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Overview

• Image formation – Chromatic aberration

• The light sensitive receptors in the retina

• Color matching – CIE XYZ

• Retinal outputs

• Visual cortex
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The diffraction pattern formula for a disk can 
be calculated from first principles
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Pupil diameters at different light 
levels
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Pupil Size Changes With Mean 
Luminance, Influencing Acuity

4.9 3tanh(0.4(log( ) 1))d L= − +

3log10( ) 0.8558 0.000401(log( ) 8.6)d L= − +
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Chromatic 
aberration

is summarized 
by variation in 
optical power 

across 
wavelength; 
very similar 

across people



Chromatic aberration summarized 
by the MTF



Combined chromatic and spherical 
aberration of the human optics

(ISET and Marimont and Wandell J. Opt. Soc Am. A.)



Light passes 
through the 
retinal cells 

and is 
absorbed by 
pigments in 
the rod and 
cone outer 
segments
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The unbleached rod photopigment, 
rhodopsin, can be seen in the living eye 



After exposure to light, the pigment 
becomes transparent



The Primate 
fovea (pit) 

contains mainly 
cones and is 

specialized for 
high acuity and 

color
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The Retina
5 x 5 cm, 0.4 mm thick
5 x 106  cones
108 rods
Foveal cone width: 1 mu
Contacts per cone: 250
106 optic nerve fibers



Rods and Cones
http://webvision.med.utah.edu/ph

oto1.html

Rods and cones seen 
through a scanning 
electron microscope.  
Each rod is about 
one micron across.
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Single cone photocurrent measurements 
(Schnapf, Baylor et al).



There are three types of cone 
wavelength responsivity curves



Recent advances in adaptive optics 
make it possible to visualize the 
cone mosaic of the human eye

( Roorda and Williams et al.)



Cone receptor mosaics differ greatly 
between individuals

Hofer, H. et al. J. Neurosci. 2005;25:9669-9679

Cone inner segments 1-2 
micron diameter in foveola; 
much larger in the 
periphery.  
Two individuals shown 
have cone ratios: 3.8:1 and 
1.15:1 – yet both are 
normal

Foveolar edge – cone 
diameter is 3-4 microns 
(330 microns ~ 1 deg)



The eye is very poor at discriminating 
different spectral power distributions
Metamers



Color Matching Is An Important 
Illusion That Is Understood 

Quantitatively



The cone spectral absorption functions 
predict important color properties



Stimuli causing equal 
cone absorptions match perceptually
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The color matching experiment 
predicts metameric matches
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Linear transformation of the CMFs
predict metamers, as well
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CIE-XYZ functions are a linear 
transformation away from the cones
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The CIE XYZ functions predict metamers



CIE XYZ functions 

The CIE XYZ functions are commonly 
used for this prediction
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Multiple retinal output pathways, each with a 
specific spatial mixture of cone signals

(Rodieck, 1998)



Small 
bistratified
retinal 
ganglion 
cells code 
blue-on and 
yellow-off On

Off



Retinal pathways send their outputs to 
distinct brain destinations

Parvocellular layers
Magnocellular
layers
1

23456

Lateral geniculate nucleus (LGN)



Retinal pathways send their outputs to 
distinct brain destinations

K6
K1

Lateral geniculate nucleus (LGN)

Koniocellular layers



Pattern color sensitivity is best explained 
with respect to this representation 

(e.g., S-CIELAB references)

Blue-yellow
contrast



Y I Q

JPEG, NTSC and 
other transmission 
standards all use this 
representation
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Human brain by the numbers
(Braitenberg and Schutz, 1991)

Neurons:  1011 (total)
Synapses: 1014  (total)
Synapses/neuron 103

Surface area of each 
hemisphere: 25 x 30 cm2

Most connections are local 
(10-100 um); some span 
many cm
Neurons/mm3:    104-106

Axon length/mm3: 3 km

Neurons are the computational elements
White matter connects the neurons via axons
The connection is called the synapse



Sagittal view of the white matter 
surface of a human brain (mine)

Parieto-
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Primary visual 
cortex is located 
mainly in 
calcarine cortex, 
wrapping around 
onto the lateral 
surface of the 
brain



Primary visual cortex (V1) contains a 
visual field map

80

Upper VM
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Human 
Eccentricity 

Mapping
(Engel et al., 1994,1997; 
Sereno; DeYoe; Others)



Nine known
visual field 

maps

More maps 
to come

Reviewed in January 
2005 Phil Trans Royal 

Society



Human ventral 
occipital cortex 

responds 
powerfully to 
color signals; 
Damage can 

cause a 
hemifield loss 

of color 
perception

(Meadows)

Fusiform Gyrus

Lingual Gyrus

Three-D view demos



The human 
ventral surface

contains a 
hemifield visual 

field map 
adjacent to V3 

(Wade et al. 2002)
hV4
V3v



Exchange measurements are a way 
to begin the exploration of color 

signals in human cortex
(Zeki, many papers)



0.50 1.0

The color exchange experiments 
replicate well; largest response is ventral
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