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Not the only weird thing about human visual perception…
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Why does it matter?

• Human vision, while effective, is not always accurate… 

• A finer physics based simulation of reality has perceptual limits…
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Human Vision Hardware



The Eye

• Incoming light is focused by a 
two lens system of cornea and 
the lens of variable curvature 

• Light is projected on to the 
retina, primarily focused in the 
foveal pit 

• Fovea is depressed to minimize 
light pollution and reduce light 
scattering  

• There is a blind spot that we 
are psychologically unaware of

Image by Holly Fischer CC BY 3.0



Retina
• Retina is multilayer 
• The receptor layer is at the 

back (light passes through 
other layers first) 

• Rod receptors (night or 
scotopic vision) 

• Cone receptor (day or 
photopic vision) 

• Horizontal and Amacrine 
cells provide lateral 
connections
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Ramón y Cajal derivative work. Image by Anna Friedrich CC BY-SA 3.0



Receptors
• Receptor density is the highest in 

the fovea and subsides in the 
periphery 

• ~130M Receptors 
• ~120M Rods 
• ~6M Cones 

• ~1M Ganglion cells (and hence 
optic channels to the brain) 
• In fovea about 1:1 Retinal 

Ganglion Cells (RGC) to receptors 
• Many Cones to a Ganglion cell in 

the periphery 
Image by Cmglee, CC BY-SA 3.0



Central and Peripheral 
Vision

• Foveal vision <5° 
• At 2°, acuity is down to ~50% 
• At 4°, it is down to ~30% 
• Color perception strong at 20° 

but declining at 40° (not 
equally for all hues though)

Image by Vanessa Ezekowitz BY-SA 3.0. Image by Zyxwv99 CC BY-SA 4.0
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Pathways and Receptive Fields

• There about 20 known types of 
Retinal Ganglion Cells (RGCs) with 
different receptive fields 

• Midget/parvocellulare pathways 
(~90% of all RGCs) 
• Achromatic and chromatic vision 
• Slow temporal response 

• Parasol/magnocellulare pathways 
(~5% of all RGCs) 
• Motion, change 
• Fast temporal response

Midget system
Center illuminated
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LGN and Striate Cortex

• Midget and Parasol cells project to 
different layers of Lateral 
Geniculate Nucleus (LGN) 

• LGN projects into Striate cortex 
(V1 area) 

• Left and Right visual fields are 
localized in opposite hemispheres 

• Beyond Striate there is evidence 
for several visual pathways: ventral 
or “what” and dorsal or “where” 

Image by Miguel Perello Nieto, CC BY-SA 4.0



Simple Cells

• Beyond LGN neural 
pathways feed into simple 
and complex cells in 
Striate cortex 

• These cells respond to 
oriented stimuli and often 
to moving oriented stimuli 

• There may be more cells 
responding to vertical and 
horizontal stimuli

Retina LGN Striate (V1)

Image by Mark Fairchild, CC BY-SA 3.0, Image by Pancrat, CC BY-SA 3.0, Image by Paul C. Foster, CC BY-SA 3.0 



Why does it matter?

• Detail vision is very narrow, central and slow 

• Vision is differential and over emphasizes edges 

• Peripheral vision is not sensitive to detail but quite sensitive to 
motion and change



Lateral Inhibition



Lateral Inhibition?
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Why does it matter?

• Perception of a shape filler can be affected by the edges while 
perception of edges can be affected by overall scene 

• Image artifacts are, sometimes, orientation dependent



Eye Movement



Saccadic Movement

• Average saccade ~30ms  
• functional blindness during the saccade 
• Average fixation (with micro-saccade 

drift) ~200-300ms 
• Smooth pursuit movement to chase 

moving targets

From Alfred Yarbus Eye Movement and Vision, 1967. Image by Lucs-Kho, Public Domain



Fixations

• Eye movement patterns are 
task specific 

• Faces are almost always 
salient (even in peripheral 
vision!) 

• Feet position may also be 
salient  

• Shape interiors are rarely 
fixated on…

From Alfred Yarbus Eye Movement and Vision, 1967. Image by Lucs-Kho, Public Domain



Why does it matter?

• We fixate on very few elements of the visual scene  

• We are blind during saccadic eye movements and have limited 
memory of the visual scene before and after saccades and eye 
blinks



Color Vision



Psychophysics of hue 
perception
• Trichromatic color theory Young-

Helmholtz 1802-1850 
• Opponent color theory Herring 

1892 
• Color cancellation experiments 

Hurvich-Jameson 1957 

• There are three main color 
receptor types and six main 
percepts (red, green, blue, yellow, 
white and black)  

• There is perception opponency for 
red-green, blue-yellow
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Cone Receptors

• Rod receptors (night or scotopic 
vision) 

• Cone receptors (day or photopic 
vision) 

• Long, Medium, Short wavelength 
cone receptors rather than Red, 
Green and Blue 

• Chromatic aberration issues: S vs 
L and M

Image by OpenStax College, CC BY 3.0



Visible Spectrum

• Most mammals are dichromates 
with Blue/Yellow vision 

• This probably first appeared in 
ocean environment 

• Visible spectrum doesn’t get 
absorbed by water as much 
(particularly shorter wavelengths)

Image by Kebes, CC BY-SA 3.0
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Evolution of the circuitry for 
conscious color vision in 
primates 

J Neitz and M Neitz 

Eye, 2017



Cone Receptors

• Fovea has the highest density of L 
and M cones but no S cones (other 
than foveal walls) and no Rods 

• Overall, there are very few S 
cones and usually the highest 
number of L cones 

• ~6M Cones 
• S cones, only about 100-120K 
• M cones, ~2M 
• L cones, ~3-4M (ratio of L:M is 

quite variable)

Image by Mark Fairchild, CC BY-SA 3.0



Hue Perception

• There is an ongoing 
debate about specifics of 
the mechanism… 

• Many textbooks will 
outline parvocellulare 
mechanism: 
• R-G = L-M 
• B-Y = S-(M+L)  

• though this is most 
probably wrong…
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Another hypothesis

• Perhaps midget RGCs 
send both achromatic and 
chromatic data? 

• Midget RGCs send L-M, 
M-L, L+M and -L-M to 
LGN P layers 

• Bistratified RGCs provide 
additional +S signal 
through Koniocellular 
system to K layers

Parasol system
Konio system

Midget system

Image by Pancrat, CC BY-SA 3.0



Retinal Hypothesis
• Adaptive optics experiments: Most 

midgets RGCs produce achromatic 
perception…  

• Some are tuned for chromatic edges but 
produce achromatic perception 

• Relatively few midget RGCs carry 
opponent chromatic signal: 
• R = (L+S)-M 
• G = M-(L+S) 
• B = (M+S)-L 
• Y = L-(M+S)
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Edges

Blue/Yellow

Midget/Parvocellulare  
pathways retinal data

Image by Jeff Perry, Public Domain
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Wavelength Color 
Discrimination

• Humans can differentiate 
a 2-4 nm step in 
monochromatic stimuli 

• Humans can see anywhere 
from 1M-10M distinct 
colors 

• A 24 bit image contains 
16.7M colors
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Divergences from “Normal” 
Color Vision

• About 8% of population have 
color vision abnormalities 

• L or M receptors (rarely S) 
can be anomalous or missing 

• Even with “normal” vision 
the ratio of L and M 
receptors vary significantly 
among the population 
leading to differences of 
perceiving pure green by as 
much as 50 nm

Image by Nanobot, Public Domain



Why does it matter?

• We cannot see greenish reds or yellowish blues 

• Changes in greenish intensities are easier to recognize 

• Red and Blue may not be the best for small foreground elements  

• Not everyone sees the same way!



Shape Perception









Contrast Perception

• Achromatic contrast sensitivity 
peaks at 8-12 cycles per degree  

• Chromatic contrast sensitivity 
declines much faster compared to 
achromatic but it is stronger at low 
cycles per degree 

• May not be the same for all 
orientations… 0.1 20
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Foveal Hyperacuity

• Humans can perceive line 
discontinuities at a rate exceeding 
foveal acuity - essentially sub cone 
size… 

• It is impressive but exaggerates 
aliasing artifacts

Image by Hans Strasburger, CC BY-SA 4.0



Figure/Ground

• Important automatic step to 
identify what are not objects 

• Probabilistic, using multiple clues: 
• Edge density, convexity, color 

saturation, movement 
• Can be ambiguous 
• Importantly, less attention will be 

paid to the ground and less details 
remembered

Image by Klaus-Dieter Keller, Public Domain



Contours

• Contours are autocompleted 
• There is a bias towards concave 

shape interpretation 
• We can perceive imaginary 

occluders to a point of perceiving 
fine completion edges where 
there are none



Grouping

• We perceive objects 
hierarchically and in groups 

• Gestalt psychology explored this 
extensively (many UI/UX 
implications) 

• Attention spreads for the entire 
object or group of objects when 
we fixate on its part



Image by Rob Bogaerts Image manipulation: Phonebox, Public Domain
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Reference

Visual Perception From a 
Computer Graphics 
Perspective 

William Thompson, Jeanine Kelly 
Stefanucci, Sarah Creem-Regehr, 
Roland Fleming 

CRC Press, 2011



Why does it matter?

• Humans have different limits to chromatic and achromatic high 
frequency details 

• We are hyper acute to visual discontinuities  

• Many continuity and perspective clues are used for shape 
recognition and classification 

• There is a specialized brain area responsible for face recognition



Lighting



Image by Friedrich Frisch, CC BY-SA 4.0
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Lighting from Above

• Shape perception is trained on 
natural lighting stimuli (hence 
lighting from above perceptual 
bias) 

• Lighting from above bias is not 
absolute and easily compensated 
by perspective and shadows clues



Image courtesy of Akiyoshi Kitaoka, http://www.ritsumei.ac.jp/~akitaoka/index-e.html

http://www.ritsumei.ac.jp/~akitaoka/index-e.html
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http://www.ritsumei.ac.jp/~akitaoka/index-e.html


Color Constancy
• The goal of vision is recognizing 

objects’ shapes and material 
properties under different lighting 
conditions 

• Perception of “lightness or color 
constancy”: e.g.: the checker 
board interpretation is strongly 
reinforced whether in shadows or 
not 

• Color constancy is not universal 
and may fail with highly saturated 
lights or ambiguous context

Image by Edward H. Adelson, CC BY-SA 4.0





Shadows

• Shadows are generally not interpreted 
as shapes 

• Shadows provide strong positional 
clues (sometimes stronger than 
perspective clues) 

• Shadows edges are nearly always 
softer compared to object edges 

• Generally we have a perceptual bias of 
“darker means indented” 



Shadows and 
Illumination Direction

• Directional inconsistencies in 
shadows and illumination direction 
are not always salient 

• Humans in experiments may not 
pay attention to inconsistencies as 
large of 45°
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Specular Highlights

• Specular highlights are always 
much brighter compared to 
Lambertian type of reflection 

• They help perceive object shape — 
being thinner in the direction of 
higher curvature 

• Specular highlights spread 
perception of glossiness beyond 
their visual
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Perception of Global 
Illumination

• Scenes are likely segmented in our perception 
into areas where illumination is perceived as 
mostly the same  

• There is evidence that people mostly perceive 
influence from one or two light directions per 
object 

• Diffuse to diffuse interactions (e.g. small color 
bleeding) may be less perceptually salient

Images by Barahag, CC BY-SA 4.0 



Reference

Enhancing Photorealism 
Enhancement 

Stephan R. Richter, Hassan Abu 
AlHaija, and Vladlen Koltun  

2021



Why does it matter?

• Human vision is somewhat biased to interpret scenes as lit from 
above and to interpret dark spots as indentations 

• Specular highlights provide glossiness and curvature clues  

• Shadows give strong positional clues and need to have soft edges  

• Moderate inconsistencies in illumination direction and shadow 
direction are not immediately salient
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