
Basics of stereoscopic depth perception  



Outline 

Depth cues 

•! Monocular (pictorial) 

•! Oculomotor (vergence and accommodation) 

Stereopsis 

•! What is it? What is it good for? 

•! Geometry 

•! Depth from binocular disparity 

•! Interocular separation and convergence 

•! Monocular content  

•! Stereoanomalies & Discomfort 



3!

2D retinal images 



Pictorial Depth Cues 



Interposition / occlusion 



Height in the field 



Relative Size 



Relative size 

“Excuse me for shouting… I thought you were further away.” 



Atmospheric Perspective 



Linear Perspective 



Texture Gradient 



Shading 



Oculomotor cues 

Convergence & Accommodation 

Are usually discussed together, because they are tightly linked 
by the visual system.  



Convergence Angle 

The eyes are laterally separated 

The optical axes of the two eyes 
are parallel only for fixation at 
infinity. 

Nearer targets require crossing 
one’s eyes (convergence) 



Convergence 
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Vergence eye movements 

A principle function is to align both high acuity foveae on 

target of interest  

Vergence helps bring images of objects of interest into 

correspondence (so that the images fall on similar parts 
of both retinae) 

Important for stereopsis, but on it’s own vergence is a 

weak depth cue.  



Accommodation 

17!

Accommodation - change in shape of lens as  it bulges to focus 
on near objects. 

Acts to null blur at fixation in feedback loop 



Accommodation and Depth of Field 

Eye automatically accommodates at fixation 

•! Depth of field delimits region of imperceptible blur 

•! Nearer and farther objects have defocus blur which 
increases with depth 

•! Analogous to camera depth of field/focus 

•! Accommodation is correlated with distance, some evidence 
that accommodation can contribute to distance perception  

•! Change in accommodation may signal relative depth but 
weakly. 



Depth of focus and S3D 

In film we can set focus and depth of field 

•! But does not change with accommodation 

•! Once it’s set in the image, the state of the lens can’t change 
the blur. 

•! Focal blur is a fundamental tool in 2D film language 

•! But, it does not translate well to 3D film  

•! In S3D the audience will explore the space in a scene to a 
greater extent. 

•! When we fixate an object we expect that it will come into 
focus in 3D… 



Effective range of monocular cues 
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Stereopsis 

Stereomaker.net 



The broad definition 

A cue to depth that relies on the separate images of the 
world received by the two eyes.  

It provides extremely high-resolution depth estimates, and 
is the only cue to depth that provide such accurate 
information on its own.  

It is not unusual to be able to judge a hair’s width 
separation between two needles from a meter.  



Benefits of stereopsis 

Improved perception of 

•! Relative position in space (most precise cue) 
•! The shape and volume of objects 
•! Segregation in complex scenes (foliage) 
•! Camouflaged objects  
•! Surface perception 







Understanding stereopsis 



How does the brain do this? 

!! The brain computes binocular disparity from the 
position differences of points in the two eyes.  

!! This positional disparity, is calculated relative to the 
fovea.  

!! This makes sense considering that when we look at 
objects in the environment we place them on the 
high-resolution area of the retina – the fovea. 



Stereopsis 

10/24/10 



The image of F falls on the 
fovea in each eye. 

The image of P will fall on 
retinal regions that are the 
same distance from the 
fovea in each eye. 

The dotted circle shows the 
geometrical point horopter.  

The image of M is closer to 
the observer. 

It will have a positional 
disparity – the distance 
between the fovea and M 
will be different in the two 
eyes. 





Range of positional (retinal) disparity 

•! We have neurons that are specifically tuned to different 
amounts of retinal disparity. 

•! As we change the distance between an object and 
fixation, we will activate different populations of neurons. 

•! The highest concentration of disparity selective neurons is 
around the fixation plane (horopter). 

•! These encode high-resolution disparities 

•! But we also have neurons tuned to much larger 
disparities 



Fusion and Diplopia 

•! Typically a wide range of disparities present in a scene  

•! If disparities are modest people ‘fuse’ the images of the 
object in the left and right and perceive a unitary object 

•! Outside this range objects are either seen as double 
(diplopic) or one eye’s image is suppressed (binocular 
rivalry) 





Fusion and Diplopia 

!! Only a range of disparities near the horopter are seen 
singly (Panum’s fusional area) 

!! But  depth can be seen in diplopic images 

!! When the disparities are very large, we lose precision, 
but we can still reliably indicate whether the object is in 
front of or behind fixation.  



Fusion and Diplopia 

Fusion depends on: 

•! Eccentricity (position relative to fixation)  

•! Size of the object 

•! Contrast/sharpness 

•! Timing 



Diplopia in S3D 

In the natural world we easily tolerate double images caused by 
large disparities. 

In creating S3D film we have to be more careful, as the use of 
too large a range of disparities can be uncomfortable.  

It is possible to use ‘perceptual tricks’ to increase the disparity 
range (depth budget). 

!! Increase the scale 

!! Blur objects in the far distance 

!! Show objects with large disparities only briefly.  



From Disparity to Depth 
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The difference in position of points in the two eyes is used to 
estimate depth in the real word.  

We’ve been talking about disparity, and it turns out that there is 
very simple geometry that can be used to convert disparity, to 
relative distance, or depth.  



The geometry is simple 



The geometry is simple 



Binocular disparity = ! - "!







Estimation of Depth from Disparity 

Relation between horizontal disparity and depth 
varies with  

•! Distance to the observer 

•! Distance between the eyes: interocular distance 



Disparity and Viewing Distance 

Disparity has an inverse square dependence on distance. 

It is not a linear relationship.  

Double the distance and disparity is reduced to !. 

Stereopsis is most effective for estimating depth and surface 
shape at near distances 

But stereopsis can contribute at distances of 100’s of meters  

Scale of depth resolution and range increases with distance  



The effect of Interocular Separation on S3D 
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The effect of Interocular Separation on S3D 
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The effect of Interocular Separation on S3D 

Changing IOD does change the perceived relative depth between objects 



Interocular distance and S3D 
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The average separation between the eyes is 65mm (but varies) 

If we were to increase the separation (using mirrors), depth 
would appear to expand.  

Objects in the scene would appear to shrink because their sizes 
are no longer consistent with the apparent distance.  

This distortion in perceived size is called minimization. The 
converse is called gigantism. 

S3D camera rigs have different optical systems than our eyes 
(and varying types of lenses).  

Thus the optimal IOD (or interaxial) for S3D capture is NOT 
65mm. It is closer to 6.5. 



The effect of convergence on S3D 
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The effect of convergence on S3D 

10/24/10 

Changing vergence does not change the relative depth between objects 



The effect of convergence on S3D 
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Changing vergence does not change the relative depth between objects 



The effect of convergence on S3D 
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Changing vergence does not change the relative depth between objects 
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Interocular distance vs Convergence 
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The convergence point can be altered in Post-production by 
shifting the two eye’s images. 

The interocular distance cannot be changed once the film is 
shot. 

This makes the interaxial one of the most critical variables in 
planning the S3D shoot.  

For instance, it is possible to use a large interaxial for outdoor 
scenes, with large distances and few central objects. 

Head shots, and close spaces require very small interaxial 
distances.  



This scene was shot with a very large interaxial separation 
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This image was shot with a very small interaxial separation 



Monocular regions 

Not all features in one eye’s image have a corresponding feature 
in the other image (recall the bowling pins). 

•! these monocular zones play an important role in perception of 
objects and surface properties in binocular vision 

•! Sources of monocular regions include: 

o!Monocular occlusions 

o!Specular highlights 

•! When monocular regions are appropriate for the scene 
geometry depth percepts are strong.  

o!When not appropriate for the scene geometry: binocular rivalry, 
unstable percepts.  



•! Monocular occlusions are important indicators that an object 

has volume, or that there is a depth step.  

•! The occluded areas are particularly relevant in 2D to 3D 

conversion efforts. If they are rendered poorly, we notice.  



Reflections from shiny surfaces can cause monocular bright spots 

in scenes. If the reflection is consistent with the scene 
geometry, good depth percepts can still be obtained.  



•! In the natural world monocular regions are common and 
typically consistent with the scene geometry. 

•! In S3D media, monocular regions can result from many 
different sources 

•! Abberations in one lens 

•! Changes in pixel values due to lossy compression  

•! Polarization of light to one camera by the beam splitter 

•! 2D to 3D conversion errors 

 In all these cases, depending on the location and size of the 
monocular region, it will cause rivalry and unstable percepts.  



Imperfect stereopsis and S3D 

Many people are stereo-anomalous or stereoblind 

•! cannot see depth from disparity (about 5-8% of population) or 

•! cannot see motion-in-depth from changing disparity or 

•! have deficits in particular part of the visual field, or for near 
disparities, or for far disparities 

We cannot rely on all viewers seeing stereoscopic depth in 3D 

media. 



Imperfect stereopsis and S3D 

•! Not being able to see depth via disparity does not mean that a 
person will be uncomfortable. 

•! For many such people S3D will simply not be that impressive, 
or different from 2D.  

•! Many people with mild anomalies will not know they have a 
deficit. 

•! This fact may contribute to the strong anti-S3D opinions in 
blogs and newspaper articles. 

•! It is possible these people literally do not know what they are 
missing.  



S3D and discomfort 

If stereo-anomalies are not the cause of discomfort, what is? 

Eye strain: 
•! Extreme depth cuts 
•! Excessive depth budget (range of depths) causing audiences to 

try to ‘uncross’ the eyes. 

•! Rapid movement in depth, pacing that is too fast. 

Nausea: 
•! Vection is the main cause of motion sickness (2D and 3D) 
•! This sense of self motion may be enhanced in S3D causing more 

nausea. 

Some individuals have deficiences in their eye movements, that 
make it difficult to converge properly.  

•! This would make it difficult to look about the 3D space, and would 
result in double images.  



Thank-you! 



Comments/questions:  lwilcox@yorku.ca 
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Dissociation of accommodation and vergence 

Normally, vergence, accommodation and pupil size are 
controlled in a tightly coupled manner 

In most binocular displays, the display is focused at a fixed 
distance and so accommodation will be fixed.  

In a S3D theatre the plane of accommodation will be the screen. 

But the audience may choose to change their vergence to fixate 
on an object placed in front of or behind the screen plane.  

Now the point of accommodation and the location of vergence 
are different.   



Vergence and Accommodation 

This vergence/accommodation mismatch can cause  

•! Depth cue conflicts between vergence and accommodation 

•! Difficulty in obtaining clear vision for stimuli requiring 
vergence nearer or further than the optical distance of the 
display 

•! Difficulty ‘fusing’ stimuli 

•! Contributes to eyestrain, simulator sickness 

This only occurs at close viewing distances, less than 2m. 

Movie theatre viewing is well beyond the effective natural range 
of accommodative blur as a depth cue.  

Example: Accommodate at 2m the depths from targets at 
distances of 1m to infinity are within depth of field. 


