

viewing, which aligns with the eye closest to the egocentre rather than 

indicating a dominant eye for processing visual directions. Therefore, 

sighting dominance can be explained as resulting from the egocentre 

being off-centred, combined with the design of the sighting tests that 

require monocular viewing. As a result, the eye selected for monocular 

viewing is simply the one closest to the visual egocentre.  

 

We found a moderate correlation between egocentric location for the 

median plane with stereo threshold, which supports the notion that 

variations in stereo acuity are associated with changes in the egocentric 

localization. Individuals whose egocentre location deviate more from the 

median plane tend to show poorer stereoscopic acuity, indicating that 

stereoscopic visual acuity provides a unique sensation of depth 

perception. One possible explanation is that stereo acuity refers to the 

ability to distinguish slight disparities received by the two eyes and utilize 

differences to perceive depth, poorer stereo acuity leads to less precise 

binocular integration. In the case of poor stereoacuity, the highly adaptive 

visual system may compensate for these differences through adaptive 

adjustment adapt by changing the perceived egocentre location (greater 

deviation from the median plane) to optimize spatial coherence (Webster, 

2015).  These compensatory adjustments come in a variety of forms, for 

example, to keep visual and proprioceptive signals coordinated and to 

adapt to physiological changes like fatigue or injury, sensory-motor 

control must be continually recalibrated (Shadmehr et al., 2010, Wolpert 

et al., 2011). Similarly, stereopsis is modified to account for changes in 

spatial sensitivity (Webster et al., 2002). This suggests many aspects of 

adaptation remain stable throughout the life cycle, and it is critical for 

stabilizing visual perception of the many optical and neural changes that 

do occur. 

 

Porac and Coren (1986) suggested that biases in egocentric localization 

stem from the habitual suppression of input from the non-sighting eye in 

various stimulus situations, leading to a reliance on the monocular 
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information from the sighting eye for directional judgments. If this bias 

results from the frequent use of the sighting eye for determining visual 

direction, it can be predicted that directional judgments will be more 

reliable when using the sighting eye compared to the non-sighting eye. 

However, Porac and Coren (1986) did not concur that sighting 

dominance determines the perceived direction of a target, as the 

magnitude of the deviations were insubstantial. Instead, they asserted 

that sighting dominance undoubtedly plays a crucial role in sensorimotor 

coordination and effective interaction with visual targets.  

 

In summary, the observed variation in individual egocentric localizations 

highlights the importance of studying individual differences in visual 

perception, which reflects the inherent diversity of individual's perceptual 

processing and anatomy. Recognizing and studying these differences 

can enhance our understanding of how spatial perception is adapted to 

individual needs and may have practical applications in areas such as 

virtual reality, and clinical assessment of spatial impairment. Considering 

individual differences in egocentric localization allows developers to tailor 

visual content to users' natural spatial orientation, enhancing realism and 

reducing discomfort used in Virtual Reality (VR) and Augmented Reality 

(AR) systems. For patients with spatial perception disorders, VR and AR 

environments can be used to create controlled visual scenarios to 

gradually correct their spatial misjudgements and improve their functional 

ability. 
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Chapter 5. Short-term monocular 

deprivation biases the location of the visual 

egocentre 

5.1 Introduction 

Neural brain plasticity refers to the ability of central nervous system (CNS) 

neurons to reorganise in response to learning, environmental changes, 

or injuries. CNS activity can be modulated in various ways due to 

environmental inputs (Bliss & Lomo, 1973; Kandel et al., 2014; Levy & 

Steward, 1983; Magee & Grienberge, 2020; Malenka & Bear, 2004; 

Strettoi et al., 2022). occurs in two forms with opposite effects: Hebbian 

and homeostatic. Hebbian plasticity is a correlation-based mechanism 

that progressively modifies network properties, while homeostatic 

plasticity promotes network stability (Turrigiano & Nelson, 2000). The 

interaction between these forms of plasticity has been most clearly 

illustrated by studies of abnormal visual input, such as monocular 

deprivation, during development. This interaction leads to structural and 

functional changes in the visual cortex, where Hebbian processes, such 

as long-term depression (LTD), are followed by increases in synapse 

strength (Keck et al., 2007). Disruptions to visual input, particularly during 

a critical developmental window of heightened plasticity known as critical 

period, can lead to long-term remodelling of neural architecture (Hensch, 

2004, 2005; Shonkoff & Phillips, 2000). However, the extent to which this 

plasticity persists in the adult brain remains unclear.  

 

Early studies on monocular visual deprivation date back to the mid-20th 

century. Wiesel and Hubel (1963a) used extracellular recordings to study 

cortical responses in kittens deprived of vision in one eye, finding a shift 

in ocular dominance due to monocular deprivation. Similar findings were 

later observed in mice and other young animals, where monocular 
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deprivation caused a shift in ocular dominance of cortical neurons, along 

with reduced visual acuity in the deprived eye (e.g., Allard et al., 1991; 

Douglas, Alam, & Prusky, 2004; Fischer et al., 2007; Gordon & Stryker, 

1996; Tagawa et al., 2005). Over the past fifty years, studies have shown 

that ocular dominance shifts induced by monocular deprivation during 

critical periods reflect structural changes in the brain (Wiesel, 1982). In 

ocular dominance plasticity, if one eye receives less input during early 

development, its neural connections weaken, while those of the non-

deprived eye expand, becoming functionally and anatomically dominant. 

This imbalance leads to the expansion of ocular dominance columns in 

the non-deprived eye and a corresponding shrinkage in the deprived eye 

(Crair et al., 1997). Sensitivity to deprivation is highest during the critical 

period but declines with age. In adult mice, as long as seven days of 

monocular deprivation is required to alter ocular dominance (Karmarkar 

& Dan, 2006; Ranson et al., 2012; Sato & Stryker, 2008). 

 

It has been observed that the visual cortex does not lose its capacity for 

plasticity at the end of the critical period; instead, the nature of this 

plasticity evolves as the brain matures (Sato & Stryker, 2008). This post-

patching effect has since been consistently observed across 

psychophysical (Lunghi et al., 2011, 2013; Zhou et al., 2013; Zhou et al., 

2014; Zhou et al., 2017), electrophysiological (Lunghi & Sale, 2015; Zhou 

et al., 2015), and brain imaging studies (Binda et al., 2018; Chadnova et 

al., 2017; Lunghi et al., 2015) in humans. The first demonstration of short-

term plasticity in healthy adults was conducted by Lunghi, Burr, and 

Morrone (2011), who found a paradoxical enhancement of the deprived 

eye’s signal after patching with a translucent occluder for 150 minutes. 

Wang et al. (2020, 2021) demonstrated that eliminating visual input to 

one eye with an opaque patch, while effective in generating changes in 

rivalry dynamics in favour of the patched eye, was not a requirement.  

They compared three types of monocular treatment (an opaque patch, a 

diffusing lens and an inverting prism) and found that all three 

manipulations altered dominance duration and predominance during 

binocular rivalry task in favour of the treated eye. Bai et al. (2017) 
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measured eye dominance before and after removing the phase regularity 

of an image while maintaining its amplitude spectra and found a shift in 

eye dominance towards the eye with the impoverished input. This shift 

was present when measured with a binocular rivalry task, but not with a 

binocular phase combination task, suggesting that eye dominance 

plasticity may occur at different stages of visual processing. Binocular 

combination tasks involve presenting fusible stimuli to each eye, where 

the combined perception is based on the level of each eye’s contribution 

to binocular vision. Changes in eye dominance resulting from short-term 

patching have been measured using various combination tasks, such as 

phase combination, motion combination, and contrast combination (Zhou, 

Clavagnier & Hess, 2013; Min, Balwin & Hess, 2019). Additionally, Kim 

et al. (2017) demonstrated that the patching effect can be induced by 

suppressing one eye without physically depriving it of visual input, using 

continuous flash suppression.  

 

Previous studies have suggested that changes in monocular input may 

alter binocular balance through selective attention mechanisms (Wang et 

al., 2021; Dieter, Melnick, & Tadin, 2016). During short-term deprivation, 

the contrast gain of the deprived eye increases, while the non-deprived 

eye’s gain decreases. This process suggests a form of functional eye 

dominance plasticity in which the visual system adjusts to maintain 

balance between the eyes (Min et al., 2019). This functional dominance 

change is temporary in nature, the recovery of post-deprivation effect 

occurs over a period of 30 – 90 minutes in adults (Lunghi et al., 2011; 

Zhou et al., 2013), suggesting that patching one eye can only temporarily 

introduce an imbalance before the original balance is restored. 

Consequently, the mechanisms underpinning shifts in eye dominance 

remain unresolved, but may involve unbalanced inter-ocular suppression, 

attentional shifts in eye selection or both.  

 

Virtually all of the tasks up to this point have looked at how sensory 

representation is altered when input to one is changed in some way. 

However, sensory signals need to be transformed so that motor 
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behaviour can be applied. For example, an object may first be detected 

(sensory component) and then its location determined relative to the body 

or head (transformed) of an observer and then finally acted upon by 

pointing at it (motor component). In fact, it was originally thought that the 

neural pathways subserving visual perception and visual control of motor 

actions were completely independent (Goodale & Milner, 1992). 

Therefore, to understand this behaviour, it is necessary to know not just 

how binocular sensory judgements are influenced by altered visual input, 

but in what way the resulting motor output is affected. To address this, 

the current study aimed to explore whether short-term monocular 

deprivation also has consequences on judging the visual direction of 

objects in space, relative to the viewer. We sought to compare the effect 

of patching dominant and non-dominant eyes on visual egocentric 

localization judgements. This study will help us determine whether the 

same residual plasticity is also observed for estimates of visual direction 

that might act to compensate for situations where input to one eye is 

compromised, either through developmental anomalies or ocular disease.  

 

5.2 Experiment 6: What is the optimum period 

of monocular visual deprivation? 

5.2.1 Methods 

5.2.1.1 Observers 

One participant (the author, female) had normal or corrected-to-normal 

vision and no history of ocular disease participated in this experiment. 

Before formal data collection, the TNO stereo test (Laméris Ootech, 

Nieuwegien, The Netherlands) was administered to ensure the 

participant had normal stereo vision and thus was able to perceive the 

depth and 3-dimension structure of visual information (range: 60-120 

arcsec). The experiment was approved by the School of Psychology 
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Ethics Committee at the University of Nottingham. Participants gave 

informed consent before the experiment and all experimental procedure 

conformed to the guidelines laid out in the Declaration of Helsinki.   

 

5.2.1.2 Apparatus and stimuli 

Using the apparatus same with Chapter 4, the visual egocentre was 

measured using both a monocular and a binocular sighting task. During 

the task, the participant sat at a specially constructed table with their head 

supported by a chin rest. They fixated on the front end the rod (coloured 

red) and rotated the orientation of the rod in the horizontal plane until it 

pointed to their right eye, left eye or directly towards them during 

binocular viewing. Fine adjustments could be made using a screw 

mechanism on the edge of the stage. The entire stage could be rotated 

in an arc around the participant’s head to vary the viewing angle (see 

Figure 5.1).   

 

5.2.1.3 Procedure 

The distance from the front of the rod to the bridge of the nose and from 

the rotation point of the apparatus to the bridge of the nose were 

measured. Measurements were made along the horizontal azimuth for 

three eccentricities relative to the centre of the head (0°, 30°, -30°), as 

shown in Figure 5.1.  
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Figure 5.1: Schematic representation of the experiment.  
Measurements were made along the horizontal azimuth for each of three 
eccentricities spanning ±30° relative to the median plane of the head. 
 

Within an experimental session, each eccentricity was measured five 

times. The order of these judgments within a session was randomly 

assigned. For each trial, the starting position of the rod was randomized. 

The mean intersection of the extensions of the rod’s axis at each 

eccentricity gave a direct measure of visual direction, referred as the 

baseline egocentre position (See Figure 5.2). This point was taken to be 

a least-squared approximation to the location of the 'true' single 

intersection, which had the shortest perpendicular offsets to each of the 

three lines (Mitson, Ono, & Barbeito, 1976).  Monocular measures (not 

shown on the figure) were used as control data to confirm that any 

observed shifts were attributed to changes in binocular visual direction 

rather than monocular shifts. 
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Figure 5.2: The baseline visual egocentre location of the observer.  
Two short lines represent the monocular estimates for each eye, and red 
cross represents the baseline egocentre location under binocular viewing 
conditions. Three blue lines represent measurements form three eccentricities. 
Vertical and horizontal error bars represent the standard deviation calculated 
across five repetitions of the task. 
 
 

We first determined sighting eye dominance by identifying which eye the 

baseline egocentre location favoured. The non-dominant eye was 

positioned farther from the visual egocentre. Then non-dominant eye (in 

this case, the left eye) was covered with an opaque patch for 30, 60 and 

90 minutes in separate testing sessions conducted on different days. 

During the patching period, the non-dominant eye received no visual 

input, while the observer was free to continue their routine activities. We 

measured the effects of monocular treatment to determine whether each 

treatment condition altered eye balance compared to baseline measures. 

After patch removal for each session, the visual egocentre location was 

remeasured three times at an interval of 0, 3, 6, 9, 12, 15, 30, 45, 60, 90, 

120 minutes (see Figure 5.3). 
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Figure 5.3: Schematic illustration of the experimental procedure. The baseline 
egocentre location was measured before applying an opaque patch to the 
non-dominant eye for 30, 60, and 90 minutes in separate sessions. After 
patching, the visual egocentre location was remeasured every 3 minutes 
during the first 15 minutes, every 15 minutes for the next 45 minutes, and 
finally, every 30 minutes during the remaining 60 minutes. 

 

5.2.2 Results 

The least squared method was used to calculate the visual egocentre 

location, which represents the mean point of intersection of the 

extensions of the rod’s axis in various positions. Figure 5.4 shows the 

changes in the visual egocentre location relative to the median plane for 

this observer. In the figure, the red dashed line indicates the baseline 

visual egocentre location, while the green line illustrates how monocular 

treatment impacts sensory dominance balance across the three 

treatment conditions (wearing an opaque patch for 30, 60, and 90 

minutes, respectively). Positive y-values indicate the egocentre is 

positioned to the right of the median plane, while negative y-values 

indicate it is positioned to the left.  
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Figure 5.4: The visual egocentre for the median plane in Experiment 6.  
This observer’s data represent the mean distance from the median plane, 
measured continuously for 45 minutes after 30-minute (top), 60-minute 
(middle), and 90-minute (bottom) monocular treatments with an opaque patch. 
Vertical and horizontal error bars indicate the standard deviation (SD) across 
five repetitions of the task. The black lines represent the median plane, while 
the red lines indicate the baseline egocentre location for the median plane. 
The green lines show how the egocentre location changes after patch 
removal. Positive y-values indicate the egocentre is positioned to the right of 
the median plane, while negative y-values indicate it is positioned to the left.  
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Figure 5.5: The results for the corneal in Experiment 6.  
This observer’s data represent the mean distance from the corneal plane, 
measured continuously for 45 minutes after 30-minute (left), 60-minute 
(middle), and 90-minute (right) monocular treatments with an opaque patch. 
Vertical and horizontal error bars indicate the standard deviation (SD) across 
five repetitions of the task. The black lines represent the corneal plane, while 
the red lines indicate the baseline egocentre location for the corneal plane. 
The green lines show how the egocentre location changes after patch 
removal. Positive y-values indicate the egocentre is positioned in front of the 
corneal plane, while negative y-values indicate it is positioned behind the 
corneal plane.  
 

 

The baseline measure of the binocular egocentre was located 23.91 (SD 

= 1.53) mm right of the median plane and 22.61 (SD = 8.62) mm behind 

the corneal plane, suggesting this observer has strong right eye 

dominance (see Figure 5.2). To quantify changes in egocentre location 

after monocular deprivation, the displacements relative to the median 

plane are depicted in Figure 5.4 for all monocular treatment conditions. 

As shown in Figure 5.4, the immediate displacements of each monocular 

treatment condition at the time of patch removal (at 0-min) were d30mins = 

4.92mm, d60mins = 4.61mm and d90mins = 8.65mm in the median plane. 

Figure 5.5 shows the displacements relative to corneal plane for all 

monocular treatments. The black lines represent the corneal plane, while 

the red lines indicate the baseline egocentre location for the corneal 

plane. The green lines show how the egocentre location changes after 

patch removal. Positive y-values indicate the egocentre is positioned in 
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front of the corneal plane, while negative y-values indicate it is positioned 

behind the corneal plane. The immediate displacements of each 

monocular treatment condition at the time of patch removal (at 0-min) 

were d30mins = 0.58mm, d60mins = 0.97mm and d90mins = 0.01mm in the 

corneal plane. A repeated measures ANOVA was conducted to compare 

the effects of 30-min, 60-min, and 90-min on the visual egocentre location. 

There was a significant effect of duration on the median plane (F(2, 28) = 

5.035, p < .05), indicating that the duration of monocular deprivation 

significantly influenced egocentre location. However, there was no 

significant effect for data relative to the corneal plane (F(2, 28) = 34.60, p 

= .053). The post-deprivation effect rapidly declined within the first 6-15 

mins for three patching conditions before gradually reaching a plateau 

back at baseline. Among these three treatment conditions, post-hoc 

pairwise comparisons revealed no statistically significant differences 

between monocular treatment conditions for the data relative to the 

median plane (p = .051). Although the size of the induced shift following 

patch removal is similar between 30- and 60-min occlusion, the effect 

dissipates more quickly with the shorter deprivation period. Therefore, 

the patching duration was slightly extended to account for potential long-

lasting effects in some of the observers. A 60-min treatment period was 

used in the following experiment, providing more flexible in post-

treatment measurements while avoiding excessively long patching 

durations. 
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5.3 Experiment 7: Can egocentre location be 

modified by short-term monocular 

deprivation on the non-dominant eye? 

5.3.1 Methods 

5.3.1.1 Observers 

Ten observers took part in this experiment (age range: 25-53years, mean 

age: 35.20 ± 10.00years), all had normal or corrected-to-normal vision 

and no history of ocular disease. Before formal data collection began, the 

TNO stereo test was administered to ensure each of them have normal 

stereo vision and thus was able to perceive the depth and 3-dimension 

structure of visual information (range from 60 to 120arcsec).  

 

5.3.1.2 Apparatus and stimuli 

The apparatus was identical to that used in the Experiment 6. 

 

5.3.1.3 Procedure 

The procedure was identical to that used in the Experiment 6. The visual 

egocentre was measured for each observer to obtain a baseline visual 

egocentre location, from which we could determine the non-dominant eye 

(the eye that was located farther from the visual egocentre) for each 

observer. The non-dominant eye was selected for firstly patching 

because patching the dominant eye would leave little room for detecting 

any significant shift in the egocentre. Since the egocentre is already close 

to the limit set by monocular estimates (as shown in Figure 5.2) and the 

dominant eye already has a strong influence on visual direction, patching 

the dominant eye would likely result in minimal displacement. In contrast, 

patching the non-dominant eye provides a better opportunity for 

rebalancing sensory input, making it more effective in detecting shifts in 
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the egocentre. Three representative observers’ baseline data are shown 

in Figure 5.6. Then they were asked to wear an opaque patch on non-

dominant eye for 60 mins, during which observers were free to engage 

in routine activities. Upon patch removal, the visual egocentre location 

was remeasured three times at 0, 3, 6, 9, 12, 15, 30, 45mins. (see Figure 

5.7). 

 
Figure 5.6: The baseline visual egocentre location of the three representative 
observers. Two short lines represent the monocular estimates for each eye, 
and red cross represents the baseline egocentre location under binocular 
viewing conditions. Three blue lines represent measurements form three 
eccentricities. Vertical and horizontal error bars represent the SD calculated 
across X repetitions of the measurement for each observer. 
 

5.3.1.4 Mixed-effects model analysis 

The analysis of covariance (ANCOVA) was used to investigate the effect 

of time on post-deprivation egocentre positions while controlling 

individual differences in baseline egocentre position, using the fitlme 

function in MATLAB (MathWorks, version R2022a). ANCOVA allows us 

to isolate time's effect on egocentre recovery while adjusting for baseline 

location's influence (Vickers & Altman, 2001). A linear regression model 

was defined as following:  

 

Post-deprivation egocentre = 𝛽$+ 𝛽/  • Baseline + 𝛽"  • Time + 𝜖      (5.1) 

 

Where post-deprivation egocentre is the dependent variable,  𝛽$ is the 

intercept, 𝛽/ is the coefficient for baseline egocentre location controlling 

for individual differences, 𝛽"  is the coefficient for time on egocentre 
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recovery, and 𝜖 is the error term representing the residual variability not 

explained by this model. 

 

 
Figure 5.7: The schematic illustration of the procedure of Exp.7. The baseline 
egocentre location was measured before wearing an opaque patch on non-
dominant eye for 60mins. Then the visual egocentre location was remeasured 
every 3-minute in the first 15mins, then every 15-minute in the following 
30mins. 
 

5.3.2 Results 

The visual egocentre locations of ten observers were remeasured with 

binocular sighting task for 45 minutes following the removal of the patch. 

At the moment of patch removal (0-min), the average group egocentre 

shifted 1.80mm (SD = 8.74) to the left of the median plane and 19.16mm 

(SD = 16.51) behind the corneal plane. Figures 5.8 and 5.9 illustrate the 

changes in egocentre location, relative to the median and corneal planes, 

for each observer after removing the patch from the non-dominant eye. 

Based on baseline measurements (represented by the red dashed line in 

each figure), eight participants were right-eye dominant, one was left-eye 

dominant, and one showed no clear sensory dominance. The green line 

tracks how egocentre location changed over the 45 minutes following 

patch removal, positive y-values indicate the egocentre is positioned to 

the right of the median plane, while negative y-values indicate it is 

positioned to the left. Figure 5.8 reveals a leftward shift in nine 

participants, with one participant (S8) showing a rightward shift toward 

the deprived eye, consistent with previous findings (e.g., Lunghi et al., 

2011; Wang et al., 2020). We also examined the variability in monocular 
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deprivation effects across observers. Notably, at the time of patch 

removal (0-min), S10 exhibited the largest shift in egocentre location, with 

a displacement of 13.31mm (SD = 5.36) from baseline. In contrast, S8 

showed the smallest effect, with only a 0.58mm (SD = 1.56) displacement 

from baseline. Additionally, S4 and S5 showed long-lasting effects, with 

their egocentre not returning to baseline after 45 minutes, while the 

effects in S8 returned to baseline within 9 minutes. 

 

The data for the median plane in Figure 5.8 suggests that 60-mins of 

monocular deprivation reliably shifts eye dominance immediately after 

patch removal, and the effect gradually dissipates to baseline levels 

around 12-15mins after removing the patch, but some level of individual 

variation was seen across the10 participants. The baseline measurement 

of the egocentre was located on average 5.76 (SD = 8.57) mm right of 

the median plane of the head. Following 60-minute monocular 

deprivation, the egocentre was located on average 2.01 (SD = 8.91) mm 

left of the median plane upon immediate re-exposure to normal binocular 

vision. A repeated measures ANOVA was conducted to investigate the 

effect of short-term monocular deprivation on egocentre location, F(7,56) = 

2.198, p = .048, suggesting the egocentre location changes significantly 

over time after monocular deprivation. There was no significant 

interaction between subjects and post-deprivation time slots, F(7,56) = 

0.226, p = .978, indicating that changes in egocentre location were 

consistent across ten observers. The results of ANCOVA showed that 

both baseline egocentre location and time play significant role in post-

deprivation egocentre location, F(2,6) = 19.1, p = .005 and explained 76.1% 

of variance in the post-deprivation egocentre, R2 = 0.761. 
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Figure 5.8: The egocentre location (relative to the median plane) of 10 
participants was monitored for 45 minutes after removing the eye patch from 
the non-dominant eye. The black lines indicate the median plane of the head, 
while the red dashed lines represent each participant's baseline data for the 
median plane. The green solid lines with triangles illustrate the changes in 
data over the subsequent post-patch durations. Vertical and horizontal error 
bars represent the standard deviation calculated across three repetitions of 
the measurement for each participant. Positive y-values indicate the egocentre 
is positioned to the right of the median plane, while negative y-values indicate 
it is positioned to the left.  
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In terms of egocentre with respect to the corneal plane, the baseline 

egocentre was located on average 26.62 (±10.35) mm behind the corneal 

plane of the head (shown in Figure 5.9), this measure also exhibited 

individual differences between participants. Following 60-minute of 

monocular deprivation, the egocentre was located on average of 19.80 

(±15.08) mm behind the corneal plane upon re-exposure to binocular 

vision immediately. A repeated measures ANOVA was conducted to 

investigate the effect of short-term monocular deprivation on egocentre 

location, F(7,56) = 0.655, p = .709, suggesting that changes in egocentre 

location with respect to the corneal plane over time were not statistically 

significantly. There was no significant interaction between subjects and 

post-deprivation time slots, F(7,56) = 0.827, p = .569, indicating that 

variation in egocentre location for the corneal plane was consistent 

across ten observers. The results of ANCOVA showed that the effect of 

time on post-deprivation egocentre location for the corneal plane was not 

statistically significant, F(2,6) = 0.836, p = .396, the model explained 12.2% 

of the variance in egocentre location.  
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Figure 5.9: The egocentre location (relative to the corneal plane) of 10 
participants was monitored for 45 minutes after removing the eye patch from 
the non-dominant eye. The green solid lines with triangles illustrate the 
changes in data over the subsequent post-patch durations. Vertical and 
horizontal error bars represent the standard deviation calculated across three 
repetitions of the measurement for each participant. The black lines represent 
the corneal plane, while the red lines indicate the baseline egocentre location 
for the corneal plane. The green lines show how the egocentre location 
changes after patch removal. Positive y-values indicate the egocentre is 
positioned in front of the corneal plane, while negative y-values indicate it is 
positioned behind the corneal plane. 
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5.4 Experiment 8: Shifts in egocentre location 

after patching the dominant eye 

The previous data on patching from sensory task suggested that 

previously deprived eye tends to be favoured (e.g., Lunghi et al., 2011; 

Wang et al., 2020). While our findings in Experiment 7 examined these 

effects on the non-dominant eye, if this also holds for egocentre location, 

the opposite direction will be expected based on which eye is patched, 

providing a new insight into the dynamics of visual dominance and 

plasticity. Therefore, this experiment mirrors the design of the Experiment 

7 on the non-dominant eye, its focus on patching dominant eye allows us 

to examine whether the same phenomenon occurs for egocentric 

localization. 

 

5.4.1 Methods 

5.4.1.1 Observers 

Nine participants took part in this experiment (age range: 23-53years, 4 

females and 5 males, mean age: 35.56 ± 10.54years), who had also 

attended Experiment 7.  

 

5.4.1.2 Apparatus and stimuli 

The apparatus was identical to that used in Experiment 7. 

 

5.4.1.3 Procedure 

The procedure was identical to that used in Experiment 7, with the 

exception that an opaque patch was placed on the dominant eye for 

60mins for all participants.  
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5.4.1.4 Data analyse 

A mixed-effects model analysis was used to compare different monocular 

conditions (dominant vs non-dominant patching) and time course, using 

the fitlme function in MATLAB (MathWorks, version R2022a). These 

models incorporate both fixed effects and subject-specific random effects. 

It was assumed that all random effects were uncorrelated. A linear 

regression model was defined as following:  

 

Post-deprivation egocentre = 𝛽$+ 𝛽/  • Patching Eye + 𝛽"  • Timecourse + 

𝛽7  • (PatchingEye • Timecourse) +𝑢) + 𝑣) + 𝜖                         (5.2) 

 

Where post-deprivation egocentre is the dependent variable,  𝛽$ is the 

intercept, 𝛽/ is the coefficient representing Patching Eye (non-dominant 

eye patching vs. dominant eye patching), 𝛽" is the coefficient for time on 

egocentre recovery, 𝑢) is the random intercept for participant i capturing 

baseline egocentre variability, 𝑣)  is random slope for participant i 

representing individual differences in the effect of time on egocentre 

recovery, and 𝜖 is the error term representing the residual variability not 

explained by this model. 

 

5.4.2 Results 

The changes of visual egocentre location induced by 60-min monocular 

deprivation of the dominant eye were compared with the data of the non-

dominant eye, aiming to determine whether there are any potential 

direction differences in the egocentric shift. To facilitate comparison 

between non-dominant and dominant eye patching, the shifts of 

egocentric localization following 60-min deprivation was normalized for 

each observer by subtracting individual baseline measurement from the 

post-deprivation data. This normalized data allows to analyse the relative 

change in egocentric localization, ensuring that any subsequent shifts in 

egocentric localization could be attributed specifically to the monocular 

deprivation effects, rather than individual variations in baseline 
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measurements. Figure 5.10 and 5.11 represent deviations from the 

individual’s baseline in relative to the median, and corneal plane, 

respectively, with zero indicating no shift from baseline. The baseline 

measurement (black line) serves as the reference point for each observer, 

representing their egocentric localization under normal binocular viewing 

conditions. Figure 5.10 describes the effect of monocular deprivation on 

the egocentre position for both the non-dominant and the dominant eye 

across 9 observers (S1-S9). Positive y-values indicate the egocentre is 

positioned to the right of the baseline, and negative y-values indicate it is 

positioned to the left. X-axis represents time (in minutes) from patch 

removal. Another two lines in each subplot depict the non-dominant eye 

patching (red), and dominant eye patching (blue). According to Figure 

5.10, the red lines, representing the egocentric shifts following non-

dominant eye patching, show a range of variability across observers. In 

observers such as S1, S4, S6 and S9, the non-dominant eye patching 

led to larger deviations from baseline in the earlier minutes, indicating a 

markable shift in egocentric localization and then gradually return to 

around baseline level except S4, S5, and S6. The blue lines, representing 

egocentric shifts following dominant eye patching, tend to exhibit larger 

shifts in the earlier minutes before returning to baseline for some of the 

observers (e.g., S2, S4, S5, S6, and S7), though some observers (e.g., 

S4, S5, and S7) still need extra time to return to the baseline. Overall, the 

data in Figure 5.10 suggests that short-term monocular deprivation 

induced a consistent shift in the egocentre location and gradually 

returned to a stable level at around 12–15mins after the patch was 

removed for all nine observers, with the shifts always moving toward the 

median plane of the head rather than the previously deprived eye.  
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Figure 5.11 describes the effect of monocular deprivation on the 

egocentre position relative to the corneal plane for both the non-dominant 

and the dominant eye across 9 observers (S1-S9). Positive y-values 

indicate the egocentre is positioned in front of the baseline and negative 

y-values indicate it is positioned behind. X-axis represents time (in 

minutes) from patch removal. Two lines in each subplot depict the non-

dominant eye patching (red), and dominant eye patching (blue). The red 

lines in each subplot represent the shifts after non-dominant eye patching, 

in observers such as S2 and S9, the shifts show a greater deviation within 

the first few minutes following patch removal. Some observers, such as 

S4, S5, S7, and S9 show larger initial shifts following dominant eye 

patching (blue lines in each subplot) compared to those after non-

dominant eye patching. According to Figure 5.11, both non-dominant and 

dominant eye patching tend to shift towards the corneal plane and then 

return to baseline overtime after 15-45 minutes, however, the varying 

magnitude and duration of these shifts based on whether the non-

dominant or dominant eye is patched further demonstrate that eye 

dominance plays an important role in post-deprivation. 
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Figure 5.10: Comparison of individual egocentre positions relative to the median plane between patching the non-dominant eye (red lines) and 
the dominant eye (blue lines). Positive y-value represents the data is at the right of the baseline, while negative y-value represents the data is to 
the left. The black dashed line represents the baseline for the median plane. Vertical and horizontal error bars represent the SD calculated 
across repetitions of the measurement for each participant. 
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Figure 5.11: Comparison of individual egocentre positions relative to the corneal plane between patching the non-dominant eye (red lines) and 
the dominant eye (blue lines). Positive y-value represent the data is positioned in front of the baseline, while negative y-value is positioned 
behind. The black dashed line represents the baseline data for the corneal plane. Vertical and horizontal error bars represent the SD calculated 
across repetitions of the measurement for each participant. 
 



 189 

To compare the differences of patching the non-dominant and dominant 

eye, the averaged egocentre location in relative to the median and 

corneal plane was calculated as presented in Figure 5.12(a). The green 

line describes how the averaged data changes after removing the patch 

from non-dominant eye over the following 45 mins, while the blue line 

depicts the data for patching of the dominant eye. The egocentre location 

was located on average 1.21 (SD = 9.06) mm left of the median plane 

after removing the patch from the non-dominant eye, compared with the 

that of 1.12 (SD = 10.18) mm left of the median plane following the 

dominant eye patching. A one-way analysis of covariance (ANCOVA) 

was performed to compare the effect of patching conditions (non-

dominant or dominant eye patching) on egocentric shift for the median 

plane, while controlling for baseline measurements. There was no 

significant effect of patching conditions on egocentric shifts, p = .986, 

suggesting that egocentric shifts for the median plane did not differ 

between non-dominant and dominant eye patching conditions. The 

covariate baseline shift was found to be a significant predictor of 

egocentric shifts, F(1,140) = 209.79, p < .001, with a strong positive 

association (b = 0.985), indicating a higher baseline data was associated 

with greater egocentric shifts.  

 

This finding suggests that individual differences in baseline egocentric 

localization significantly influence the post-patching shifts. Therefore, 

both non-dominant and dominant eye patching move the egocentre 

location in exactly the same direction, suggesting that the egocentric shift 

is not eye-specific and occurs at a higher level where the identity of each 

input has been lost. As can be seen from Figure 5.12(a), the egocentre 

location was shifted immediately after patch removal, the shift dissipated 

within the first 9 mins before gradually reaching an equilibrium. When we 

compared the egocentre location recorded 45 mins following patch 

removal from the non-dominant eye and dominant eye, it was located on 

average 2.02 (SD=10.95) mm right of the median plane (non-dominant 

eye) and 0.58 (SD =10.95) mm right of the median plane (dominant eye). 

A repeated measures ANOVA performed with Time (8 levels: 0, 3, 6, 9, 
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12, 15, 30, 45 minutes) and Conditions (non-dominant and dominant eye 

patching) as with-in subject factors to investigate changes in the 

egocentre location with respect to the medina plane. The repeated 

measures ANOVA revealed a significant main effect of time on egocentric 

shifts for the median plane, F(15,120) = 52.27, p < .001, suggesting that 

egocentric shifts varied significantly overtime and the shifts occurred 

regardless of which eye was patched previously. 

 

In terms of egocentre location relative to the corneal plane, the averaged 

baseline egocentre location was located 27.88 (SD = 10.31) mm behind 

the corneal plane (Figure 5.12 (b)). The immediate egocentre position 

was averaged located 21.85 (SD=4.44) mm behind the corneal plane 

after removing the patch from the non-dominant eye, compared with the 

location of 27.06 (SD=12.51) mm behind the corneal plane after the patch 

was removed from the dominant eye. A one-way analysis of covariance 

(ANCOVA) was performed to compare the effect of patching conditions 

(non-dominant or dominant eye patching) on egocentric shift for the 

corenal plane, while controlling for baseline measurements. There was 

no significant effect of patching conditions on egocentric shifts, p = .868, 

suggesting that egocentric shifts for the corneal plane did not differ 

between non-dominant and dominant eye patching conditions. The 

covariate baseline shift was found to be a significant predictor of 

egocentric shifts, F(1,140) = 31.77, p < .001, with a stronger positive 

association (b = 0.622), indicating a higher baseline data was associated 

with larger egocentric shifts. This finding suggests that individual 

differences in baseline egocentric localization significantly influence the 

post-patching shifts. Therefore, the egocentric shift for the corneal plane 

is not eye-specific and occurs at a higher level where the brain is no 

longer distinguishing between inputs from the non-dominant and 

dominant eye. A repeated measures ANOVA was conducted to examine 

the effect of time on the corneal plane shifts following monocular 

deprivation. The analysis revealed a significant main effect of time on 

egocentric shifts for the corneal plane, F(15,120) = 18.84, p < .001, 
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suggesting that observed shifts in the corneal plane varied significantly 

overtime. 

 
Figure 5.12: The changes of the egocentre location after the end of monocular 
treatment for the non-dominant eye compared with the dominant eye 
averaged across all the participants. Vertical and horizontal error bars 
represent the SD calculated across participants. 
 

A power function was fitted to calculate the egocentric shifts from the 

median plane and corneal plane at 8 time points following the removal of 

monocular patch, in the form of the following equation: 

 

𝑦(𝑡) = 𝑎 ∗ 𝑡8 + 𝑐                                                     (5.3) 

 

The relationship between 𝑦(𝑡) is the egocentric shifts from the median 

and corneal plane, and time 𝑡  after patch offset was captured. The 

parameters a, b, and c were fitted the data to determine the initial 

magnitude of the egocentric shift immediately after removing the patch, 

the rate of change overtime, and the asymptote value that the egocentric 

shift approaches, respectively. The method of nonlinear lease-squares 

was used for fitting, while R2 represents the goodness of fit for each 

model. 

 

The power function fit the data is better for the median plane than the 

corneal plane, particularly in the non-dominant eye patching condition 
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where 89% of the variance was explained by the model compared with 

80% of variance for the dominant eye patching condition. In contrast, the 

corneal plane in both patching conditions showed weaker fits, particularly 

in the non-dominant eye patching, where the model only explained 20% 

of the variance (see Table 5.1 for fitted results). 

 

5.5 Discussion 

The influence of short-term monocular deprivation on inter-ocular 

balance in adults has recently been demonstrated by highlighting an 

increased relative contribution from the deprived eye on a range of 

binocular tasks (e.g. Lunghi et al., 2011; Zhou et al., 2013; Wang et al., 

2021). However, the mechanisms underpinning shifts in sensory eye 

dominance following deprivation are still unresolved, particularly under 

binocular viewing conditions. This issue was addressed by judging the 

visual direction of object in space relative to the viewer (the egocentre 

location) following short-term monocular deprivation. Here, we found 

monocular deprivation for 60mins induced a marked shift in the egocentre 

location. Unlike previously reported studies (e.g. Lunghi et al., 2011, 2013; 

Zhou et al., 2013; Wang et al., 2020, 2021), we found 60-min monocular 

deprivation induced a marked shift in the egocentre location, the shift was 

always towards the direction of the median plane of the head, rather than 

the eye that had been deprived. This effect was found for occlusion of 

dominant and non-dominant eyes, where movement in opposite direction 

would be anticipated, and in most cases returned to baseline levels after 

~15mins. However, shifts with respect to the corneal plane did not show 

a similar pattern. Our findings unequivocally reveal the remarkable 

plasticity of the adult visual system, consistent with previous assumptions 

(Gibert & Li, 2012; Lunghi et al., 2013; Wang et al., 2024), highlighting 

visual cortex has life-long, experience-dependant plasticity.  
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Table 5.1: Fits results (Eq. 5.3) of the time course of the egocentre location. The estimates of three parameters (a, b and c) (with 95% 
confidence intervals shown in brackets), and the goodness of fit indicated by R2 are shown below. 
Monocular 
treatment 

 a b c R2 

Non-dominant 

eye  

For the median 

plane 

0.53(-0.44, 1.5) 0.52(0.08, 0.97) -1.48(-2.81, -0.14) 0.89 

 For the corneal 

plane 

-1.06(-10.09, 7.96) 0.21(-1.42, 1.83) -21.42(-29.25, -13.58) 0.20 

Dominant eye  For the median 
plane 

-0.63(-6.28, 5.02) -0.19(-1.19, 0.82) 1.15(-3.42, 5.72) 0.80 

 For the corneal 

plane 

-0.82(-4.82, 3.19) 0.37(-0.77, 1.50) -26.84(-31.05, -22.62) 0.41 
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One of the best-known studies of experience-dependent changes in brain 

function was binocular visual responsiveness of neurons in the V1 can 

be altered by monocular visual deprivation during a critical period of 

postnatal development (Daw, 1995; Wiesel, 1982; Wiesel & Hubel, 

1963b). It highlights that while cortical circuits are most sensitive to 

sensory experience during early postnatal development, there is much 

less plasticity in the mature brain (e.g., Berardi et al., 2000; Hensch, 

2004). However, our results demonstrate that the adult human visual 

system possesses a significant degree of functional plasticity, which is 

consistent with recent studies that even after the critical periods ends, 

monocular visual deprivation can still lead to an ocular dominance shift 

in visual cortical neurons in mice though the characteristics of shift – such 

as magnitudes, mechanisms, duration and other features - differ from 

those observed in critical period plasticity (Antonini et al., 1999; Fischer 

et al., 2007; Hofer et al., 2006; Lehmann & Löwel, 2008; Morishita & 

Hensch, 2008; Pham et al., 2004; Sato & Stryker, 2008; Sawtell et al., 

2003; Tagawa et al., 2005;).  

 

The cerebral cortex primarily consists of two types of neurons: 

glutamatergic (excitatory) and GABAergic (inhibitory), each contributing 

differently to visual cortical plasticity, particularly in term of binocular 

responsiveness and adaptivity to changes like monocular deprivation 

(Kameyama et al., 2010). While earlier studies using genetically modified 

mice with different GABA levels found GABAergic plays an important role 

in regulating critical periods by either enhancing or inhibiting GABAergic 

function to affect visual cortical plasticity (Hensch, 2005; Hensch et al., 

1998), but result in uncertainties about the inherent differences between 

GABAergic and excitatory neurons regarding their plasticity. Kameyama 

et al. (2010) used transgenic mice with normal GABA expression levels 

demonstrated that GABAergic neurons are more binocularly in 

responses than excitatory neurons and exhibit greater plasticity 

especially after ends of the critical period, indicating that GABAergic 

neurons play a crucial and sustained role in visual plasticity beyond early 

development. They revealed that monocular deprivation reduced the 
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responsiveness of GABAergic neurons to the deprived eye and excitatory 

neurons increased the responsiveness to the non-deprived eye, which 

aligns with Hebbian synaptic plasticity, suggesting that neural 

connections are strengthened or weakened based on activity.  

 

In adults, an enhancement of the deprived eye’s signal induced by short 

term (around 2-hour) monocular visual deprivation has been observed 

(Bai et al., 2017; Binda & Lunghi, 2017; Castaldi et al., 2020; Chadnova 

et al., 2017; Lunghi et al., 2011, 2013, 2015; Lunghi & Sale, 2015c; 

Lunghi et al., 2019; Min et al., 2018; Wang et al., 2020; Zhou et al., 2013, 

2014, 2015). Ongoing research has shown that the persistence of 

plasticity into adulthood allows for continued adaptability in response to 

new experiences, learning and injury recovery (Gibert & Li, 2012). A key 

feature of plasticity in the adult primary visual cortex is the connection 

field, which links contour elements in the visual field through long-range 

horizontal connections formed by cortical pyramidal cells (Gibert & 

Wiesel, 1989; Stettler et al., 2002). These connections allow for 

integrating information across the large areas of the visual field, encoding 

new information and recovering from the sensory disruptions in 

adulthood (Gibert & Li, 2012). The impact of shifts in the egocentric 

location in this chapter highlights the adaptability of the visual system, 

which is supported by research that short-term monocular visual 

deprivation leads to perceptual adjustments as a form of homeostatic 

plasticity (Turrigiano, 2012). Consistent with research on ocular 

dominance plasticity that short-term monocular deprivation alters the 

balance of visual inputs from both eyes (Bai et al., 2017; Ramamurthy & 

Blaser, 2018), suggesting that adult plasticity can recalibrate spatial 

perception based on altered sensory input. Kurzawski et al. (2022) 

investigated short-term monocular (2-hour) deprivation in the human 

visual thalamus, especially the lateral geniculate nucleus (LGN) and 

occipital lobe, in response to short-term monocular masked stimulation.  

 

Using ultra-high field (7T) functional magnetic resonance imaging (fMRI), 

they found evidence of short-term plasticity effect in the ventral occipital 
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lobe (vPulv), where representation of the deprived eye was enhanced 

compared to the non-deprived eye. This effect is similar to previously 

observed plasticity in the visual cortex and has been associated with 

behavioural shifts in ocular dominance. In contrast, no such effects were 

observed in the dorsal occipital lobe or LGN, suggesting short- term 

monocular deprivation affects the special subregions of the thalamus 

differently and highlighting that visual thalamus, specifically the vPulv, 

has a unique capacity for short-term plasticity in response to altered 

sensory input. The observed vPulv plasticity aligns with my research on 

short- term monocular deprivation effect on the egocentre location. This 

supports the notion that short -term monocular deprivation triggers rapid 

adaption not only in the visual cortex but in the subcortical structures like 

the thalamus, which play a crucial role in visual perception. The link 

between change in thalamus and changes visual perception highlights 

the interconnected plasticity of both cortical and subcortical regions, 

suggesting that the shifts of egocentric location may involve contributions 

from both cortical and subcortical regions (Wilke et al.,2009), and thereby 

allowing for rapid recalibration of spatial perception and sensory input 

balance. 

 

Min et al. (2018) investigated the impact of short-term monocular 

deprivation on ocular dominance with a binocular phase combination task, 

during which the dominant eye of each participant was patched for 2 

hours over 5 consecutive days to examine if repeated short-term 

monocular deprivation leads to cumulative effects. An enhanced 

contribution of the deprived eye to binocular vision was found, but this 

effect did not accumulate over repeated sessions, suggesting that the 

effect of short-term monocular deprivation is transient and follows an all-

or-none pattern, regardless of the duration or repetition of the deprivation. 

However, this finding contrasts with our observation that egocentric shifts 

are related to short-term monocular deprivation. Min et al. (2018) argued 

that ocular dominance changes induced by short-term monocular 

deprivation are driven by a fast homeostatic plasticity mechanism that 

quickly restore balance between the eyes after deprivation ends. The 
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observed all-or-nothing effect is because this mechanism does not 

gradually build over time or with repeated deprivation. In contrast, the 

shift in the visual egocentre may involve a more sustained or cumulative 

change beyond the fast homeostatic adjustments, suggesting that 

distinct forms of plasticity may characterize different aspects of visual 

processing. 

 

We achieve a cohesive sense of direction by assessing the direction of 

objects in visual space relative to the visual egocentre, integrating 

perspectives from both eyes’ distinct vantage points. With symmetrical 

convergence, objects along corresponding visual lines are regarded as 

being perceived from a point approximately midway between the two 

eyes. This reference point is present from childhood, and it has been 

shown that young children (between 1.8 – 5 years of age) with normal 

binocular vision, comitant strabismus, or had undergone eye enucleation 

(Dengis et al., 1993a) instinctively position a tube at the bridge of the 

nose when instructed to look through it at targets, a phenomenon known 

as the ‘cyclops effect’ (Barbeito, 1983; Church, 1966). This effect reduces 

with age as children start to sight monocularly by the age of around 5 

years old. The observation that children default to aligning relative to the 

middle of their head, regardless of the quality of binocular vision they 

possess, suggesting that a cyclopean projection centre may be innate, 

which aligns with Hering’s hypothesis that the visual direction of an object 

is determined with reference to an egocentre located midway between 

the two eyes (Hering, 1879/1942; Ono, 1979,1991).  

 

This midline egocentre has been consistently demonstrated in individuals 

with normal binocular vision or strabismus (Ono & Weber, 1981), whether 

they are viewing binocularly or monocularly. The presence of a median 

egocentre supports a unified sense of visual direction to integrate inputs 

from both eyes, in which this integration reconciles local retinal 

information and eye position information projecting to a single visual 

egocentre to provide a coherent perception of visual space (Dengis et 

al.,1998). Dengis et al. (1993b) further examined whether the surgical 
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correction of strabismus affects the egocentre location in children with 

strabismus. They used a modified Roelof’s (1959) method to measure 

the egocentric position of three groups of children: children with 

horizontal strabismus before and after surgery, children with vertical 

strabismus before and after surgery, and a control group of children with 

normal binocular vision. The results found no significant differences 

between the egocentric position of strabismus group and that of the 

control group, which remained at the midline before and after surgery, 

despite changes in eye position.  

My observations extend the understanding of visual egocentre flexibility 

by showing that 60-min monocular deprivation caused a marked shift in 

the egocentre location toward the median plane rather than the 

previously deprived eye aligns with the findings on egocentre stability in 

children with strabismus. Similar to how children use the cyclops effect 

during monocular task, the stability of the egocentre position 

demonstrates visual system prioritizes a central egocentric alignment for 

spatial stability even when sensory input is temporarily altered. However, 

my findings on short-term monocular visual deprivation and shifts in the 

visual egocentre location demonstrates that the relative visual input, 

rather than the visual direction of a particular eye is more important on 

egocentre position.  

 

To conclude, our study has demonstrated functional changes in 

perceived visual direction for adults with normal vision induced by short-

term monocular deprivation. The cyclops effect in adults suggests that 

visual egocentre starts from a unified spatial reference point that is based 

on the median plane of the head, implying that the visual system defaults 

to a centrally aligned egocentre. Barbeito (1981) conducted two 

experiments using common sighting tasks that requires participants to 

align an object through monocular viewing to investigate the relationship 

between sighting dominance and visual direction processing. The 

findings suggested that monocular sighting dominance is not an innate 

feature of the visual system, but a visual experience learned from a range 

of tasks where using a single eye is beneficial (e.g., shooting, using a 
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telescope or a microscope). Over time, monocular sighting dominance 

becomes context-specific and influenced by individual experiences and 

needs, resulting in consistent patterns. However, the shift toward the 

median plane induced by short periods of visual deprivation may to some 

extent break this learned monocular preferences and shifts the egocentre 

back to a more innate state, a median plane alignment. This reset 

provides an insight on treating certain conditions where one eye becomes 

dominant (e.g., amblyopia or strabismus). By breaking down the 

established monocular preference, brief periods of monocular visual 

deprivation can promote a more balanced inputs from both eyes and 

foster a better binocular function and coordination. 
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Chapter 6. The magnitude of plastic 

changes in eye dominance measured 

using an alignment task 

6.1 Introduction 

In humans and higher mammals with forward-facing eyes, a significant 

portion of the visual field is seen by both eyes (Boff et al., 1986). However, 

bilateral structures in the body rarely demonstrate complete equality. 

Typically, one eye is favoured in processing visual information or exhibits 

physiological superiority, leading to its classification as dominant. For 

instance, individuals who consistently use their right hand for writing or 

eating are described as having a dominant right hand, or right-

handedness. The most commonly measured form of eye dominance, 

called sighting dominance, reflects a behavioural preference for input 

from one eye when both eyes cannot be used simultaneously, or when 

their views are discordant and cannot be fused (Porac & Coren, 1975). 

Due to its frequency and ease of measurement—often tested by having 

individuals look through a pinhole (Crider, 1944)—sighting dominance is 

considered the “definitive” measure of eye dominance (Mapp et al., 2003; 

Porac & Coren, 1976). 

 

A common scenario illustrating this phenomenon occurs when someone 

points at a distant target with a finger. Double vision arises as the target 

stimulates non-corresponding retinal spots, creating two images of the 

finger. This visual interference requires the brain to rely on input from one 

eye to resolve the alignment challenge, suppressing the other eye’s input 

to eliminate double vision. Thus, one eye typically dominates in 

completing the task. 

 



 201 

A dominant eye is characterized by its superior ability in behavioural 

coordination, monocular perception (Porac & Coren, 1976). Population 

studies indicate that approximately 65% of healthy individuals prefer 

viewing with the right eye, 32% with the left eye, and 3% show no 

consistent preference (Li et al., 2010; Yang et al., 2010; Zhang et al., 

2011). These findings suggest that approximately 97% of individuals 

consistently favour one eye over the other when performing sighting 

tasks. Similar patterns have been observed in other species, particularly 

primates (Cole, 1957; Hall & Mayer, 1966), while some animals, like cats, 

exhibit paw preference without showing eye preference (Crinella et al., 

1972). 

 

While eye dominance exhibits some plasticity in adults, most research 

has focused on rebalancing eye inputs rather than exploring the 

underlying neural mechanisms. Messe, Georgeson, and Baker (2006) 

proposed a two-stage model, suggesting that the visual system 

modulates each eye's input through contrast gain control and binocular 

combination. However, this model does not fully account for other 

aspects of binocular vision, such as depth perception and stereopsis. 

Recent studies, such as Kam and Chang's (2021) work on dichoptic 

training tasks, suggest that changes in eye dominance may occur at early 

stages of the visual processing pathway, like the lateral geniculate 

nucleus (LGN) or the primary visual cortex (V1). Animal studies have 

documented interocular inhibitory interactions in the LGN (Guillery & 

Colonnier, 1970), and diffusion-weighted imaging in humans has shown 

that optic radiation microstructure can predict eye dominance (Chan & 

Chang, 2022). These findings suggest that both subcortical and cortical 

mechanisms contribute to eye dominance. 

 

Based on the research presented here, it is crucial to account for the 

magnitude of neural plastic changes in eye dominance resulting from 

different viewing conditions when assessing the effects of eye dominance. 

While various paradigms have been developed to promote eye 

rebalancing, there has been a notable lack of investigation into the neural 
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mechanisms underlying eye dominance and the magnitude of its 

plasticity. Furthermore, research on quantifying plasticity in eye 

dominance measured through alignment tasks is limited. Purves and 

White (1994) investigated how individuals manage monocular preference 

in a binocular alignment task. They used a partially occluded fenestrated 

screen positioned 2 meters from the viewer, allowing simultaneous sight 

of a target with both eyes. In this setup, the line of sight from one eye 

interacts with the screen, offering insights into how monocular preference 

influences binocular alignment. Among 97 subjects, about half were 

categorized as moderately dominant, based on the frequency of eye 

fixation. These findings reveal a discrepancy compared to the hole-in-

the-card test (e.g., Ehrenstein, Arnold-Schulz-Gahmen, & Jaschinski, 

2005; Zeri et al., 2011), where subjects often show a consistent 

preference for one eye. This suggests that when faced with a task 

requiring a choice between the views of each eye, some individuals 

prioritize one eye, while a significant portion assigns similar importance 

to both monocular views. This complexity complicates the decision of 

which eye to utilize, leading to alternating behaviour. The current study 

aims to investigate whether the weighting of monocular views can be 

measured during the depth-based alignment of visual targets across a 

range of eccentricities. This investigation involves monitoring binocular 

perception to assess how the brain balances input from each eye and 

examining the extent of neural adaption induced by short-term monocular 

deprivation, which seeks to clarify the mechanisms that governs sensory 

integration in response to monocular input imbalance.  
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6.2 Experiment 9: Measuring visual alignment 

of targets in depth across a range of 

horizontal eccentricities 

6.2.1 Methods 

6.2.1.1 Observers 

Nine participants (age range: 23-53years, mean age: 34.33 ± 11.48years) 

had normal or corrected-to-normal vision and no history of ocular disease 

participated in this experiment. Before formal data collection, the TNO 

stereo test (Laméris Ootech, Nieuwegien, The Netherlands) was 

administered to ensure the participants had normal stereo vision and thus 

were able to perceive the depth and 3-dimensional structure of visual 

information (stereo threshold range of 60 to 120arcsec). The experiment 

was approved by School of Psychology Ethics Committee at University 

of Nottingham. Participants gave informed consent before the experiment 

and all experimental procedure conformed to the principles laid out in the 

Declaration of Helsinki.   

 

6.2.1.2 Apparatus and stimuli 

The stimuli consisted of 19 vertical lines, each 5-cm in height, arranged 

in a horizontal row on a white wall, with numbers displayed below each 

line. These lines were spaced 10-cm apart, positioned 119 cm above the 

floor, and located 100cm from the pointer of the apparatus. The visual 

field extends to 33° in both the left and right visual fields relative to the 

fixation point at 0°, as shown in Figure 6.1(a). 

 

The adjustable apparatus was custom-built and consisted of a wooden 

toothpick (5-cm in height) with the tip highlighted in red to serve as a 

pointer. The pointer was positioned approximately 40cm from the bridge 

of the nose and mounted on a high-precision rotation stage (see Figure 
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6.1 (b)). A 360-degree protractor was attached under the arm of the 

apparatus, allowing the experimenter to read the rotation angle directly. 

Using this apparatus, visual alignment of targets in depth was measured 

at various eccentricities during both monocular and binocular alignment 

tasks.  

 

6.2.1.3 Procedure 

The observer viewed the stimuli in a well-lit room, seated at an adjustable 

table and their head supported by a chin rest. The line of sight was 

perpendicular to the wall when the observer fixated on number Zero. The 

observer was instructed to adjust the arm of the apparatus until the 

pointer appeared aligned with the predetermined marker on the wall, this 

was repeated both monocularly and binocularly. After each measurement, 

the experimenter recorded the rotation angle from the protractor. This 

procedure was used to establish baseline data. Each measurement was 

repeated three times, across 19 marker locations in a randomized order, 

totalling 171 trials. First, we measured sighting alignment under 

monocular and binocular viewing conditions; this provided an estimate of 

monocular visual direction and perceived egocentric visual direction. 

Next, the non-dominant eye was covered with an opaque patch for 60 

minutes, during which all visual input to that eye was eliminated. The 

observer was free to engage in routine activities while patched. After the 

patch was removed, visual alignment was remeasured both monocularly 

and binocularly. The viewing distance was then adjusted to further 

investigate changes in relative depth between the two alignment targets. 

The distances between the pointer and the scale were either 50cm, 

100cm, or 200cm. 

 

6.2.1.4 Data analysis 

A linear mixed-effects model analysis was conducted to examine the 

relationship between various eccentricities and the perceived visual 

direction, using the fitlme function in MATLAB (MathWorks, version 
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R2024a). The model had fixed effects of Viewing Distance (50cm, 100cm, 

and 200cm) and random effects of Eccentricity allowing for random 

intercepts across a range of eccentricities.  

 

 
Figure 6.1: Apparatus used in the experiment. (a) 19 pre-set horizontal scale 
markers were used in the alignment task each at a different eccentricity, with 
the visual filed extends 33° in both the left and right visual field relative to the 
fixation point at 0°; (b) The custom-built apparatus used in the experiment 
placed on the specially constructed table, a 360° scale was added under the 
arm of the apparatus so that the rotation angle of the arm could be read 
precisely. 
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6.2.2 Results 

The mean settings for monocular and binocular alignment, representing 

monocular visual direction and egocentric visual direction, are shown as 

a function of the horizontal scale measured under both viewing conditions 

for three representative subjects in Figure 6.2. The data were highly 

consistent, with the error bar (standard error) being smaller than the data 

symbol. Eye dominance can be determined by identifying which eye the 

egocentric visual direction is biased towards, based on the three 

alignment settings. As shown in Figure 6.2, the first observer (a) 

demonstrates strong right eye dominance, with the egocentric direction 

(red line) nearly overlapping the direction of the right eye (blue line). In 

contrast, the third observer (c) shows left eye dominance, where the 

egocentric direction (red line) almost overlaps the direction of the left eye 

(green line). The second observer (b) shows no strong eye preference, 

with the binocular egocentric direction (red line) positioned between the 

two monocular visual directions. 

 

To explore the generalizability of these findings, different viewing 

distances were tested with the same three observers, examining 

variations in the relative depth between the two alignment targets. Figure 

6.3 presents data from one representative observer at viewing distances 

of 50cm (a), 100cm (b), and 200cm (c), measured from the moveable 

pointer to the fixed markers on the wall. As shown in Figure 6.3, the 

perceived visual direction changes linearly with the horizontal scaling of 

the 19 eccentricities across three depth planes. A linear regression was 

conducted to examine the relationship between different viewing 

distances and perceived egocentric direction. Table 6.1 provides a 

summary of the slopes of the linear regressions for binocular alignment 

at these different depths averaged by 9 subjects. The slopes decreased 

gradually as viewing distances increase, with slopes of 1.816, 1.279, and 

0.790 for 50cm, 100cm, and 200cm, respectively. All p-values were 

statistically significant (p < .001) and R2 represented a high degree of fit 
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(R2 > 0.994) highlighting a high reliability of the alignment data at varying 

distances.  

 

 

Figure 6.2: The data of three representative observers measured at 100cm 
from the moveable pointer to the fixed markers on the wall. The rotation of 
pointer is shown as a function of fixed horizontal scaling location viewed by 
the left eye (green line with circle), the right eye (blue line with square) and 
two eyes (red line with triangle). 
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Figure 6.3: The data in different absolute distance of one representative 
participant measured across three viewing distances: 50cm (a), 100cm (b) and 
200cm (c), from the moveable pointer to the fixed markers on the wall. The 
rotation of pointer is shown as a function of fixed horizontal scaling location 
viewed by the left eye (green line with circle), the right eye (blue line with 
square) and two eyes (red line with triangle).  
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Table 6.1: Slopes calculated from linear regressions to the settings of 
monocular and binocular alignment at different depths. 
Viewing 

distance (cm) 

Viewing Slope (b) Std. Error p-value R2 

50 Left eye 1.810 0.032 0.000 0.995 

100  1.274 0.013 0.000 0.998 

200  0.779 0.003 0.000 1.000 

50 Right eye 1.811 0.033 0.000 0.994 

100  1.281 0.012 0.000 0.998 

200  0.784 0.003 0.000 1.000 

50 Binocular 1.816 0.033 0.000 0.994 

100  1.279 0.013 0.000 0.998 

200  0.790 0.003 0.000 1.000 

 

A mixed-effects analysis was conducted to assess the effect of viewing 

distance on egocentric direction across different eccentricities. The 

results revealed that neither viewing distance (b = 0.008, SE = 0.024, t(55) 

= 0.317, p = .752) nor the interaction (b = 4.105, SE = 7.10, t(55) = 0.578, 

p = .565) had statistically significant effects on the perceived visual 

direction. This indicates that different viewing distance did not lead to 

significant differences in the egocentric direction. 

 

Three subjects were instructed to wear an opaque patch over their non-

dominant eye for 60 minutes, with alignment measurements taken at 

varying viewing distances. Figure 6.4 displays post-deprivation alignment 

data for one representative subject at viewing distances of 50cm (a), 

100cm (b), and 200cm (c) under both monocular and binocular conditions. 

A mixed-effects analysis was conducted to assess the effect of conditions 

(baseline and post-deprivation) and viewing distance on egocentric 

direction across different eccentricities. The data revealed no significant 

main effects for conditions (b = 0.070, SE = 3.996, t(110) = 0.018, p = .986) 

or viewing distances (b = 0.009, SE = 0.021, t(55) = 0.415, p = .679). The 

interaction was also non-significant (b =- 0.001, SE = 0.030, t(55) =- 0.041, 

p = .968), suggesting that 60 minutes deprivation does not alter eye 

dominance in this setting for the three subjects. 
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Figure 6.4: The post-deprivation data of one representative participant in 
different absolute distance measured across three viewing distance: 50cm (a), 
100cm (b) and 200cm (c), from the moveable pointer to the fixed markers on 
the wall. The rotation of pointer is shown as a function of fixed horizontal 
scaling location viewed by the left eye (green line with circle), the right eye 
(blue line with square) and two eyes (red line with triangle). 
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In summary, we examine the effect of short-term monocular deprivation 

on perceived visual direction across varying viewing conditions (50cm, 

100cm, and 200cm). The primary goal was to investigate whether 60-min 

monocular deprivation could lead to a shift in eye dominance, as 

measured by visual alignment data under monocular and binocular 

viewing conditions. As previous studies have demonstrated that 

monocular deprivation can induce temporary shifts in eye dominance by 

altering the input balance of two eyes (e.g., Kim et al., 2017; Lunghi et 

al., 2011, 2013; Zhou et al., 2013). However, the lack of significant 

changes in eye dominance measured in our experimental setup implies 

that alignment task may not be sensible enough to detect subtle changes 

in eye dominance following 60-min monocular deprivation. Therefore, 

more sensitive perceptual manipulations may be required to investigate 

the extent of neural plastic changes in eye dominance induced by 

deprivation, which will be explored in the following sections. 

 

6.3 Experiment 10: The effects of short-term 

monocular deprivation on visual alignment 

in depth  

6.3.1 Methods 

6.3.1.1 Observers 

Ten observers took part in this experiment (4 females, age range: 25-

53years, mean age: 35.50 ± 10.01years), all had normal or corrected-to-

normal vision and no history of ocular disease. Stereo was measured 

using the same approach as Experiment 9. The handedness was 

confirmed for each of 10 observers before experiment. 
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6.3.1.2 Apparatus and stimuli 

In this experiment, the apparatus used was identical to that in Experiment 

9. Additionally, two 35mm diameter unmounted linear glass polarizing 

filters were placed inside the optical cell of a trial frame. The lens can 

rotate 360° around the optical axis. The first polarizer was placed closer 

to the eye and was held stationary (rear cell), while the second polarizer, 

referred to as the "analyser" was positioned in front of the first one (front 

cell). The analyser was rotated from 0° (parallel to the first polarizer) to 

90° (perpendicular to the first polarizer) to achieve the desired 

polarization effect and control the light level entering the eye, and then to 

180° to increase the luminance. 

 

6.3.1.2.1 Linear polarizing filers 

Light, as an electromagnetic wave, has an electric field that oscillates 

perpendicular to its direction of propagation. Everyday light sources such 

as sunlight, LED bulbs, and incandescent lights emit unpolarized light, 

where the electric field direction fluctuates randomly. A linear polarizer 

restricts the light to a single plane along its direction of propagation (see 

Figure 6.5). By using two polarizers in combination, we can control the 

amount of light transmitted. When the polarizers' transmission axes are 

parallel, maximum light transmission occurs. Conversely, when the 

polarizers are perpendicular, or "crossed", light transmission is minimized, 

as all possible polarization states are filtered out. The angle between the 

transmission axes can be adjusted to achieve varying levels of light 

attenuation while maintaining binocular vision. 
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Figure 6.5: How two polarizer filters work together to attenuate the light 
intensity. 
(a) when two polarizers were placed in the same direction, the maximum 
intensity of the light is transmitted; (b) when the second filter was rotated 
through 90°, the intensity of transmitted light is zero. By varying the angle 
between the polarizers, the degree of light entering into the eye can be 
controlled. 
  
 

6.3.1.2.2 Luminance calibration 

A luminance meter (Konica-Minolat LS-110, Japan) was mounted on a 

tripod and positioned 100cm away from the linear polarizers and at the 

same height. The distance between the luminance meter and the linear 

polarizers was 100cm, with a shielded light source placed 20cm behind 

the polarizers (see Figure 6.6(a)). The vertical height of the light source, 

linear polarizers, and luminance meter were the same (60cm above the 

table). A stop with a central circular aperture (1° visual angle) was 

positioned so that light passed through the centre of each filter (see 

Figure 6.6(b)). 



 214 

 
Figure 6.6: Luminance calibration. 
(a) The apparatus setting for luminance calibration, the distance between the 
luminance metre to polarizers, as well as the polarizers to the light source are 
marked in the figure; (b) Two polarizers are inserted into the cells of one side 
of a trial frame, there is a black card with an aperture in the centre to make 
sure the light goes through the centre of each polarizer. 
 

 

The luminance meter was used to measure the amount of light that 

passed through the polarizing filters. Firstly, baseline luminance 

measurements were taken without the filters in place. Then, a single 

polarizer was added to the setup, and the luminance measurement was 

repeated under the same lighting conditions. Finally, a second polarizer 

was placed in front of the first, and a series of luminance readings were 

recorded as the orientation of the second polarizer was incrementally 

varied. Starting from a parallel alignment (0°) relative to the first polarizer, 

the second polarizer was rotated until it became perpendicular (90°) and 

then continued rotating until it reached 180°, bringing it back to a parallel 

orientation with the first polarizer.  

 

According to Malus's Law (Morus, 2005), the intensity of transmitted light 

I (θ), through two linear polarizers is proportional to the square of the 

cosine of the angle θ between light's initial polarization direction and the 
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axis of the second polarizer. This relationship can be expressed 

mathematically as: 

 

𝐼(𝜃) = 	 𝐼$	&'(!(𝜃)                                                        (6.1) 

 

where 𝐼$	(𝜃)  represents the initial intensity of the light after passing 

through the first polarizer. The transmitted intensity gradually decreases 

as the angle θ increases from 0° to 90° and reaches zero when the 

polarizers are perpendicular (i.e., at θ = 90°). The luminance 

measurement for a range of relative angles between the filters is plotted 

in Figure 6.7.  

 

 
Figure 6.7: The luminance measured without a polarizer (blue line), only one 
polarizer (green line) and two polarizers (blue dots) rotated from parallel to 
perpendicular direction and then parallel again. Red curve line indicates how 
well Malus's Law fits the data with as the relative polarization angle varies. 
The data points are the mean of X measurements, and the error bars indicate 
the standard deviation.  
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6.3.1.3 Procedure 

Observers were seated at the same table used in Experiment 9, within a 

well-lit room. They were instructed to adjust the arm of the apparatus until 

the pointer aligned with a predetermined marker on the wall. In this 

experiment, only three eccentricities (-12°, 0°, and 12°) were measured 

monocularly and binocularly to assess each observer’s eye dominance. 

Eye dominance was determined by identifying which eye’s monocular 

alignment corresponds to the alignment observed with both eyes, that 

eye was considered as the dominant eye. The rotation angles from the 

binocular measurements were recorded as the baseline data. Each 

measurement was repeated three times for each eccentricity, 

randomized in order, resulting in a total of 27 trials. Next, the observer 

wore a trail frame with polarizers placed over the dominant eye. 

 

The experimenter adjusted the pointer aligned with -12° eccentricity 

based on the predetermined baseline egocentric angle. Following 

alignment between the pointer and the scale marker under binocular 

viewing, we then reduced the luminance to the dominant eye until 

perception switched to the fellow eye by rotating the angle of external 

polarizer from 0° to 90°. The angle of the polarizer at this transition was 

taken to indicate a balance point for a shift in eye dominance. The switch 

to a monocular image result from the suppression of the reduced-

luminance image in the dominant eye. In fact, the procedure we use here 

is similar to that used to test the depth of suppression in individuals with 

amblyopia - where a Sbisa is used to reduce the luminance of a target 

presented to the dominant eye until perception switches to the amblyopic 

eye (Crawford & Griffiths, 2015). In the following process, the external 

polarizer was rotated from 90° to 180°, progressively increasing contrast 

to the dominant eye until physiological diplopia reappeared, and this 

rotation angle was recorded as well. The same procedure was repeated 

for the other two eccentricities (0° and 12°), and each measurement was 

repeated three times in this predetermined order. 
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Following these measurements, observers were asked to wear an 

opaque patch over one eye for 60 minutes, during which they were free 

to engage in routine activities. After the 60-minute deprivation period, 

participants underwent repeated measurements in the sequence of -12°, 

0°, and 12°, with this sequence repeated three times. This allows us to 

compare the balance points before and after patching and whether this 

deprivation effect diminish over repeated measurements. This 

comparison aimed to explore whether short-term deprivation could shift 

the balance points at which eye dominance changes, providing a more 

sensitive measure of neural plasticity induced by short-term monocular 

deprivation. The choice of 60-min deprivation period was guided by the 

results from Chapter 5 that monocular deprivation for 60 mins induced a 

marked shift in the egocentre location, though the results in Exp.9 

indicated that a 60-min monocular deprivation could not induce 

significant changes in eye dominance. This experimental setting aims to 

explore if subtle, rapid adjustments can be observed using alignment 

tasks with help of linear polarizers. 

 

6.3.2 Results 

Figures 6.8, 6.9, and 6.10 display these balance points for each of the 

ten participants measured at three eccentricities (-12°, 0°, and 12°).  

Based on alignment measurements, four participants (S1 – S4) exhibited 

strong dominance in one eye (three with right-eye dominance and one 

with left-eye dominance), while the remaining participants (S5 – S10) 

showed no strong eye preference. According to baseline data 

(represented by red dots in the figures), participants with a dominant eye 

tended to align the target with that eye. As luminance to the dominant 

eye was reduced, they experienced physiological diplopia. Further 

reductions in luminance induced suppression of the dominant eye, 

resulting in perception through the non-dominant eye alone. When 

luminance to the dominant eye was gradually increased, the suppressed 

image reappeared, again resulting in physiological diplopia. After the 60-
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minute deprivation on the non-dominant eye, participants underwent 

repeated measurements in the sequence of -12°, 0°, and 12°, with this 

sequence repeated three times to compare balance points before and 

after patching and examine how the deprivation effect changes across 

the three repetitions.  

 

For participants no particular eye dominance, polarizers were placed in 

front of the right eye for all these participants. These individuals initially 

experienced physiological diplopia. As luminance to the right eye was 

reduced, diplopia persisted until suppression occurred, allowing 

perception through the left eye alone. When luminance to the right eye 

was increased, the suppressed image reappeared, restoring diplopia. 

After the 60-minute deprivation on the left eye, participants underwent 

repeated measurements in the sequence of -12°, 0°, and 12°, with this 

sequence repeated three times to compare balance points before and 

after patching and examine how the deprivation effect changes across 

the three repetitions. 
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Figure 6.8: Balance points for ten participants (S1 to S10) measured at -12° eccentricity. The red dots represent the baseline luminance values, 
while blue dots represent the post-patching values. The error bars indicate the standard deviation. X-axis denotes the number of image was 
seen during rotating the external polarizer, and y-axis represents the corresponding balance point values (cd/m2). 
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Figure 6.9: Balance points for ten participants (S1 to S10) measured at 0° eccentricity. The red dots represent the baseline luminance values, 
while blue dots represent the post-patching values. The error bars indicate the standard deviation. X-axis denotes the number of image was 
seen during rotating the external polarizer, and y-axis represents the corresponding balance point values (cd/m2). 
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Figure 6.10: Balance points for ten participants (S1 to S10) measured at 12° eccentricity. The red dots represent the baseline luminance 
values, while blue dots represent the post-patching values. The error bars indicate the standard deviation. X-axis denotes the number of image 
was seen during rotating the external polarizer, and y-axis represents the corresponding balance point values (cd/m2).
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The average luminance values for each vision state (single vision and diplopic vision) 

across three eccentricities (-12°, 0°, and 12°) are presented in Table 6.2 and displayed 

in Figure 6.11. For each eccentricity, reductions on one eye results in an initial phase 

of physiological diplopia, then transitions to single vision perceived through the fellow 

eye, then suppressed image reappears when increase the luminance to the eye. As 

for the participants with no strong eye dominance, they perceive the diplopic images 

as soon as they started the alignment task. Therefore, we just averaged the balance 

points where perception occurs exclusively through one eye, and then physiological 

diplopia reappears again. At -12° eccentricity, a mean luminance value 215cd/m2 (SD 

= 149) is needed for perceiving the single image, while a higher luminance of 331cd/m2 

(SD = 200) results in diplopic images. At 0° eccentricity, the mean balance point for 

single vision is 264cd/m² (SD = 149), and for diplopic vision is 360cd/m² (SD = 172). 

At 12° eccentricity, the single vision balance point remains at 264cd/m² (SD = 247), 

with the diplopic balance point at 349cd/m² (SD = 119). These measurements provide 

insight into the balance points of luminance values where dominance shifts, offering a 

baseline for assessing the effects of monocular. 

 
Table 6.1: Mean balance points (cd/m2) for perceiving single and diplopic vision measured at 
three eccentricities across ten observers before deprivation. 
Eccentricity (°) Vision state Mean balance point (cd/m2) SD 

-12 Single image 215 149 

 Diplopic image 331 200 

0 Single image 264 149 

 Diplopic image 360 172 

12 Single image 264 247 

 Diplopic image 349 119 
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Figure 6.11: Average balance points (cd/m2) for perceiving single and diplopic vision 
measured at three eccentricities across ten observers before deprivation. The red dots 
represent the baseline luminance values, while blue dots represent the post-patching values. 
The error bars indicate the standard deviation. X-axis denotes the number of image was 
seen during rotating the external polarizer, and y-axis represents the corresponding balance 
point values (cd/m2). 
 

 

After 60-min monocular deprivation, balance points were remeasured for each 

participant across three eccentricities. All ten participants perceived the diplopic 

images as soon as they started the alignment task after removing the patch. Table 6.3 

summarizes the average luminance values for each vision state (single vision and 

diplopic vision) across three eccentricities (-12°, 0°, and 12°) after monocular 

deprivation across 10 observers. 
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Table 6.2: Mean balance points (cd/m2) for perceiving single and diplopic vision measured at 
three eccentricities after 60-min monocular deprivation across ten observers. 
Eccentricity (°) Vision state Mean balance point (cd/m2) SD 

-12 Single image 750 476 

 Diplopic image 656  514 

0 Single image 804 457 

 Diplopic image 717 484 

12 Single image 776 677 

 Diplopic image 607 378 

 

Inter-ocular differences among 10 participants were calculated by subtracting the 

balance points when the suppressed image reappeared from the balance points where 

the suppression occurs, providing a measure of the luminance required to switch 

perception. The pre-and post-deprivation of inter-ocular luminance difference among 

10 participants at three eccentricities is displayed in Table 6.4. A reduction in inter-

ocular luminance differences in the post-deprivation data reveals a potential decrease 

in the deprived eye’s luminance contrast threshold, suggesting a reduction in contrast 

sensitivity for the deprived eye following deprivation. For the participants with strong 

eye dominance (S1 - S4), positive inter-ocular luminance differences consistently 

highlighted that the dominant eye is strongly favoured in visual processing, requiring 

greater luminance to switch perception. Figure 6.12 illustrates the inter-ocular 

luminance differences before (left panel) and after deprivation (right panel) at three 

eccentricities for 10 participants, highlighting individual variations in visual processing 

and adaption among participants. A positive inter-ocular luminance value means the 

eye with polarizers in front requires a higher luminance to maintain perceptual 

dominance compared to the fellow eye, whereas a negative value indicates the fellow 

eye has a higher luminance. 
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Table 6.3: Pre- and post-deprivation inter-ocular luminance differences at three eccentricities for 10 participants. 
 Inter-ocular difference (cd/m2) 

 -12 (°)  0 (°)  12 (°)  

 Pre Post Pre Post Pre Post 

S1 164±77 -164±73 250 -87±150 228±196 -37±257 

S2 195±124 -83±25 338±177 -425±104 25 ±115 -458±89 

S3 85±57 69±125 170±49 480±172 166±197 321±156 

S4 350±150 432±253 233±161 -389±225 152±47 -362±394 

S5 55±16 -150±87 95±82 -36±31 85±75 12±98 

S6 163±95 -150±87 69±103 -64±163 159±28 309±288 

S7 9±87 -81±78 -117±139 -434±307 47±43 -364±241 

S8 38±108 216±202 -38±59 917±190 166±119 282±195 

S9 210±65 -237±226 0±177 -296±81 94±6 -378±186 

S10 -22±181 200±50 -36±126 133±29 93±153 117±126 
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Figure 6.12: Inter-ocular luminance differences across three eccentricities for 10 participants represented dots with different colours. X axis 
represents three eccentricities, y axis represents inter-ocular luminance differences between the two eyes. Positive y value means the eye with 
polarizers in front has a higher luminance than the fellow eye, and vice versa for the negative value. The error bars indicate the standard 
deviation. 
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Paired t-tests were conducted to compare pre- and post-deprivation 

balance points for each condition, as displayed in Table 6.5. The results 

indicated that monocular deprivation induced significant reductions in 

balance points across all conditions, resulting in measurable changes in 

eye dominance. A repeated measures ANOVA results indicated that 

inter-ocular luminance differences did not differ significantly between pre- 

and post-deprivation (F(1,57) = 2.17, p = .146).  

 
Table 6.4: Paired t-test results for changes in balance points induced by 
monocular deprivation across conditions. 
Eccentricity 
(°) 

Vision state Mean changes 

(cd/m2) 
SD t p 

-12 Single  535 456 -3.71 .0049 

 Diplopic 512 354 -2.90 .0176 
0 Single 540 607 -2.82 .0202 

 Diplopic  357 441 -2.56 .0306 
12 Single 663 493 -3.28 .0095 

 Diplopic  257 303 -2.68 .0251 

 

To assess the changes in balance points induced by monocular 

deprivation, the post-deprivation measurements were repeated three 

times following the sequence: -12°,0° and 12°. In Figure 6.13, the red, 

blue, and green dots represent the first, second, and third measurements, 

respectively, taken after deprivation. Although each measurement was 

brief, the effects of deprivation gradually diminished with subsequent 

measurements. 
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Figure 6.13: Balance points across three eccentricities with sequential measurements after deprivation. The red, blue, and green represent the 
first, second, and third measurements, respectively. The error bars indicate the standard deviation. X-axis denotes the number of image was 
seen during rotating the external polarizer, and y-axis represents the corresponding balance point values (cd/m2). It shows the effects of 
deprivation gradually diminished with subsequent measurements. 
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The average changes in balance points, derived from three separate 

measurements taken following 60 minutes of monocular deprivation are 

summarized in Table 6.6. A repeated-measures ANOVA was performed 

on the three post-deprivation measurements. The results revealed a 

statistically significant main effect among the measurements (F(2, 18) = 

23.54, p < .001), indicating that balance points were significantly altered 

after monocular deprivation. However, the absence of a significant 

interaction suggests that the post-deprivation effects were consistent 

across different eccentricities, meaning that the deprivation effect was 

stable regardless of the visual angle tested. This finding further supports 

the idea that short-term monocular deprivation induces significant 

changes in eye dominance, with the effect diminishing over time during 

repeated measures. 

 
Table 6.5: Averaged changes in balance points measured at three 
eccentricities after 60-min monocular deprivation averaged across ten 
participants with three separate repetitions. 

 

 

6.4 Discussion 

This study introduces a novel and sensitive method for measuring the 

extent of eye dominance and quantifying the magnitude of plastic 

changes induced by short-term monocular deprivation. By employing 

linear polarizing filters to systematically degrade the visual input to one 

eye, we were able to precisely determine the balance points at which 

Eccentricity (°) -12 0 12 

Vision State Single Diplopic Single Diplopic Single Diplopic 

1st  Mean (cd/m2) 636 353 730 498 673 407 

 SD 546 282 764 619 588 563 

2nd  Mean (cd/m2) 531 298 582 283 560 242 

 SD 422 346 720 412 576 251 

3rd  Mean (cd/m2) 439 323 309 290 303 124 

 SD 431 454 377 368 342 176 
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perceptual dominance from one eye to the other. This approach offers a 

quantitative assessment of sensory eye dominance (SED) while 

providing insights into the dynamic balance of binocular vision. 

 

The key innovation of our methodology is the use of the relative rotation 

angle of the external polarizers as a quantifiable measure of eye 

dominance. The size of the rotation angle and its subsequent translation 

to an inter-ocular luminance difference, indicates the relative influence of 

the non-dominant eye, effectively capturing the degree to which one eye 

contributes to the overall visual perception. By averaging these values 

across multiple eccentricities, we established a reliable measure of each 

participant's eye dominance before and after deprivation. Our findings 

revealed that individuals exhibit varying degrees of eye dominance, 

which could be precisely mapped using this technique. Individuals with 

stronger eye dominance—where one eye predominantly influences 

perception—required a larger luminance difference between the eyes to 

induce a shift in visual perception after monocular deprivation. In contrast, 

participants with no strong eye dominance exhibited more subtle shifts.  

 

This variability underscores the sensitivity of our method in detecting 

individual variations in eye dominance, a sensitivity that traditional clinical 

methods like the hole-in-card test or Worth 4-dots test (Seijas et al., 2007) 

often lack. After 60 minutes of depriving the non-dominant eye, we 

observed significant changes in the luminance difference which allowed 

the non-deprived eye to fully dominate perception. As there is no 

significant interaction between inter-ocular differences of pre-and post-

deprivation data, suggesting that deprivation may have a fixed effect 

across all participants. The average balance points changed markedly 

compared to baseline measurements, indicating that short-term 

deprivation effectively alters the neural weighting of visual input from 

each eye.  

 

One neural basis of eye dominance is unequal interocular inhibition, this 

eye dominance can disrupt binocular functions that rely on a balanced 
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interaction between excitatory and inhibition mechanisms (Sengpiel et al., 

1994; Su, He, & Ooi, 2009; Su, He, & Ooi, 2011). The observed shifts 

suggest that the neural circuits responsible for integrating binocular input 

remain adaptable, capable of reweighting sensory contributions based 

on recent visual experiences. This plasticity may involve alterations in 

inhibitory and excitatory synaptic strengths within visual cortical areas, 

such as the primary visual cortex (V1), and subcortical structures like the 

lateral geniculate nucleus (LGN) (Duménieu et al., 2021). Our method 

provides a practical tool for reducing sensory eye dominance and 

improving stereopsis for adults. By quantifying the extent of eye 

dominance and tracking changes of sensory eye dominance over time, 

researchers can investigate how different factors—such as duration of 

deprivation, visual tasks, or perceptual suppression of the stronger eye 

while enhancing excitatory signals in the weaker eye. It provides 

compelling psychophysical evidence supporting the crucial role of 

inhibitory activities in driving cortical plasticity, which may broaden 

therapeutic possibilities for visual dysfunctions linked to sensory 

imbalance.  

 

One of the key contributions of this study is the confirmation that short-

term monocular deprivation induces shifts in eye dominance, a finding 

that aligns with earlier studies (Lunghi et al., 2011; Zhou et al., 2013). By 

depriving the non-dominant eye of visual input for 60 minutes, we 

observed significant changes in the balance points where the previously 

non-dominant eye became perceptually dominant. This effect, quantified 

through luminance differences between the two eyes, was especially 

prominent in individuals with a strong initial eye dominance. This has 

important implications for both basic visual neuroscience and clinical 

applications. The shifts in eye dominance observed in this study likely 

reflect underlying changes in the balance of excitatory and inhibitory 

signals within the visual cortex. Previous research by Lunghi et al. (2011) 

proposed that short-term monocular deprivation enhances homeostatic 

plasticity, wherein the brain compensates for the lack of visual input from 

one eye by increasing sensitivity to signals from that eye once the 
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deprivation is lifted. This homeostatic mechanism allows the visual 

system to adapt dynamically to changes in sensory input, ensuring that 

visual information is processed efficiently even under altered conditions. 

Our findings are consistent with this theory. The fact that these changes 

were most prominent in individuals with high levels of inter-ocular 

inhibition supports the idea that eye dominance is not a fixed trait but is 

subject to modulation based on sensory experience.  

 

Furthermore, the temporary nature of these changes raises questions 

about the long-term potential for altering eye dominance through 

repeated or prolonged deprivation. While our study focused on short-term 

effects, it would be valuable to explore whether extended periods of 

deprivation could result in more permanent shifts in eye dominance. 

Schwartz & Yatziv (2015) explored how eye dominance can shift 

following cataract surgery and highlighted that eye dominance is not a 

static trait but a plastic attribute. They observed 21.2% patients 

experienced changes of eye dominance following cataract surgery, 

suggesting that inter-ocular inhibition could adapt to signal quality 

changes (such as those with visual deterioration associated with 

development of cataract) and adjust to favour the better eye. Jing et al. 

(2015) investigated the relationship between sensory eye dominance 

with interocular refractive difference, known as anisometropia. They 

found that anisometropic individuals tend to have stronger ocular 

dominance, with the degree of dominance correlating with the amount of 

refractive error asymmetry, highlighting the importance of sensory eye 

dominance on understanding the mechanism of refractive development 

and providing new ideas for the prevention and treatment of 

anisometropic.  

 

Yang, Blake and McDonald (2010) used a continuous flash suppression 

(CFS) paradigm by presenting dynamic noise to one eye and target 

stimulus to the other eye to examine reaction times for target perception. 

The dominant eye was expected to quickly break the suppression with a 

shorted reaction time. In contrast, our approach measured eye 
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dominance by capturing the inter-ocular luminance threshold to switch 

perception between the two eyes and providing a sensitive index of eye 

dominance changes induced by short-term monocular deprivation. This 

luminance differences-based method allows us to assess not only the 

strength of each eye’s dominance but its adaptability in response with 

monocular deprivation, providing a valuable insight on treatment of 

amblyopia or strabismus where long-term adjustments in the balance of 

visual input between the eyes are desirable. The sensitivity of our 

measurement technique holds significant potential for clinical 

applications, particularly in diagnosing and treating binocular vision 

disorders like amblyopia – an extreme form of eye dominance that is 

associated with inter-ocular suppression. For example, therapeutic 

strategies for amblyopia involves patching the dominant eye to stimulate 

the amblyopic eye, while our approach quantifies how effectively the 

deprivation intervention alter dominance, offering a method for tracking 

progress and optimizing treatment efficiency. Clinicians could use this 

method to monitor patients' responses to treatments like patching, 

perceptual learning, or dichoptic training, adjusting strategies based on 

measurable changes in eye dominance.  

 

Ooi et al. (2013) developed a push-pull perceptual learning protocol that 

simultaneously affects the neural mechanisms of excitatory and inhibitory 

networks by completely suppressing perception from the strong eye and 

recalibrating the inter-ocular balance of exhibitory and inhibitory 

interactions. Studies like Wang et al. (2021) have shown that monocular 

treatments like patching can shift eye dominance, as a measure that can 

be tracked during therapy or be considered as an outcome measure of 

any treatment strategy. Furthermore, the method could be adapted for 

use with different age groups, including children, to assess 

developmental aspects of eye dominance and neural plasticity. Future 

research could explore longitudinal studies to determine whether 

repeated short-term deprivation sessions lead to long-term changes in 

eye dominance, potentially offering new avenues for early intervention in 

disorders of binocular vision. 
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While this study provides valuable insights into the effects of short-term 

monocular deprivation on eye dominance, there are several limitations 

that should be addressed in future research. The relatively short duration 

of the deprivation period. Although we observed significant shifts in eye 

dominance after 60 minutes of deprivation, it remains unclear whether 

these changes would persist over longer periods or whether repeated 

deprivation sessions could lead to more permanent alterations in visual 

processing.  

 

Future studies should explore the effects of monocular deprivation at 

different viewing distances and in more naturalistic settings to better 

understand how these shifts in eye dominance play out in real-world 

scenarios. Finally, while this study focused on adult participants, it would 

be valuable to extend the research to younger populations, particularly 

children with amblyopia or other binocular vision disorders. Children’s 

visual systems are known to be more plastic than those of adults, and the 

effects of short-term monocular deprivation may be even more 

pronounced in younger individuals.  The study by Knox et al. (2012) 

demonstrated significant gains in visual acuity and stereo function for 

amblyopic children who undertook a perceptual learning task that 

requires participants use both eyes to perform the training. This study 

highlights binocular treatments, which make use of neural plasticity, can 

improve the visual function of amblyopic children. Using an iPad 

binocular treatment for amblyopic children, Li et al. (2014) showed that 

engaging both eyes during gameplay significantly improved visual acuity, 

with the gains remaining stable at least three months after treatment. In 

light of this, it appears that children's visual systems exhibit considerable 

plasticity, enabling effective adaptation to and improvement even after 

only a short period of targeted training. 

 

In summary, this study provides a valuable contribution to both vision 

science and clinical practice by introducing a sensitive and quantitative 

method for measuring the extent of eye dominance and the magnitude of 
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neural plastic changes resulting from short-term visual deprivation. The 

use of linear polarizing filters offers a controlled and precise means to 

manipulate and assess binocular vision. Our findings highlight the 

importance of measuring sensory eye dominance. As there is a broad 

variation in stereo performance among the general population, and it may 

link to sensory eye dominance. The findings suggest that brief periods of 

visual deprivation could shift the interocular balance, which may, in turn, 

enhance depth perception. Although depth perception was not directly 

measured before and after short-term deprivation in this study, future 

research could explore this effect further. Additionally, the alignment task 

used here could serve as a tool to identify individuals with strong eye 

dominance. For these individuals, short-term monocular deprivation 

might be a promising method to improve their depth perception, 

particularly enhancing their experience of three-dimensional world. 
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Chapter 7. General discussion 

7.1 Summary of Findings 

This thesis investigates fundamental aspects of human binocular vision 

through a series of ten psychophysical experiments, specifically 

examining the neural mechanisms underlying depth computation and the 

processing of visual direction. The findings provide significant insights 

into the computational processes governing the visual egocentre—a 

critical reference point for determining object direction relative to the 

observer—and neural plasticity associated with our perception of visual 

direction. 

 

Chapter 3 presents a comparative analysis of two prominent models of 

binocular visual direction: the maximum-likelihood model (Mansfield & 

Legge, 1996) and the modified conventional model (Banks et al., 1997). 

The results demonstrate that both depth perception and interocular 

contrast differences significantly influence perceived visual direction, 

corroborating earlier research on the role of luminance differences in 

binocular perception (Charnwood, 1949; Francis & Harwood, 1951; 

Verhoeff, 1933, 1935). Contrary to Mansfield and Legge's model—which 

posits that visual direction results from a maximum-likelihood 

combination of directional signals from the left and right eyes—our 

findings suggest that visual direction is computed through the integration 

of monocular inputs. Using Gaussian-windowed, one-dimensional, 

aperiodic noise patches in Experiments 3 and 4, we observed that coarse 

spatial information, rather than fine internal structures, predominantly 

guides directional judgments. This aligns with established theories 

emphasizing the significance of shape and boundary cues in object 

perception (Wagemans et al., 2012), which prioritize holistic properties 

such as shape over specific internal spatial structures. These shape-

based theories focus on emergent and global configurations that define 
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perceptual organization, while remaining agnostic to internal spatial 

features. 

 

Chapter 4 examines the visual egocentre location and refines principles 

of visual direction by exploring variability in egocentric localization within 

a large population sample. Building on Hering’s (1879/1942) foundational 

principles—which posited that visual direction is governed by a centrally 

located egocentre along the interocular axis—the study incorporates 

individual variability in egocentre localization by integrating monocular 

and binocular cues. The findings indicate that visual direction cannot be 

universally defined by a static egocentre position but rather involves a 

dynamic integration of monocular and binocular inputs unique to each 

individual. This refinement enhances the theoretical framework of 

binocular vision and supports more personalized approaches in vision 

science. Compared to alternative methods (Fry, 1950; Funaishi, 1926; 

Roelofs, 1959), the approach of Howard and Templeton (1966) provides 

precise egocentre estimates (Mitson, Ono, & Barbeito, 1976). Monocular 

measures estimate the perceived position of each eye in the head, often 

exceeding the corresponding interpupillary distance (IPD) due to the 

misalignment between the visual and pupillary axes by approximately 5° 

(angle kappa) in the temporal plane (Artal, 2014). Binocular sighting 

measurements offer direct estimates of the visual egocentre, typically 

located posterior to the corneal plane and proximal to the median plane, 

although significant individual variability exists. These results corroborate 

Howard and Templeton's (1966) earlier research, elucidating individual 

variations in egocentre localization. Gregory's (1958, 1966) theoretical 

framework, which posits the existence of two subsystems—the retinal-

image system and the eye-head system—further explains how these 

subsystems integrate signals to establish egocentric visual direction. By 

combining eye-position and retinal signals, individuals can effectively 

differentiate between eye movements and object motion. Variations in 

perceived direction may arise from differences in signal integration, 

resulting in individual differences in spatial perception. Furthermore, 

uncertainty in eye-position signals, such as noise or imprecision, can 
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contribute to variability in aligning retinal input with spatial coordinates. 

Factors such as sighting dominance and eye dominance further influence 

egocentric localization. Habitual suppression of the non-sighting eye 

(Porac & Coren, 1986; Dieter et al., 2017a) may bias directional 

judgments, favouring input from the dominant eye. Collectively, these 

factors account for individual differences in perceived visual direction and 

clarify how eye movements, object motion, and directional judgments 

contribute to perceptual variability. 

 

Chapter 5 explores eye dominance plasticity in the adult visual system 

by examining the effects of short-term monocular deprivation on 

perceived visual direction. The findings highlight the role of interocular 

imbalance in inducing shifts in the visual egocentre, typically towards the 

median plane of the head rather than the previously deprived eye. The 

induced changes suggest that the brain reverts to a location midway 

between the eyes to localize objects in space relative to the viewer. 

Consistent with studies by Lunghi et al. (2011) and Zhou et al. (2013), 

short-term monocular deprivation leads to transient enhancements in 

visual function in the previously deprived eye. The observed changes in 

visual direction following occlusion of the non-dominant and dominant 

eyes were short-lived, returning to baseline levels after 15 minutes. 

These findings align with the notion that visual deprivation can reinstate 

higher levels of plasticity in the adult visual cortex (Karmarkar & Dan, 

2006; Spolidoro et al., 2009). Such changes may be driven by rapid 

homeostatic mechanisms that respond to visual disruption. 

 

Chapter 6 introduces a novel and sensitive method for measuring eye 

dominance and quantifying plastic changes induced by short-term 

monocular deprivation. By using linear polarizing filters to systematically 

reduce visual input to one eye, we determined the balance points at 

which perceptual dominance shifted between the eyes. This method, 

based on interocular luminance differences, allows precise assessment 

of the strength and adaptability of eye dominance in response to 

monocular deprivation. These findings have significant implications for 
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addressing binocular vision disorders, such as amblyopia, where long-

term adjustments in the balance of visual input between the eyes are 

desirable. 

 

7.2 A synthesised framework 

The findings presented in this thesis contribute to a comprehensive 

theoretical framework for understanding binocular interaction and the 

neural encoding of binocular visual direction. According to Hering's 

foundational psychophysical laws (1879–1942), visual inputs from both 

eyes are integrated to form a unified perception, conceptualized as the 

cyclopean eye. This integration enables the brain to perceive depth and 

direction in binocular vision. A fundamental computational challenge for 

the visual system involves the fusion of bilateral ocular information to 

achieve the cyclopean view and determine the visual direction of objects 

relative to the observer. Our findings align with the Ding-Sperling-Klein-

Levi (DSKL) model, where binocular perception arises from a dynamic 

interplay between interocular inhibition and gain enhancement (Ding et 

al., 2013a), involving three distinct layers of processing for each eye. As 

illustrated in Figure 7.1, IL and IR represent the signal inputs to narrow-

band, orientation-selective spatial frequency channels for the left and 

right eyes, respectively. The selective signal layer (black lines) processes 

eye-specific input, receiving both gain control (represented by black filled 

circles) and gain enhancement (represented by red open circles) from 

the other eye and outputs to form a combined percept. The non-selective 

gain-control layer (blue lines) extracts total contrast energy (TCE) across 

all spatial frequency channels and orientations to apply gain control (eL 

and eR represent contrast energy from each eye) to all three layers 

separately with varied gain-control efficiency (1,a, and b), representing 

different inhibition strength, to the other eye. The gain-enhancement 

layer (red lines) extracts image contrast energy (TCE*) and provides gain 

enhancement exclusively to the signal layer of the other eye. Gain 

enhancement complements gain control by amplifying the weaker eye's 
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input, allowing for a more balanced contribution to the combined 

binocular percept.  

 

As the two eyes may have different contrast sensitivity, the sensitivity 

attenuation µ was introduced to explain influence from monocular 

deprivation (Spiegel, Baldwin, & Hess, 2017). The non-selective gain-

control layer plays a crucial role in preventing dominance by the deprived 

eye, functioning as balancing feedback by favouring inputs that stabilize 

the cyclopean percept along the median plane. The gain-enhancement 

mechanism, which amplifies the non-deprived eye’s input, may inherently 

maintain binocular balance by promoting symmetry in spatial processing, 

effectively aligning the combined percept with the median plane rather 

than favouring the deprived eye. Based on this model, we can explain the 

reduction of inter-ocular suppression observed in this thesis. As a result 

of short-term monocular deprivation, the deprived eye's contribution to 

the selective signal layer is increased, correlated with recalibrated 

egocentric localization. The sensitivity attenuation µ accounts for 

changes of monocular signal weighting after monocular deprivation 

would modulate these shifts by exaggerating the deprived eye’s gain 

enhancement. The gain-control efficiencies (a and b) regulate the varied 

strength of inter-ocular inhibition that prevent the deprived eye’s 

overcompensation. The total contrast energy (TCE and TCE*) further 

ensures balanced input processing across spatial frequency channels. 

This mechanism, supported by observed inter-ocular suppression, 

suggests that binocular vision flexibility adapts to maintain balance, with 

specific parameters controlling the integration and directionality of visual 

signals to recalibrate the egocentric localization. 
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Figure 7.1: The diagram of Ding-Sperling-Klein-Levi (DSKL) model. IL and IR 
are the strength input to each eye, and each eye involves three distinct layers 
for vision processing. The selective signal layer (represented by black lines) 
processes the eye-specific input independently and incorporates both gain 
control (shown as black filled circles) and gain enhancement (shown as red 
open circles) signals from the opposite eye. The non-selective gain-control 
layer (illustrated with blue lines) gathers total contrast energy (TCE) to apply 
gain control (eL and eR represent contrast energy from each eye) to all layers, 
with varying gain-control efficiencies (1, α, and β) to account for different 
inhibition strengths directed toward the opposite eye. The gain-enhancement 
layer (represented by red lines) is responsible for extracting image contrast 
energy (denoted as TCE*), providing gain enhancement exclusively to the 
selective signal layer of the opposite eye. By amplifying the weaker eye's 
input, gain enhancement works alongside gain control to help equalize the 
inputs from both eyes, facilitating a balanced binocular percept. Image 
adapted from Ding et al.(2013a) 

 

7.2.1 The contribution of eye-position and retinal 

position information in binocular visual direction. 

It is important to distinguish between relative and absolute visual direction. 

Relative direction is determined with reference to a fixed external point, 

such as another object in the visual field (Mapp, Ono, & Howard, 2002; 

Ono & Mapp, 1995), while absolute direction pertains to an object's 

position relative to bodily references (e.g., head, torso, visual axis). The 

head-centric frame, defined by the eyes' median and transverse planes, 

serves as the primary reference for assessing absolute direction 

(Khokhotva et al., 2005). 

 

The integration of retinal (position of the retinal images) and oculomotor 

(position of the eyes in the head) signals constitutes a fundamental 
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requirement for accurate head-centric directional judgments (Mapp et al., 

2002). Gregory's (1958, 1966) theoretical framework proposes that these 

signals from the eyes and head operate synergistically to establish 

egocentric visual direction. Swanson, Wade, and Ono (1990) further 

elaborated this concept, suggesting that retino-centric and eye 

movement signals undergo weighted integration for each eye, 

culminating in a unified egocentric representation. As illustrated in Figure 

7.2, perceived egocentric direction results from combining signals from 

left and right eye positions (𝑒′! and 𝑒′#, respectively) and retinal data (𝑖′! 

and 𝑖′#  for left and right retino-centric signals, respectively). The 

binocular retino-centric level (𝑀′(:*)) is determined by the combination of 

left and right retino-centric signals, with weights (𝛼) applied based on the 

relative strengths of stimulation in each eye and the similarity of contours 

on corresponding retinal areas. The egocentric signal (𝑀′(()) depends on 

the integration of binocular retino-centric information and binocular eye 

movements. The final egocentric representation results from combining 

these binocular signals.  

 

Although Hering's law of visual direction assumes equal contribution from 

both eyes, individual differences—such as variations in contrast 

sensitivity or other ocular parameters—may influence the weighting 

applied to each eye. These individual differences, including contrast 

sensitivity imbalances, could explain why the weighting varies across 

individuals, leading to differences in perceived visual direction and 

egocentric alignment. Hering’s assumption (1879/1942) of equal 

contributions from both eyes was challenged by Barbeito and Simpson 

(1991), who demonstrated that during asymmetric vergence (when one 

eye focuses on a closer object while the other eye remains fixated on a 

more distant point), the contributions from each eye are unequal. Their 

experiment involved participants pointing to a flashing target under 

different eye-position configurations with a change in the fixation distance 

of one eye. It was found that eye position and perceived egocentric 

direction were linearly related; however, the slopes of regression lines for 
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the two eyes unequal for some participants. The unequal slopes indicate 

that the two eyes are not equally weighted in the computation of 

egocentric direction, such differences may be attributed to an unequal 

weighting of the positional information from the two eyes. Their work 

suggests that such variability could be explained by differences in how 

retino-centric information, monocular eye-position signals, or their 

integration is weighted across individuals. In individuals who rely more 

heavily on one eye than the other, unequal weighting of positional 

information from each eye may cause shifts in the egocentre. Moreover, 

variability could result from noise in the retino-centric signals, differing 

accuracy or consistency of eye movement control, or a combination of 

these factors. Sridhar and Bedell (2011) compared the contribution of 

position information from each eye in determining the egocentric direction 

under asymmetric vergence condition, suggesting that the relative 

contribution of monocular eye position and retinal information do not 

contribute equally to all subjects, but they are similar in most of them. 

Specifically, they found that decreasing the visibility of one eye’s retinal 

signal through blurring or reducing luminance reduced the contribution of 

that eye’s position signal to perceived egocentric visual direction.  

 

The integration of retinal and eye-position information exhibits 

remarkable consistency in establishing egocentric visual direction, 

despite individual variations. This consistency suggests the existence of 

a common neural locus for integration within the visual cortex. However, 

the systematic individual differences observed in egocentric localization 

in my work raise an important question: does monocular deprivation 

primarily affect the quality of retinal information (such as contrast 

sensitivity or spatial input), or influence the extra-retinal sense of eye 

position in the head? To test these possibilities, further tests could be 

designed to measure egocentre location under conditions where retinal 

and eye-position information are independently manipulated. For 

example, participants could undergo monocular deprivation, followed by 

tasks that separately assess retinal contributions (e.g., measuring 

changes in contrast sensitivity) and oculomotor contributions (e.g., 
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evaluating changes in vergence dynamics). By correlating these 

manipulations with egocentric localization, it would help quantify the 

relative contribution of retinal and oculomotor signals to egocentric visual 

direction and determine whether the shift of egocentric localization 

observed following short-term monocular deprivation arises from 

changes in retinal information, eye-position information or an integration 

between them. 

 

 
Figure 7.2: The diagram showing an integration of binocular retinocentric and 
eye-movement information to determine an egocentric direction. Information 
for displacements over retinae (𝑖′𝐿 and 𝑖′𝑅) represents the retinal signals from 
left and right eye, respectively. Combined with signals of eye movements (𝑒′𝐿 
and 𝑒′#) and corresponding weighting factors (𝛼) for each eye at the 
egocentric level to determine the egocentric representation (𝑀′(%)). If the 
values of weighting factors ( 𝛼' and 𝛼#) are equal, then the egocentre is 
located in the midway between the two eyes. However, any inequality shifts 
towards one eye. (Image from Swanston, wade & Ono, 1990). 
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7.2.2 Factors contributing to individual variations in 

visual egocentre location 

The visual egocentre is typically located on or around the median plane 

of the head and posterior to the corneal plane, although its precise 

location exhibits significant inter-individual variability (see Chapter 4). 

Empirical evidence indicates that individual variations in egocentre 

location correlate with differences in perceived direction (e.g., Barbeito & 

Ono, 1979). The egocentre location represents a complex perceptual 

construct influenced by multiple factors, including anatomical, 

neurological, experiential, and psychological variables. Church's (1966, 

1970) research identified the "cyclops effect," wherein young children 

demonstrate a tendency to position viewing tubes between their eyes 

rather than viewing monocularly, suggesting an early developmental 

basis for cyclopean perception (Howard, 1982). 

 

Several models have been provided to explain binocular combination 

(Baker & Wade, 2017; Ding et al., 2013a, 2013b; Ding & Sperling, 2006; 

Meese et al., 2006; Moradi & Heeger, 2009). Ding and Sperling (2006) 

introduced a two-layer gain-control model to explain how the brain 

weights input from each eye based on contrast. The first layer involves 

mutual inhibition of inputs from each eye, while the second layer involves 

mutual inhibition of the gain control in the first layer. This two-layer 

structure successfully predicts stable contrast perception, whether one or 

both eyes are open. Hou et al. (2013) extended this model with a multi-

pathway contrast gain-control framework, incorporating disparity 

minimum threshold and cyclopean contrast perception of dynamic 

random dot stereograms (dRDS). Building on this, Ding and Levi (2021) 

later proposed a unified depth model that incorporates interocular 

contrast gain controls and enhancement before binocular combination. 

In this model, input from both eyes undergoes mutual inhibition and 

subsequent enhancement (Ding & Sperling, 2006; Ding, Klein, & Levi, 

2013a; 2013b). The gain control process ultimately combines both eyes' 

outputs, resulting in a fused percept. Binocular energy is calculated by 
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normalizing monocular energy post-binocular combination, where 

images from each eye are first processed through multiple spatial-

frequency filters to detect spatial features for identifying disparities. The 

images then pass through phase and position disparity detectors at each 

scale (large-, medium-, and small-scale detectors), yielding a sensory 

shift that minimizes misalignment. The combined disparity energies 

across scales are summed with appropriate weighting to achieve depth 

perception.  

 

Variations in visual egocentre location observed in this dissertation may 

be attributable to individual differences in the weighting of eye position 

and retinal position information, providing a physiological basis for 

understanding how visual direction from two eyes merges to form a 

unified single direction. Therefore, to further develop this model to extract 

perceived visual direction, an additional layer can be added where retinal 

signals interact with information about eye position (eye movements). As 

illustrated in Figure 7.3, an enhanced model is developed to explain how 

retinal signals and eye position signals dynamically interact dynamic to 

achieve egocentric perception. Building on the DSKL mode, an additional 

retino-positional integration layer (represented by green lines) is 

introduced to integrate binocular eye position signals (ê) (represented by 

yellow lines) from left and right eye positions (𝑒! and 𝑒# , respectively) 

with binocular retinocentric integration (Î) to compute an egocentric 

perception. A feedback loop from the egocentric perception to the retino-

positional integration layer dynamically adjusts the integration between 

retinal inputs and eye position signals, maintaining accurate egocentric 

perception in response to changes induced by short-term monocular 

deprivation. during recalibration, the egocentric perception detects 

discrepancies between the perceived and expected egocentric position 

following monocular deprivation, generating a feedback signal to the 

retino-positional integration layer. This feedback induces a recalibration 

process where the gain of the deprived eye is gradually increased to 

compensate for its reduced input. Additionally, the feedback mechanism 



 247 

adjusts positional offsets to account for changes in gaze direction, 

ensuring accurate egocentric perception despite the imbalance.  

 

7.2.3 Eye dominance and it its influence on 

egocentric visual direction 

The findings in this thesis reveal varying degrees of eye dominance 

among individuals (see Chapters 5 and 6). In line with established 

literature, most individuals exhibit a preference for one eye across 

different tasks, demonstrating consistent ocular dominance (Miles, 1930; 

Crider, 1944; Walls, 1951; Coren & Kaplan, 1973; Porac & Coren, 1976; 

Osburn & Klingsporn, 1998). It has been reported that between 52% and 

82% of the population favours the right eye, whereas 18% to 40% prefer 

the left (e.g. Li et al., 2011). However, these findings were obtained with 

participants maintaining a straight-ahead gaze. Research have 

increasingly link eye dominance to differences in cortex activity, 

particularly within the primary visual cortex (V1).  
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Figure 7.3: An enhanced model for incorporating retinal and eye position signals for achieving egocentric perception. An additional retino-
positional integration layer (represented by green lines) is introduced to combine positional signals (ê) (represented by yellow lines) from 
extraocular muscles or motor efferences with binocular retinocentric integration (Î) to compute egocentric perception. A dynamic recalibration 
mechanism is introduced as a feedback loop to adjust the integration of retino-positional signals and maintain egocentric perception in response 
to the changes following short-term monocular deprivation
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According to Hubel and Wiesel (1968), layer three of V1 is the first 

location of binocularity. Notably, Rombouts et al. (1996) discovered that, 

in right-eye dominant individuals, a larger portion of the primary visual 

cortex was activated by the dominant eye, a pattern further corroborated 

by Menon et al. (1997), who observed more right-eye dominant active 

voxels in fMRI scans of right-eyed observers. In recent studies on normal 

human vision, asymmetries have been observed in V1 activation: the 

dominant eye elicits a higher fMRI signal magnitude, and the non-

dominant eye produces a lower signal, as determined by visual and 

grating acuity (Conner et al., 2007). Anatomically segregated inputs from 

both eyes to V1 have approximately equivalent reciprocal inhibition, 

which contributes to eye dominance, at least in part (Meese et al., 2006). 

Any asymmetry in this interocular inhibition is associated with eye 

dominance (Sengpiel et al., 1994; Huang et al., 2010). Individuals with 

stronger eye dominance tend to exhibit greater interocular differences in 

GABAergic inhibition in V1, suggesting a differential inhibitory influence 

of one eye during active viewing (Ip et al., 2021). 

 

Coren and Kaplan (1973) identified three primary criteria for defining the 

dominant eye: (1) the eye with superior acuity, (2) the eye that 

consistently prevails during binocular rivalry, and (3) the eye used for 

sighting. Research has shown these factors to be largely independent, 

with little correlation among them. Asymmetries between the eyes are 

primarily attributed to variations in sighting dominance (Coons & Mathias, 

1928; Cuff, 1931; Downey, 1933; Fink, 1938; Gahagan, 1933; Gronwall 

& Sampson, 1971; Hildreth, 1949; Merrell, 1957; Mills, 1925; Pointer, 

2001; Porac & Coren, 1976; Walls, 1951; Warren & Clark, 1938; 

Washburn, Faison, & Scott, 1934; Friedlander, 1971; Money, 1972; 

Porac, Whitford, & Coren, 1976; Schoen & Scofield, 1935). Consistent 

with these earlier studies, our findings indicate a higher prevalence of 

right-eye dominance in sighting task. Neural responses may be 

associated with sighting dominance, as these were measured using 

binocular sighting tasks, with 53.85% participants favouring their right 

eyes. Additionally, our results indicate that eye dominance varies by task, 
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supporting the view that eye dominance is not a fixed attribute for most 

individuals. Khan and Crawford (2001) further observed that dynamic eye 

dominance could reverse depending on horizontal gaze angle, 

suggesting that the sighting dominant eye serves as a reference for 

directional judgments. 

 

7.2.4 The influence of short-term monocular 

deprivation on eye dominance plasticity 

Unlike previously reported studies (e.g. Lunghi et al., 2011, 2013; Zhou 

et al., 2013; Wang et al., 2020, 2021), that reported a rivalry shift towards 

the previously deprived eye, my findings demonstrate that 60 minutes of 

monocular deprivation induced a significant shift in the egocentre location 

towards the median plane of the head (see Chapter 5). It is important to 

note that earlier studies did not measure shifts in the egocentre location, 

which differentiates our study in terms of focus and observed outcome. 

Our findings unequivocally reveal the residual plasticity of the adult visual 

system, consistent with previous studies (Gibert & Li, 2012; Lunghi et al., 

2013; Wang et al., 2024), highlighting that the visual cortex retains some 

life-long, experience-dependant plasticity. Previous studies have shown 

that even brief periods of monocular deprivation (2–2.5 hours) induce a 

temporary shift in ocular dominance toward the deprived eye (Lunghi et 

al., 2011; Lunghi et al., 2013). This shift occurs at both perceptual (Lunghi 

et al., 2011, 2013) and neural levels (Binda et al., 2018; Binda & Lunghi, 

2017; Lunghi et al., 2015a, 2015b), illustrating homeostatic plasticity in 

the adult visual cortex, which attempts to maintain a stable level of neural 

activity in response to sensory deprivation. 

 

On a perceptual level, this shift manifests through both competitive and 

collaborative interocular interactions and can persist up to three hours 

after removing the eye patch (Lunghi et al., 2013). At the neural level, 

short-term monocular deprivation temporarily alters activity in the primary 

visual cortex (V1): visual evoked potentials (VEPs) for the deprived eye 
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(specifically the initial C1 component) increase, while activity of the non-

deprived eye decreases (Lunghi et al., 2015a). Additionally, imaging 

studies demonstrate that blood-oxygen-level-dependent (BOLD) 

responses increase for the deprived eye, while they decrease for the non-

deprived eye. This is accompanied by a neural tuning shift toward higher 

spatial frequencies specifically in the deprived eye, which is presumed to 

reflect the engagement of the parvocellular pathway and its role in 

compensatory processing following deprivation (Binda et al., 2018). This 

homeostatic mechanism helps prevent the brain from becoming overly 

active or underactive, thereby maintaining stability within the visual 

system (Turrigiano, 1999, 2011). 

 

The findings of Barendregt et al. (2005) demonstrated that V1 primarily 

represents the monocular retinal image while beyond this (V2 to LO) 

seem to represent cyclotopy. This cyclotopic activity integrates 

information from both eyes to construct a single unified projection. 

Following monocular deprivation, adaptive plasticity may shift the peak 

cyclotopic activity, raising a question of whether the shifts align with the 

eye that has been deprived or recalibrate toward the median plane of the 

head. My findings that the egocentre location shift toward the medina 

plane is consistent with the idea that cycloptopic activity in extrastriate 

areas play an important role in integrating and recalibrating binocular 

inputs following deprivation. Further study can extend my work by 

directing assessing changes in cycloptopic representations pre- and 

post-deprivation measured with functional Magnetic Resonance Imaging 

(fMRI) to have a better understand the neural basis of these perceptual 

shifts. 

 

Aligned with Hering's perspective that the eyes operate as two halves of 

a unified visual organ (1868/1977), the brain integrates inputs from both 

eyes to maintain a cohesive perception of visual direction. Studies 

confirm that positional information from the occluded eye continues to 

influence egocentric visual direction, though less significantly than during 

binocular viewing (Khokhotva, Ono & Mapp, 2005; Ono & Gonda, 1978; 
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Ono, Mapp & Howard, 2002; Ono & Weber, 1981; Park & Shebilske, 

1991; Simpson, 1992). This reciprocal inhibition, occurring before 

excitatory binocular integration, reflects a dynamic binocular interaction 

rather than a monocular adjustment to the occlusion. This normalization 

effect likely represents an underlying neural mechanism that stabilizes 

visual perception, even when one eye is temporarily deprived of sensory 

input. 

 

Collectively, these findings highlight interocular suppression as an 

adaptive mechanism, crucial for maintaining perceptual coherence in 

binocular vision. Even during temporary deprivation of one eye, the brain 

compensates by shifting the visual egocentre closer to the median plane, 

balancing sensory input to support effective binocular coordination. This 

adjustment aligns with the theory of interocular contrast gain control (Ding, 

Klein & Levi, 2013a, 2013b; Ding & Sperling, 2006; Meese et al., 2006; 

Meese & Hess, 2004) and suggests that the visual system’s capacity to 

adapt to sensory inputs. The findings of Exp.1 demonstrate that the 

perceived visual direction depends on the ratio of contrasts between the 

two eyes, revealing how the visual system compensate for inter-ocular 

contrast differences and maintain functional binocular vision even one 

eye is deprived. In the context of these findings, the compensatory shift 

in the egocentre could be modelled as a mechanism that adjusts contrast 

gain across the eyes to achieve equivalent perceived contrasts. This 

process may serve to restore perceptual balance, even when one eye is 

temporarily deprived, and offers valuable insights for therapeutic 

interventions targeting visual disorders like amblyopia, where interocular 

suppression and sensory discrepancies challenge binocular integration. 

 

7.3 Limitations and further directions 

A central focus of this dissertation was the measurement of the visual 

egocentre in individuals with normal vision. In Chapter 4, absolute 

directional tasks were employed, in which observers rotated a rod to point 

toward themselves. However, it is possible that observers unintentionally 
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relied on personal reference points (e.g., their face or the bridge of their 

nose), potentially influencing their perceived egocentre location. 

Furthermore, these internal reference frames may have shifted before 

and after monocular deprivation, raising the question of whether such 

shifts represent systematic errors or actual changes in the egocentre. 

 

Eye movements and phoria (the misalignment of eye position when 

binocular vision is prevented) were not recorded in this study due to 

space constraints within the apparatus. However, efforts were made to 

minimize the impact of eye movements by emphasizing fixation markers, 

reducing the duration of stereo patch presentations in Chapter 3, and 

stabilizing head movement with a chin rest in Chapters 3, 4, 5, and 6. 

Phoria is particularly relevant to the patching experiments conducted in 

this study, as the prevention of binocular vision for an extended period 

may cause the covered eye to shift away from alignment with the viewing 

eye. This shift under cover could potentially contribute to subsequent 

changes in egocentre location. Given that phoria varies based on task 

type (Schroeder, Rainey, Goss, & Grosvenor, 1996), observer age 

(Freier & Pickwell, 1983), and fixation duration (Alvarez, Kim, Yaramothu, 

& Granger-Donetti, 2017), future research should investigate the 

relationship between phoria, cyclopean perception, and shifts in 

egocentre location to better understand their interplay in visual 

adaptation. 

 

In relation to feature specificity (e.g. contrast, spatial frequency, motion) 

in eye dominance, inconsistencies in feature selectivity have been 

observed across different measurements (e.g., Holopigian, 1989; 

Ledgeway et al., 2013). Further research could work on investigating 

whether selective attention could be directed to one eye and whether this 

modifies perceived visual direction. Wang et al. (2021) research 

suggested that top-down attentional selection during monocular 

deprivation may enhance the contribution of the deprived eye during 

subsequent binocular perception. Zhang et al. (2012) demonstrated that 

top-down attention can be eye-specific, modulating visual input from 
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monocular channel even though when the target stimulus is suppressed 

from consciousness. In this case, attention could enhance the neural 

representation of one eye, thereby influencing our perception of visual 

direction. In future experiments, top-down attentional mechanisms could 

be explored to determine whether selective attention to the input from 

one eye alters the visual egocentre position. In this way, we could gain 

valuable insights into how voluntary attention modulates sensory 

dominance. 

 

Our work supports the idea that the visual system defaults to a centrally 

aligned egocentre and that short-term deprivation may disrupt learned 

monocular preferences, resetting the egocentre to a more balanced state. 

This mechanism has potential implications for treating binocular vision 

disorders, such as amblyopia and strabismus, where interocular 

suppression and dominance imbalance challenge binocular integration. 

The idea of using measures of visual direction as a treatment outcome is 

promising, particularly when paired with assessments of suppression 

depth during eye dominance shifts. These measures could provide 

valuable insights into the relationship between suppression depth and 

recovery, which may vary across individuals.  

 

Our findings can be contextualized by recent studies. The findings of 

Webber et al. (2020) indicated that suppression is the primary 

determinant of binocular function in amblyopia, rather than visual acuity 

loss. Hu et al. (2023) demonstrated that reverse masking significantly 

reduces binocular suppression and enhances neuroplasticity, especially 

in amblyopic patients resistant to conventional treatment. However, Bossi 

et al. (2017) found that binocular therapy for amblyopia improved vision 

without significantly reducing interocular suppression, challenging the 

findings that inter-ocular suppression may be linked with the degree of 

recovery of binocular function such as stereopsis. Our approach (using 

linear polarizers), which measures egocentric shifts with precision, could 

provide clinicians with a sensitive tool to evaluate treatment efficacy 

beyond traditional metrics like acuity or stereoacuity. This method can be 
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used to track how interventions like patching, dichoptic training, or 

perceptual learning recalibrate visual processing and restore binocular 

balance. Future research should explore how suppression depth and 

egocentric shifts interact, particularly in longitudinal studies, to determine 

whether repeated short-term deprivation sessions can induce lasting 

improvements in visual function. This approach could open new avenues 

for personalized treatment strategies for amblyopia and other binocular 

vision disorders. 

 

7.4 Conclusion 

In conclusion, this thesis provides a cohesive understanding of binocular 

vision as a dynamic and plastic system, capable of adapting to changes 

in input through weighted computations and neural recalibration. The 

insights have gained implications for both fundamental vision science 

and clinical applications. For instance, understanding how to manipulate 

sensory eye dominance could enhance interventions for binocular 

dysfunction and improve VR/AR technologies. Future research should 

continue to refine measurement techniques, explore the long-term effects 

of monocular deprivation, and investigate the links between sensory 

dominance, depth perception, and other aspects of binocular function. By 

bridging basic science with practical applications, this work paves the 

way for innovative strategies to enhance visual experiences and address 

clinical challenges in binocular vision.
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