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Disappearance of structure in perception
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How do the eyes receive information about the world? 

425 BCE: Intromission theories
 
 
 
• Objects emit copies of themselves (eidola or simulacra) that 

enter the eyes 
• Advanced by Epicurus, Lucretius, Demokritos, among others 
• How could objects send copies to multiple observers? 

How did the copies not interfere with one another? 
How could copies of large objects fit into the eye? 

~400 BCE: Extramission theories
 
 
 

• Empedocles, Plato, Euclid
• Empedocles: all things are composed of 4 elements: fire, earth, air, water. The 

eye contains the 4 elements and fire is responsible for creating rays that 
emanate from the eye and touch the world (this fire is is why cats’ eyes glow!)

• Later, Aristotle: 
-stars too far away for rays from the eyes to reach them! 
-some objects are light sources and others reflect rays that reach the eyes
-water is the element of perception as vision needed a transparent element! 
(Aristotle, On Sense and the Sensible, 350 BCE)



Light travels along straight lines – coming from where?

325 BCE: Euclid, a first mathematical theory of vision 
              (in Optics) 
 
 

From Euclid’s “Optics” (325 BC) 
https://philomatica.org/wp-content/uploads/2013/01/Optics-of-Euclid.pdf

• Rays emitted by the eye traveled along a straight 
line and formed a cone reaching the scene

• Work set basis for perspective 



Light travels along straight lines – coming from where?

325 BCE: Euclid, a first mathematical theory of vision 
              (in Optics) 
 
 • Rays emitted by the eye traveled along a straight 

line and formed a cone reaching the scene
• Work set basis for perspective 

965-1040 CE: Ibn al-Haytham (“Alhazen”) 
 
• Book of Optics (1028-1038 CE): light rays bounce 

off objects in all directions and become visible 
when they reach the eye perpendicularly  



Light travels along straight lines – coming from where?

325 BCE: Euclid, a first mathematical theory of vision 
              (in Optics) 
 
 • Rays emitted by the eye traveled along a straight 

line and formed a cone reaching the scene
• Work set basis for perspective 

965-1040 CE: Ibn al-Haytham (“Alhazen”) 
 
• Book of Optics (1028-1038 CE): light rays bounce 

off objects in all directions and become visible 
when they reach the eye perpendicularly  

From “Total Internal Reflection” – VAN 2020, https://vision.mit.edu/tir



Helmholtz: Perception as Inference 

1821-1894:  Hermann von Helmholtz

 

Treatise on Physiological Optics (1866)

• The mind makes perceptions out of sensations finding representations of the object most 
likely to explain the sensory input. 

• Related to Bayesian methods for computer vision inference.



The human visual system recovers scenes that are the 
cause of images



The human visual system recovers scenes that are the 
cause of images

Roger Shephard’s Turning Tables (1990) 



The human visual system recovers scenes that are the 
cause of images

Roger Shephard’s Turning Tables (1990) Adelson’s Checkershadow Illusion (1995)  

Perception as inference and explanation, not as measurement 



The human visual system recovers scenes that are the 
cause of images

Hoarfrost at Ennery, Camille Pissarro. Oil on canvas, 1873



The human visual system recovers scenes that are the 
cause of images

Hoarfrost at Ennery, Camille Pissarro. Oil on canvas, 1873

These scrape marks are 
sufficient to convey the 
appearance of a heavily 
frosted field. 

Helmholtz 1871 lecture 



Origins of Structure in Perception: this will take us a semester to answer! 

● Low level vision 
● Motion and depth 
● Color
● Recognition 
● Association 

The human visual system recovers scenes that are the 
cause of images – how? 

And in parallel: 



Perception as an inverse problem 
Pizlo 2000 
“perception is about inferring the properties of the distal stimulus X given the proximal stimulus Y”

  Y = AX 
  where
   Y  is the proximal stimulus (e.g. retinal image) 
   X  is the distal stimulus (e.g. 3D object)
   A  is a perspective mapping (linear transformation)

X = A-1Y 
ill-posed, determining a 
unique A-1 is difficult 

many different things could have created the same retinal image (e.g. of a cube) 

Less clear why binocular reconstruction of a 3D scene is ill-posed 
(e.g. Gibson: observer knows position of one eye relative to the other, reconstruction is well-posed and well-
conditioned) 

Problem: perceptual and motor noise
• Rays never actually intersect
• One could approximate the intersection, but the approximation is very unstable (small variations in the 

noise cause large variations in the solution) 



Perception as an inverse problem 
Pizlo 2000 
“perception is about inferring the properties of the distal stimulus X given the proximal stimulus Y”

  Y = AX 
  where
   Y  is the proximal stimulus (e.g. retinal image) 
   X  is the distal stimulus (e.g. 3D object)
   A  is a perspective mapping (linear transformation)

X = A-1Y 
ill-posed, determining a 
unique A-1 is difficult 

many different things could have created the same retinal image (e.g. of a cube) 

X = A-1Y to solve: 
regularized linear regression: 

Bayes’ rule: 



Predictive Coding
“the brain is in the game of optimizing neuronal dynamics 
and connectivity to maximize the evidence for its model of 
the world” (Friston 2018, “Does Predictive Coding Have a 
Future?”) 

• neuronal representations in higher/deeper 
levels of hierarchies generate predictions 
about representations in lower levels 

• descending predictions are compared with 
lower-level representations to form a 
prediction error, which is passed back up 
the hierarchy to update higher-level 
representations

• The recurrent exchange of signals 
between adjacent levels encodes a 
generative model – generating predictions 
of sensations that can be compared with 
actual sensory samples From Fong et al. 2020



adapted from Kersten & Yuille (2003)

Bayesian Models of Object Perception

“It seems reasonable to assume that an effective 
perceptual system should obtain and use knowledge of 
the constraints that characterize the distal stimuli to 
‘make up’ for the information that has been lost in the 
transformation from the distal to proximal stimulus.” 
(Pizlo 2000)
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(Mental) image 
generation



2D projection
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adapted from Kersten & Yuille (2003)

(Mental) image 
generation

likelihood

eliminate everything in world model that 
could not generate the image (likelihood) 
prior probability then organizes that narrower
possibility space. 



(Mental) image 
generation

2D projection
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Perceived
3D shape
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adapted from Kersten & Yuille (2003)
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Visual system embodies principles of ecological optics
● Lighting from above, shadows, reflection, ... “evolutionary internalized regularities”



Visual system embodies principles of ecological optics
● Interactions of shape and illumination



clarence coles phillips (1880-1927)

Koenderink (2014)

Models in Art 
images from Midjourney (2023)

Learned (?)



The Beholder’s Share
1909-2001: Ernst Gombrich, Austrian art historian 
 
 

Clarence Coles Phillips Camille Pissarro Paul Cezanne



The Beholder’s Share
Perceptual Metamerization:

• Stimuli that differ physically but look the same (from a 
particular distance and point of fixation) 

• Creation requires a model of perceptual processing 
• For example, spatial pooling, both in successive ventral 

stream areas, and with eccentricity, induces an irretrievable 
loss of information: 



QUESTION: Is perception like a bundle of possible visual 
worlds (then the observer apparently abstains from a final – 
precognitive – decision) or is it like a single visual world (the 
observer really “sticks the neck out”) ?    

Koenderink 2012:  

The Beholder’s Share

In other words, do observers resolve ambiguities when not required for an action or decision?

1909-2001: Ernst Gombrich, Austrian art historian 
 
 



Minor White Windowsill Daydreaming
July 1958



Multiple Worlds (2012)

Consciousness: facing the consequences of decisions-in-action? (Schrodinger) 

QUESTION: Is perception like a bundle of possible visual 
worlds (then the observer apparently abstains from a final – 
precognitive – decision) or is it like a single visual world (the 
observer really “sticks the neck out”) ?    



Bev Doolittle, Pintos (2000)



Multiple Worlds (2012)

Consciousness: facing the 
consequences of decisions-in-action? 
(Schrodinger) 

Do decisions have consequences 
when looking at art? 

Non-representational art?   

Kandinsky (1912)



Multiple Worlds (2012)

Consciousness: facing the 
consequences of decisions-in-action? 
(Schrodinger) 

Do decisions have consequences 
when looking at art? 

Non-representational art?   

Joseph Mallord William Turner (Interior at Petworth c. 1837)

What is the nature of your visual awareness?   A single visual world?  


