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Part 1: Binocular function & Dysfunction: 
Outline:
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Normal Binocular 
Prerequisites

Binocular 
DysfunctionWhy Two 

Eyes?

In this talk I will tell you about binocular vision – why we have two eyes, how we use them 
and what can go wrong, and I will point to the near future when diagnostic tests are 
performed in HMDs and treatment is done using VR and AR.



Ernst Mach (1860’s Lecture) – Depends on who you ask:

• Theologian: That I may weep with 2 eyes for the sins of man

• Artist: To preserve the beautiful symmetry of your face

• Economist: To have a spare in case of loss, and a wide field of view

• Myself (Mach): That I may look upon you with both eyes today.
--------------------------------------------------------------------------------------
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• Optometrist: For fun and profit, and because it is a very sensitive assay of visual function
• Vision Scientist: Because of the functional advantages of binocular vision:

- field of view 
- binocular summation
- stereopsis

• Display designer: For the challenges and opportunities!

Why two eyes? 



Why two eyes? 
• Redundancy of information (spare parts)

• Increased Field of View
- horizontal extent increases from ~ 150 to ~ 190 deg

(120 deg overlap).

• Mask blind spots and image distortions

• Binocular summation

• Stereopsis
4



Why two eyes? 
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• Binocular summation
- For many near threshold tasks, such as contrast  detection, 

two eyes are more sensitive (by on average ≈ √2). 
Pettigrew argued that some nocturnal birds evolved frontal eyes to be 

able to train 2 photon collectors (eyes) on their prey.

• Stereoscopic depth perception 
evolved later.



• Stereopsis is an important cue to the third dimension but it’s not the 
only one. If you close one eye,  a host of cues will still inform you 
about the layout of the world.

• The stereoscopic contribution to depth perception arises from the 
fact that our two eyes see the world from slightly different points of 
view. 

• This binocular cue to depth is known as binocular disparity, because 
the two eyes get slightly disparate views of the same object. 
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Stereopsis:  depth through binocular disparity:



Welchman, A. Annu. Rev. Vis. Sci, 2016 7

Cues to 3D structure



“A person who has normal binocular vision cannot view the world 
as a stereoblind individual even when they close one eye. Their 
brain will use a lifetime of stereovision experiences to fill in the 
missing stereo information . . . So this brings up a paradox.

A normal binocular viewer cannot imagine vision without 
stereopsis and a stereoblind viewer cannot imagine vision with 
stereopsis”.

Barry, S. (2007). CVNet
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• Stereopsis is thought to have evolutionary importance - as man 
became upright, freeing hands for tool-making, binocular vision 
became more refined.

9

Stereopsis:  depth through binocular disparity:



• Stereopsis is not limited to humans!
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Stereopsis:  depth through binocular disparity:



The visual system uses disparity in two ways:

1) Control of Vergence:

• Changing fixation from a distant 
to a nearer object is convergence.

• Changing fixation from a near 
to a distant object is divergence.
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2) Provide accurate information 
about the relative depths or 
distances of objects.
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Locations of objects in depth can be deduced from where the 
matching rays in the two pupils intersect.  
Motion parallax and retinal image blur can also provide cues to 
depth via triangulation. 
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Stereopsis provides depth through triangulation:
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Why does stereopsis matter (2 eyes)? 
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Why does stereopsis matter (1 eye)? 



In normal vision
• Binocular depth thresholds are about a factor of 10 better  than 

monocular thresholds (McKee & Taylor, 2010). 

• Visually guided hand movements are significantly impaired 
when viewing is restricted to one eye.

Stereo impaired persons: 
• Visuomotor deficits and impaired visual feedback control of 

movements. These are thought to be due to impaired stereopsis. 

• Loss of stereopsis may also result in unstable gait, and for children, 
difficulties in playing some sports. 

Impaired stereopsis may not only negatively impact everyday activity, 
but may also limit career options. 
Stereo impairment may also impact the use of display technology.
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Why does stereopsis matter? 
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Stereopsis and Presbyopia: 
• Presbyopia, like death and taxes, is inevitable

• One common approach is to 
correct  one eye for distance
and the other for near (“monovision”).

• Monovision has several drawbacks:

- Monovision reduces stereopsis and contrast 
sensitivity
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Stereopsis and Presbyopia:

Burge & Rodriguez-Lopez 
(Current Biology, 2019)

• Monovision produces interocular
blur differences and 
consequently, a mismatch in 
processing speed between the 2 
eyes.

• The speed mismatch can cause 
dramatic motion illusions

• Drivers may misperceive the 
distance of cyclists by the width 
of a narrow street lane



Summary:

18

Why Two 
Eyes?

Why two eyes?

• Redundancy

• Increased field of view

• Mask blindspots and image distortions

• Binocular summation

• Stereopsis
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Normal Binocular 
Prerequisites

Binocular 
FunctionWhy Two 

Eyes?



1.  Accurate monocular fixation with each eye.
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2. Accurate simultaneous binocular fixation. 
3.  Integrated neuromuscular activity of intra- and extra- ocular muscles.
4. A sensory correspondence system organized about the two foveas.
5. Similar final ocular images from each eye (i.e., size, acuity, blur  and 
contrast sensitivity).
6. Neural mechanism(s) to combine the images from the two eyes, 
compute depth from binocular disparity and combine it with other 
depth cues.

Pre-requisites for normal binocular vision



• Very important – tells us about the integrity of the underlying visual 
processes.

• Aside from refractive error (e.g. myopia), binocular dysfunction is the 
most common problem that eye-care professionals encounter.  

• Some patients may see double, or be unable to appreciate 
stereoscopic depth. This has important implications for display design.
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Clinical Assessment of binocular function:

Pre-requisites for normal binocular vision
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Normal Binocular 
Prerequisites

Binocular 
DysfunctionWhy Two 

Eyes?



Strabismus (from the Greek strab – to turn)
Prevalence ≈ 3 -5%

Causes
• Anatomical
• Optical 
• Innervational
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Strabismus runs in families 
(30-70% of strabismic patients have a strabismic family member). 

Strabismus Esotropia

Exotropia



F
F

esotropia

X

F is the fovea of each eye

X  is the point on the retina of the turned eye on which the fixated 
image falls.  
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Vision in strabismus:



If no suppression and normal correspondence: 

- Diplopia

- Confusion
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Vision in strabismus:



- Diplopia

- Confusion

Young patients adopt different strategies for dealing with these 
problems: suppression and anomalous correspondence. 
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Vision in strabismus:



F
F

esotropia

X

To avoid Diplopia:
- Suppress point X in the turned eye  

To avoid confusion:
- Suppress fovea (point F) in the deviated eye  27

Vision in strabismus:



Anomalous Correspondence:

• Most strabismics do NOT see double 
because of suppression or anomalous 
correspondence – i.e. a shift in perceived 
visual directions of the deviated eye 
relative to the normal directions of the 
fixing eye.

The eye

The percept

F F
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Vision in strabismus:



Amblyopia (sometimes called �lazy eye�)
from the Greek - Amblyos - blunt; opia – sight.

Prevalence ~ 3% 

Characterized by:
• Reduced visual acuity in otherwise normal eye.
• Reduced or absent stereopsis
• Onset early in life (before age ~ 7)
• Associated with a history of abnormal binocular visual experience.
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Binocular dysfunction:



Amblyopia is a developmental disorder of vision attributed to a history 
of abnormal visual experience early in life, during the “sensitive” 
period.

Amblyopia is an excellent model for studying plasticity.
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Binocular dysfunction:
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Amblyopia as a model for plasticity (which can 
be a feature or a bug)



• Strabismus

• Anisometropia

• Form deprivation  (e.g., cataract)
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“Obstacles” to normal visual development:
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Images in the two eyes differ in:

• Size
• Focus 
• Retinal position
• Etc. 

Amblyopia is the result of uncorrelated input in 
the two eyes



• Cause of amblyopia is equally distributed between strabismus and 
anisometropia (Flom and Neumaier, 1966). 
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Associations



Clinically, amblyopia is defined as reduced 
visual acuity in an otherwise normal eye.

Broad range of spatial vision anomalies.

Amblyopes often have reduced or absent stereopsis.
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Amblyopia:
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Many individuals with binocular dysfunction may may be unable to 
appreciate stereoscopic depth, or have other difficulties using 3D 
displays. 

Binocular dysfunction- Implications for display design

Importantly, as we’ll see in Part 2, modern 
display technology may also provide new 
ways to assess and treat visual function and 
dysfunction.



Summary:
• 2 – 5% of the population has strabismus.
• ~ 3%  of the population has amblyopia.
• 5 – 40% of the population estimated to be

stereo-deficient; 7% may be stereoblind
(Chopin et. al., 2019).
• Many others, including presbyopes, have 

binocular anomalies (convergence 
insufficiency; abnormal accommodative-
convergence relationships, etc.), which may 
cause problems using 3D displays
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Binocular dysfunction:

Binocular 
Dysfunction

Important implications for display designers, in light of the accommodative-vergence
conflict that occurs in HMDs.



Part 2: Treatment of Binocular Dysfunction
Outline:
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Binocular 
dysfunction 
treatments

Binocular  
treatment 

principles and 
the role of 

display 
technology

Binocular 
treatment 

beyond the 
“sensitive” 

period



• Ancient folklore  strabismus = evil eye
• ≈ 1500 BC - Treatment: brain of a tortoise loaded 

up with spices.
• ≈ 500 AD - Treatment: purification of the humors, 

avoiding meat and wine and annointing the head 
with beaver gall and honey.

• ≈ 8th century - Treatment: iron mask with holes for 
the eyes (in the straight position).
• ≈ 17th century - Treatment: drink blood of a turtle 

or milk of an ass.
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Strabismus: Treatment through the ages



• 1743 AD - Du Buffon discovers amblyopia – and its treatment (till 
today!).
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Strabismus: Treatment through the ages



• 1901- 1921 - Claude Worth

- Sensitive (critical) Period 
- Treatment plan:
• Optical correction of any refractive error
• Occlusion or penalization of the fixing eye
• Training the fusion sense
• Operation

Goal: To restore normal binocular vision. 41

Strabismus: Treatment through the ages



• Refractive correction alone can have a substantial effect 
(a factor of two) on improving acuity in children with 
amblyopia (even in some with strabismus).

• About 25% of the cases resolve completely just with 
appropriate refractive correction (Mosley et al., 2002; 
Stewart et al., 2004b; PEDIG 2006, 2007). 
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Optical correction of refractive error



43

Occlusion
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Part 2
Outline:
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Binocular 
dysfunction 
treatments

Binocular  
treatment 
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Binocular 
treatment 

beyond the 
“sensitive” 
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Binocular 
dysfunction



• Amblyopia occurs during a period of neural plasticity early in life 
known as the �Sensitive Period�.

• The gold standard treatment is to patch the strong eye, in order to 
improve visual acuity.
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Is it possible to recover acuity and stereopsis beyond 
the sensitive period?



• El Mallah et al. (2000)  
reported remarkable 
plasticity in amblyopes with 
AMD in their fellow eye.
• Some amblyopes show 

spontaneous improvement 
after losing the fellow eye.
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Plasticity in the adult visual cortex

• Points to active inhibition of 
the amblyopic eye by the 
strong fellow eye, and the 
release of latent function of 
the amblyopic eye by 
reducing the inhibition. 



Enucleation is not a viable treatment option. However, there is 
evidence for plasticity in adults with normal vision.

In normal adults, visual performance on a variety of challenging tasks 
can improve through repeated practice. This is known as perceptual 
learning.
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Perceptual learning

Over the last 25 years or so, several dozen studies have shown that 
adults with amblyopia can improve their visual performance though 
perceptual learning too.



To date, dozens of studies 
showing, on average a 1.7 line 
improvement in visual acuity. 
(Levi, OVS, 2012; Tsirlin, IOVS, 
2015).
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Perceptual learning transfers in part to Snellen acuity

-2     0    2     4     6
Improvement in VA (lines) 
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Perceptual learning transfers in part to Snellen acuity

Importantly, PL results in a 1 – 2 line 
improvement in 10 – 20 hours, compared 
to 120 – 240 hours of patching.



• The curse of specificity

(but see: Xiao et al.,. Current Biology, 2008; 
Zhang et al., J. Neurosci., 2010; Zhang et al., 
IOVS, 2014;  Wang et al., JOV, 2015).
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Problems with perceptual learning

• Boredom
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Video games



1:1
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better

better

Playing action video games with the amblyopic eye 
results in improved visual acuity
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Li, Ngo & Levi, Sci. Rep., 2015

1:1

54

Patching or video games?



Summary:
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• There has been a broad range of treatment modalities over the ages, 
some more successful than others.

• Treatment for strabismus and amblyopia was thought to be limited to 
the “sensitive” period, early in life.

• Recent work suggests that visual acuity (and for many patients, 
stereopsis) can be improved in adults with amblyopia through 
perceptual learning and videogame play. 

Binocular 
dysfunction 
treatments

Binocular  
treatment 

principles and 
the role of 

display 
technology

Binocular 
treatment 

beyond the 
“sensitive” 

period

Binocular 
dysfunction



Part 2
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Binocular 
dysfunction 
treatments

Binocular  
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Binocular 
treatment 

beyond the 
“sensitive” 

period

Binocular 
dysfunction



For more than a century, suppression, or inhibition of the amblyopic 
eye by the strong eye has been implicated as a feature, and possibly 
a cause, of amblyopia, and there is strong clinical, psychophysical and 
physiological evidence for this view point.  

• Reduction of suppression

A number of recent studies in children and adults point to a reduction 
of suppression or enabling fusion through binocular training as the key 
to successful treatment.  (Hess & Thompson, Vis Res. 2015; Vedamurthy et al., 
Sci. Rep., 2015; Levi, Knill & Bavelier, Vis. Res. 2015; Phil. Trans. R. Soc. B., 2016;  
Tsirlin et al., IOVS, 2015)
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Principles for improving binocular vision and stereopsis:



• “Equalize” input 
from the two eyes 
to the brain.

(Patching does not 
accomplish this).

- Blurring
- Filtering 
- Reducing contrast 

or luminance of 
the strong eye. 58

Principles for improving binocular vision and stereopsis:



• Alignment of the images in the two eyes.

In the olden days . . .
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Principles for improving binocular vision and stereopsis:



• Large disparities  (3-D cues) that are consistent with the 2D 
information.

Welchman, A. Annu. Rev. Vis. Sci, 2016 60

A new approach for improving binocular vision and stereopsis:



Bruce Bridgeman, who had been stereo-
deficient due to strabismus all of his life, 
recovered stereoscopic vision after viewing 
the 3D movie Hugo (Bridgeman, 2014). He 
hypothesized that “sustained attention to 
varying high-disparity stereoscopic 
challenges in an engaging immersive 
environment” may have resulted in this 
remarkable improvement.

Does playing immersive stereoscopic video 
games containing exaggerated binocular 
disparities results in improved stereopsis in 
observers with normal binocular vision? 61

Playing stereoscopic (but not non stereoscopic) video games results in 
improved  stereoacuity in normal vision.
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2D 3D 62

No change

Playing 3D (but not 2D) video games results in improved
stereoacuity in normal vision
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Why?

• Very few large disparities in central vision in 
natural scenes (Sprague, Cooper, Tosic & Banks,  
2015; Gibaldi, Canessa & Sabatini, 2017) .

• 3D Videogames may contain disparities
4 - 5 times larger than those in natural scenes.  



Mean improvement ~ 39% (N =21)  
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Li et al., Ophthalmology, 2018  

Playing 3D video games with large disparities results in 
improved stereopsis in adults with amblyopia too!



• Using non-stereoscopic cues as “training wheels”.

With VR  we can provide rich two-dimensional depth cues as a scaffold 
for recovering stereopsis in the form of immersive video games.

Architectural View:  Francesco di Giorgio Martini (1477) 64

Principles for improving binocular vision and stereopsis:
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A new approach for improving binocular vision and stereopsis:

• For many, but not all, 
these principles result in  
improved stereopsis in 
persons with amblyopia.



• Training fusional vergence (the ability to converge or diverge).

• Easily done in VR (particularly if combined with eye-tracking) 66

Principles for improving binocular vision and stereopsis:



Part 2 Summary:
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• Equalizing input to the brain from the two eyes.
• Aligning the images to the two eyes.
• Reducing suppression, enhancing fusion
• Exposure to large disparities 
• Using 2D cues as “training wheels”
• Improving fusional vergence

All of these can be easily implemented in modern display technology.

Binocular 
dysfunction 
treatments

Binocular  
treatment 

principles and 
the role of 

display 
technology

Binocular 
treatment 

beyond the 
“sensitive” 

period

Binocular 
dysfunction
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Stereoscopes:
then . . .

Wheatstone & Brewster - the home 
entertainment center of the 1800’s!



In the beginning:

Virtual Reality 
(Sutherland, 1968)
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and now . . .
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Problems with Perceptual Learning:

(Li, Klein & Levi. J. Neurosci.2008)

• Boredom
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How do these approaches compare to patching?
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In children:

• 1-2 lines in 10 – 20 
hours compared to 
120-160 hours of 
occlusion.

• No advantage for 
dichoptic training

How do these approaches compare to patching?
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Monitored 
occlusion
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And in adults:

• 1-2 lines in 10 – 20 
hours.

• No advantage for 
dichoptic training

How do these approaches compare to patching?
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