
The Human Visual System

Gordon Wetzstein
Stanford University

EE 267 Virtual Reality

Lecture 5
stanford.edu/class/ee267/



na
ut

ilu
s 

ey
e,

 w
ik

ip
ed

ia



D
aw

ki
ns

, “
C

lim
bi

ng
 M

ou
nt

 Im
pr

ob
ab

le
”,

N
or

to
n 

& 
C

om
pa

ny
, 1

99
7



re
pt

ile
 e

ye
, h

ttp
://

pi
ch

os
t.m

e/
16

08
58

0/



Evolution of the Eye
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Lecture Overview

• visual acuity: 20/20 is ~1 arc min
• visual acuity varies over retina: can exploit via foveated rendering

• visual field: ~200° monocular, ~120° binocular, ~135° vertical

• temporal resolution: ~60 Hz (depends on contrast, luminance)

• depth cues in 3D displays: disparity, vergence, accommodation, blur, … 

• accommodation range: ~8cm to ∞, degrades with age



Overview

sensors network
high-level processinglow-level processing
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Overview

primary visual cortex

ventral stream:
recognition, object identification

dorsal stream: spatial awareness
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Anatomy of the Human Eye



The Retina
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photoreceptors: 3 types of cones (color vision), rods (luminance only, night vision)



The Retina



Color Perception



Color Perception - Sensitivity of Cones
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Visual Field

monocular visual field of right eye
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Visual Field

monocular visual field of right eye
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100°

horizontal (nasal / temporal directions)

superior: 60°

vertical (superior / inferior directions)

inferior: 75°



Visual Field

visual field of both eyes
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Visual Field

visual field of both eyes
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binocular visual field or 
region of binocular overlap

à stereo vision 



Visual Field - Terminology

• monocular visual field: visual field of either only the left or right eye

• binocular visual field or region of binocular overlap: intersection of 

monocular visual fields, i.e. only the overlapping part of both eyes – this 

is where we see stereo!

• total visual field: union of monocular visual fields, i.e. visual fields of both 

eyes combined – not all of this is stereo, temporal peripheries are mono!



Immersive VR – How Important is the FOV?



• vision scientists often measure size in visual angle
• visual angle ≈ object size / object distance in degree 

(think about it as size subtended on retina!)

Visual Angle

visual angle in °



Visual Acuity
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each photorecepter 
~ 1 arc min (1/60 of a degree) 

of visual angle



Visual Acuity

characters are 5 arc min of visual 
angle, need to resolve 1 arc min to 
read
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Retina VR Display – What does it Take?
need per eye: 

= 9000 x 8100 pixels (probably 2-3x of that in practice)

150° x 135°with pixels covering 1 arc min of visual angle

biggest challenge: bandwidth

• capture or render stereo panoramas or images at that resolution
• compress and transmit huge amount of data 
• drive and operate display pixels



Relative Acuity Over Retina

Eccentricity (i.e., distance to fovea in degrees of visual angle)
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Density of Photoreceptors on Retina
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Density of Photoreceptors on Retina
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Density of Photoreceptors on Retina
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Acuity Over Retina / MAR
acuity falls off due to:
• reduced receptor and ganglion cell density

• reduced optical nerve “bandwidth”

• reduced “processing” devoted to periphery in the visual cortex



Acuity Over Retina / MAR
acuity falls off due to:
• reduced receptor and ganglion cell density

• reduced optical nerve “bandwidth”

• reduced “processing” devoted to periphery in the visual cortex

ω = me+ω 0

MAR: minimum angle of 

resolution in deg/cycle

smallest resolvable angle at fovea in deg/cycleeccentricity in degrees

slope
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Acuity Over Retina / MAR
acuity falls off due to:
• reduced receptor and ganglion cell density

• reduced optical nerve “bandwidth”

• reduced “processing” devoted to periphery in the visual cortex

ω = me+ω 0

MAR: minimum angle of 

resolution in deg/cycle

smallest resolvable angle at fovea in deg/cycleeccentricity in degrees

slope
ω 0 = 1/ 48( )° somewhere between 20/20 (30 cycles per 

degree) and 20/10 (60 cycles per degree)

m = 0.022 − 0.034 range of acceptable – 
equivalent for observed image 

quality
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Acuity Over Retina / MAR

ω = me+ω 0

MAR

smallest resolvable angle at fovea in deg/cycleeccentricity in degrees

slope
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Patney et al. 2016



Patney et al. 2016



Foveated Rendering

• Guenter et al. 2012: split image into n layers, 
e.g. inner (foveal, 1), middle (2), outer (3)

• render image in each zone with progressively 

lower resolution

• goals: save computation & bandwidth! 



Foveated Rendering

• Guenter et al. 2012: split image into n layers, 
e.g. inner (foveal, 1), middle (2), outer (3)
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Foveated Rendering
M

AR

eccentricity (degrees)

MAR

layer 2layer 1
e1 e2

ω1

ω 2

ω 3

ω1 is best the display can do!
unit of      : degrees

cycle
= degrees
2 ⋅ pixel _ size

ω1

layer 3



Foveated Rendering
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Foveated Rendering
M

AR

eccentricity (degrees)

MAR

layer 2layer 1
e1 e2

ω1

ω 2

ω 3

ω1 is best the display can do!
unit of      : degrees

cycle
= degrees
2 ⋅ pixel _ size

ω1

ω1 = 2 tan
−1 screen_ size

screen_ resolution ⋅viewer_distance
⎛
⎝⎜

⎞
⎠⎟
⋅ 360
2π

layer 3

screen_ size

screen_ resolution

is either screen width or height (same units as 
viewer_distance)

is either number of horizontal pixels or vertical 
pixels of the screen (same dimension as 
screen_size)



Foveated Rendering
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Foveated Rendering

• convert MAR (in degrees/cycle) to pixels
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Foveated Rendering – Performance Gain
m = 0.028 m = 0.022

n is number of layers
speedup is total number of display pixels / number of pixels in all layers combined
conclusion: for large fov & high-res displays, we need to shade much fewer pixels!



Depth Perception















Depth Perception

wikipedia



Depth Perception monocular cues
• perspective
• relative object size
• absolute size
• occlusion
• accommodation
• retinal blur
• motion parallax
• texture gradients
• shading
• …

wikipedia

binocular cues
• (con)vergence
• disparity / parallax
• …



Depth Perception – Pictorial Cues
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binocular disparity motion parallax accommodation/blurconvergence

current glasses-based (stereoscopic) displays

near-term: light field displays

longer-term: holographic displays

Depth Perception



Depth Perception
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Walker, Lewis E., 1865. Hon. Abraham Lincoln, President of the United States. Library of CongressCharles Wheatstone., 1841. Stereoscope.

Stereoscopic Displays



Stereoscopic Displays



Stereoscopic Displays

Charles Wheatstone 1838 stereoscopic displays

176 years later



A Brief History of Virtual Reality

1838 1968 2012-2021

Stereoscopes
Wheatstone, Brewster, …

VR, AR, 
Ivan Sutherland

VR explosion
Oculus, Sony, Valve, MS, …

Next-generation VR & AR Displays



Focus Cues



Oculumotor Processes

near focus

far focus

adithyakiran.wordpress.com

16 years: ~8cm to ∞
50 years: ~50cm to ∞ (mostly irrelevant)



Accommodation and Retinal Blur



Accommodation and Retinal Blur



Accommodation and Retinal Blur



Accommodation and Retinal Blur



Accommodation and Retinal Blur



Accommodation and Retinal Blur



Accommodation and Retinal Blur



Duane, 1912
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Myopia, Hyperopia, Presbyopia

25cm Optical
Infinity

Normal vision

Nearsighted/myopic

Farsighted/Hyperopic

Focal range (range of clear vision)

Modified from Pamplona et al. SIGGRAPH 2010

Presbyopic



Retinal Blur

• pupil controls amount of light

accommodation 
distance



• pupil controls amount of light

Retinal Blur

accommodation 
distance



• out of focus blur
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• out of focus blur

Retinal Blur
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accommodation distance: S1

D

S

c = M ⋅D ⋅
S − S1
S

M = f
S1 − f

Retinal Blur / Depth of Field Rendering

f = 17mm
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Circle of Confusion

accommodation distance

distance to eye in m
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Blur Affects Relative Object Size! 
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Top View

Real World:

Vergence & Accommodation Match!



Top View

Stereo Displays Today:

Vergence-Accommodation Mismatch!

Screen



Vergence-Accommodation Conflict
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• visual discomfort
• visual fatigue
• nausea
• diplopic vision
• eyestrain
• compromised 

image quality
• pathologies in 

developing visual 
system

• …



Zone of Comfort
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Summary

• visual acuity: 20/20 is ~1 arc min
• visual acuity varies over retina: can exploit via foveated rendering

• visual field: ~200° monocular, ~120° binocular, ~135° vertical

• temporal resolution: ~60 Hz (depends on contrast, luminance)

• depth cues in 3D displays: disparity, vergence, accommodation, blur, … 

• accommodation range: ~8cm to ∞, degrades with age
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