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Why Study Human Vision (Other Than For Science Itself)?
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Imaging System

Rendering System
Visual Stimuli HVS

Perception

Cognition

Action

Things we want to 
influence and optimize

Things we actually have 
influence over (mostly)

Brain implants and gene 
therapy influence this directly



Why Study Human Vision (Other Than For Science Itself)?
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Image Signal 
Processing 

(Signal reconstruction)

Optics 
(Gather light)

Image Sensing 
(Optical to electrical 

signal transformation)

Computer Vision 
(Semantics 

understanding)

Human Visual 
System 

(Eye, retina, visual 
cortex)

Display 
(Generating lights)

Physical Scene 
(Objects, lights)

Modeling 
(Scene, optics)

Computer Graphics 
(Visibility + Shading)

Video/Image 
De/Compression

Cloud/Storage
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The Big Picture



Levels of Abstraction
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Algorithm

Program

ISA (Instruction Set Arch)

Microarchitecture

Circuits

Problem

Electrons

https://users.ece.utexas.edu/~patt/24f.460n/handouts/23s_ppts/23s.ch1.Intro.pdf

Behaviors and experiences 
(perception, cognition, action)

Physics

Cellular and molecular processes 
(ion channels, currents, voltages)

Neural networks 
(Neurons, spikes)

Physical stimuli 
(lights, sounds, heat, etc.)

Psychophysics“Systems 
Neuroscience”

C/M physiology

Problem



Feedback from cortex

Retino-Geniculo-Cortical Pathway

�7Dowling and Dowling Jr. 2016



Once in the Cortex

�8Dowling and Dowling Jr. 2016

Top-down feedback

Feedback from cortex
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Modeling Lights



What is Light?
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Geometrical optics 
• Radiometry: modeling lights as packets of 

photons traveling along rays. 

• Our focus today unless otherwise noted. 

Wave optics 
• Electromagnetic waves 

• What are some of the phenomena that can’t 
be explained by geometrical optics?

https://baibhab-mondal.medium.com/why-double-slit-experiment-is-so-cool-124fd64fc607



What is Light?
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What are some of the phenomena that can’t 
be explained by lights as waves? 

• The sequential version of the double-slit 
experiment.

https://baibhab-mondal.medium.com/why-double-slit-experiment-is-so-cool-124fd64fc607



What is Light?

�12

What are some of the phenomena that can’t 
be explained by lights as waves? 

• The sequential version of the double-slit 
experiment. 

Quantum electrodynamics (QED) 
• “I want to emphasize that light comes in this form—

particles. It is very important to know that light 
behaves like particles, especially for those of you 
who have gone to school, where you were probably 
told something about light behaving like waves. I’m 
telling you the way it does behave—like particles.”



Photon Energy
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In this lecture we consider light as photons in the geometrical optics regime. 

Light sources emit photons. Materials emit, absorb, and/or scatter photons. 

Each photon has an energy level, dictated by its frequency/wavelength.

E = hf =
hc
λ

Planck constant. 
~ 6.63×10−34 J⋅s

Light 
frequency

Speed of 
light (m/s)

Light 
wavelength

Energy of 
a photon

Energy of a 𝛌 = 500 nm 
photon: ~4 x 10−34 J

Energy of a 𝛌 = 750 nm 
photon: ~2.7 x 10−34 J



Light Spectrum
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Most light sources mix photons of different wavelengths.

https://waldina.com/2020/01/04/happy-377th-birthday-isaac-newton/ https://www.shutterstock.com/video/clip-369937-prism---light-dispersion-seamless-loop-hd1080p



Spectral Power Distribution
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SPD 𝚽(𝛌): the power 
distribution by wavelength. 
Unit is W/nm.

https://www.quora.com/Is-there-a-difference-between-sun-rays-and-normal-bulb-light

𝚽(𝛌)



Spectral Light
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Single-wavelength (monochromatic) light are called spectral light. 
• SPDs of spectral lights are very narrow spikes. 

• Few natural lights are spectral lights. Lasers can generate spectral lights. 

• Mixing spectral lights to produce arbitrary lights

400 700500 600

𝚽(𝛌)

𝛌

400 700500 600

𝚽(𝛌)

𝛌
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The Eye



Human Eye Anatomy
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Control the focal

length of the lens

Where light enters;

similar to aperture

Control the pupil size

https://garetina.com/patient-education/about-the-eye/

Focus light



Human Eye Anatomy
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Contains photoreceptors, which 
generate electrical signals from light

Transports electrical signals to 
the rest of the visual system

Highest cone density and thus 
highest visual acuity

Free of photoreceptors

https://garetina.com/patient-education/about-the-eye/
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Eye Optics Focuses Lights
114 S. M. LaValle: Virtual Reality

Figure 4.25: A ray of light travels through five media before hitting the retina. The
indices of refraction are indicated. Considering Snell’s law, the greatest bending
occurs due to the transition from air to the cornea. Note that once the ray enters
the eye, it passes through only liquid or solid materials.

Figure 4.26: Normal eye operation, with relaxed lens.

Figure 4.27: A closer object yields diverging rays, but with a relaxed lens, the
image is blurry on the retina.

Virtual Reality, S. M. LaValle

Most of the light bending (2/3) is due to 
the cornea, which is rigid in its shape

Lens provides the remaining 
bending power and is malleable
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Lens Accommodates
4.4. THE HUMAN EYE 115

Figure 4.28: The process of accommodation: The eye muscles pull on the lens,
causing it to increase the total optical power and focus the image on the retina.

Figure 4.29: Placing a convex lens in front of the eye is another way to increase
the optical power so that nearby objects can be brought into focus by the eye.
This is the principle of reading glasses.

The optical power of the eye The outer diameter of the eyeball is roughly
24mm, which implies that a lens of at least 40D would be required to cause con-
vergence of parallel rays onto the retina center inside of the eye (recall diopters
from Section 4.2). There are effectively two convex lenses: The cornea and the
lens. The cornea is the outermost part of the eye where the light first enters and
has the greatest optical power, approximately 40D. The eye lens is less powerful
and provides an additional 20D. By adding diopters, the combined power of the
cornea and lens is 60D, which means that parallel rays are focused onto the retina
at a distance of roughly 17mm from the outer cornea. Figure 4.26 shows how this
system acts on parallel rays for a human with normal vision. Images of far away
objects are thereby focused onto the retina.

Accommodation What happens when we want to focus on a nearby object,
rather than one “infinitely far” away? Without any changes to the optical system,
the image would be blurry on the retina, as shown in Figure 4.27. Fortunately,
and miraculously, the lens changes its diopter to accommodate the closer distance.
This process is appropriately called accommodation, as is depicted in Figure 4.28.
The diopter change is effected through muscles that pull on the lens to change its
shape. In young children, the lens can increase its power by an additional 15 to
20D, which explains why a child might hold something right in front of your face
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Ocular Media Absorb Lights Selectively

Boettner and Wolter, 1962

Volume 1
Number 6

Transmission of ocular media 781

TOTAL TRANSMITTANCE AT THE
VARIOUS ANTERIOR SURFACES
1 AQUEOUS 3 VITREOUS
2 LENS 4 RETINA

300 400 500 600 800 1000 1200 1600 2000
WAVELENGTH MILLIMICRONS

Fig. 7. Total transmittance through entire eye.

I I I I I H IM
DIRECT TRANSMITTANCE AT THE
VARIOUS ANTERIOR SURFACES
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3 VITREOUS
4 RETINA
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WAVELENGTH MILLIMICRONS

Fig. 8. Direct transmittance through entire eye.

Weale that the age can be determined by
the transmittance measurements is doubt-
ful on the basis of our experience to
date.

Vitreous humor. The vitreous transmits
from 300 m/t in the ultraviolet to 1,400 m,u
in the infrared (Fig. 6). Its ultraviolet
total transmittance increases rapidly to 80
per cent at 350 m/.i. The total transmittance
in the visible region is greater than 90 per
cent, but begins dropping rapidly in the
infrared. The water bands at 980 and 1,200
m/x are very strong, and no transmittance
is noted beyond 1,400 m/x. No differences
in transmittance due to age were noted.

Transmittance of the entire eye. The
data shown in Figs. 3 to 6 were used to
compute the successive transmittances as
radiation passes through the whole eye.
The resulting curves are shown in Figs. 7
and 8. In making this computation, the loss
due to reflection of normally incident
radiation at the interface between air and
the cornea was included. Reflection losses
between the other surfaces (e.g., aqueous-
lens) were neglected as they total less
than 0.3 per cent.

These data are representative of the
child or young adult eye except in the
ultraviolet (less than 380 m,u) where the
transmission is that of a child's eye. For
example, the 4 per cent incident on the
vitreous (Fig. 7) at 320 m/x would be com-

pletely absorbed by the lens in the adult
eye.

The maximum transmittance through an
entire eye is calculated as 83.5 per cent.
Recently, a technique was developed in
which a window was cut into the posterior
of a whole eye to permit the measure of
the transmittance through all the ocular
media. With the use of this technique, the
total transmittances of 2 eyes have been
measured to date, with values of 82 per
cent and 79 per cent at 700 m̂ u..

It is evident that the amount of scattered
radiation through the young whole eye,
represented by the difference between
curve 4 in Fig. 7 and in Fig. 8, decreases
with wavelength, from about 55 per cent
at 450 rrifx in the visible to 30 per cent in
the infrared. Generally the scattering in
the older eye starts at a higher figure (70
per cent or more) in the visible, but pro-
ceeds at a more rapid rate of decrease into
the infrared.

Evaluation of data
Several factors may affect the validity

of the results, including the condition of
the eyes, the length of time between
enucleation and the measurements, and
the accuracy of the instrumental methods
and measuring techniques. As stated pre-
viously, only eyes having normal refracting
media were used in this study. Four eyes

Data is the remaining/transmitted lights 
at each ocular surface. 

• Results at the retina show the total amount 
of lights left after ocular absorption. 

• This includes both direct transmission and 
forward scattering. 

• 380 nm — 780 nm is “visible range”. 

Color vision comes from wavelengths, 
so selective spectral absorption shapes 
our color vision.  More later.
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The Retina



Neurons on the Retina
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PhotoreceptorsBipolar cellsRetinal ganglion 
cells (RGCs)

Horizontal cellsAmacrine cells



Photoreceptors: Optical Signals → Electrical Signals

�25Wandell, FoV 1995; Baylor, Nunn, and Schnapf, 1987

Photocurrents in response to photon absorption



�26Slide credits: Donald Macleod; Principle of Neurobiology 1ed (p. 123)



Opposite Functional and Anatomical Organizations
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PhotoreceptorsRetinal ganglion 
cells (RGCs)

Optical information flow

Electrical information flow

Lights



Blind Spot
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52 CHAPTER 3  Introduction to Vision

DEMONSTRATION

Becoming Aware of the Blind Spot

Place the book on your desk. Close your right eye, and posi-
tion yourself above the book so that the cross in Figure 3.15 is 
aligned with your left eye. Be sure the page is fl at and, while 
looking at the cross, slowly move closer. As you move closer, 
be sure not to move your eye from the cross, but at the same 
time keep noticing the circle off to the side. At some point, 
around 3 to 9 inches from the book, the circle should disap-
pear. When this happens the image of the circle is falling on 
your blind spot. ❚

Figure 3.15 ❚

Why aren’t we usually aware of the blind spot? One rea-
son is that the blind spot is located off to the side of our 
visual fi eld, where objects are not in sharp focus. Because of 
this and because we don’t know exactly where to look for it 
(as opposed to the demonstration, in which we are focusing 
our attention on the circle), the blind spot is hard to detect.

But the most important reason that we don’t see 
the blind spot is that some mechanism in the brain “fi lls 
in” the place where the image disappears (Churchland & 
Ramachandran, 1996). The next demonstration illustrates 
an important property of this fi lling-in process.

DEMONSTRATION

Filling in the Blind Spot

Close your right eye and, with the cross in Figure 3.16 lined 
up with your left eye, move the “wheel” toward you. When 
the center of the wheel falls on your blind spot, notice how 
the spokes of the wheel fi ll in the hole (Ramachandran, 

3VL
1992). ❚

Optic nerve

Blind spot
Ganglion 
cell fibers

Receptors

Figure 3.14 ❚ There are no receptors at the place where 
the optic nerve leaves the eye. This enables the receptor’s 
ganglion cell fibers to flow into the optic nerve. The absence 
of receptors in this area creates the blind spot.

These demonstrations show that the brain does not fi ll in 
the area served by the blind spot with “nothing”; rather, 
it creates a perception that matches the surrounding pat-
tern—the white page in the fi rst demonstration, and the 
spokes of the wheel in the second one.

Dark Adaptation of the Rods and Cones
A recent episode of the Mythbusters program on the Dis-
covery Channel (2007) was devoted to investigating myths 
about pirates (Figure 3.17). One of the myths explored was 
that pirates wore eye patches to preserve night vision in one 
eye, so when they went from the bright light outside to the 
darkness belowdecks they could see with their previously 
patched eye. To determine whether this works, the myth-
busters carried out some tasks in a dark room just after 
both of their eyes had been in the light and did some differ-
ent tasks with an eye that had just previously been covered 
with a patch for 30 minutes. It isn’t surprising that they 
completed the tasks much more rapidly when using the eye 
that had been patched. Anyone who has taken sensation 
and perception could have told the mythbusters that the eye 
patch would work because keeping an eye in the dark trig-

Figure 3.16 ❚ View the pattern as described in the text, and 
observe what happens when the center of the wheel falls on 
your blind spot. (From Ramachandran, 1992.)

Sensation and Perception, 8ed



Blind Spot

Optic nerves route before the retina in human eyes

�29https://www.reddit.com/r/interestingasfuck/comments/6ifcn6/our_similarity_with_cephalopod_eyes_despite_our/



Blind Spot: “See” It For Yourself

Test: 
• Cover your LEFT eye and stare at the cross with your RIGHT eye. 

• Slowly move towards the computer screen while still staring at the cross with your RIGHT 
eye. 

• At some point the black circle will disappear. 

Blind spot doesn’t appear dark because your brain “makes stuff up”

�30https://visionaryeyecare.wordpress.com/2008/08/04/eye-test-find-your-blind-spot-in-each-eye/
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Retina Functions and 
Specializations 

• Rods vs. Cones 

• Contrast Detection 

• Adaptation



Cones vs. Rods: Sensitivity
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a L-cone single photon 
response
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Figure 1.4 - Primate cones have a lower gain, higher noise and faster kinetics 
than primate rods. 
a. Estimated single photon response in darkness in a primate L-cone.
b. Corresponding current dark noise. Notice the 100-fold difference in scales between 
(a) and (b).
c. Single photon responses from example cone in (a) (red trace) and from example rod 
(Figure 1.2) (black trace) have been overlaid to highlight the differences in gain 
evidenced by the differences in peak amplitude.
d. The same single photon responses have been normalized to highlight the faster 
kinetics in cones.

12

Angueyra-Aristizábal, Dissertation 2014

Cone (~6 million in total)

Rod (~120 million in total)

Cone

Rod



Cones vs. Rods: Sensitivity

• Rod vision is much more 
sensitive than cone vision. 

• Single photon response is just one 
reason; we will see others later. 

• Rods are responsible for night 
vision (scotopic vision) and 
cones are responsible for 
daylight vision (photopic vision). 

• Cones have faster kinetics 
• Better encode motion

�33Angueyra-Aristizábal, Dissertation 2014
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Figure 1.4 - Primate cones have a lower gain, higher noise and faster kinetics 
than primate rods. 
a. Estimated single photon response in darkness in a primate L-cone.
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(a) and (b).
c. Single photon responses from example cone in (a) (red trace) and from example rod 
(Figure 1.2) (black trace) have been overlaid to highlight the differences in gain 
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kinetics in cones.
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Cones vs. Rods: Sensitivity

�34Purves et al. Neuroscience 6ed

 Vision: The Eye  245

Functional Specialization of the Rod 
and Cone Systems 
The two types of photoreceptors, rods and cones, are dis-
tinguished by their shape (from which they derive their 
names), the type of photopigment they contain, their dis-
tribution across the retina, and their pattern of synaptic 
connections. These properties reflect the fact that the rod 
and cone systems (i.e., the receptor cells and their con-
nections within the retina) are specialized for different 
aspects of vision. The rod system has very low spatial res-
olution but is extremely sensitive to light; it is therefore 
specialized for sensitivity at the expense of seeing detail. 
Conversely, the cone system has very high spatial resolu-
tion but is relatively insensitive to light; it is specialized for 
acuity at the expense of sensitivity. The properties of the 
cone system also allow humans and many other animals 
to see color.

Figure 11.11 shows the range of illumination over which 
the rods and cones operate. At the lowest levels of illu-
mination, only the rods are activated. Such rod-mediated 
perception is called scotopic vision. The difficulty of mak-
ing fine visual discriminations under very low light con-
ditions where only the rod system is active is a common 
experience. The problem is primarily the poor resolution 
of the rod system (and to a lesser extent, the fact that there 
is no perception of color because in dim light there is no 
significant involvement of the cones). Although cones be-
gin to contribute to visual perception at about the level 
of starlight, spatial discrimination at this light level is still 
very poor.

As illumination increases, cones become more and more 
dominant in determining what is seen, and they are the 
major determinant of perception under conditions such 
as normal indoor lighting or sunlight. The contributions 

of rods to vision drops out nearly entirely in photopic vi-
sion because their response to light saturates—that is, the 
membrane potential of individual rods no longer varies as 
a function of illumination because all of the membrane 
channels are closed (see Figure 11.9). Mesopic vision oc-
curs in levels of light at which both rods and cones contrib-
ute—at twilight, for example. From these considerations it 
should be clear that most of what we think of as normal 
“seeing” is mediated by the cone system, and that loss 
of cone function is devastating, as occurs in individuals 
suffering from macular degeneration (see Box 11B). Peo-
ple who have lost cone function are legally blind, whereas 
those who have lost rod function only experience difficulty 
seeing at low levels of illumination (night blindness).

Differences in the transduction mechanisms utilized 
by the two receptor types are a major factor in the ability 
of rods and cones to respond to different ranges of light 
intensity. For example, rods produce a reliable response to 
a single photon of light, whereas more than 100 photons 
are required to produce a comparable response in a cone. 
It is not true, however, that cones fail to effectively capture 
photons. Rather, the change in current produced by single 
photon capture in cones is comparatively small and diffi-
cult to distinguish from background noise.

Another difference is that the response of an individual 
cone does not saturate at high levels of steady illumina-
tion, as the rod response does. Although both rods and 
cones adapt to operate over a range of luminance values, 
the adaptation mechanisms of the cones are more effec-
tive. This difference in adaptation is apparent in the time 
course of the response of rods and cones to light flashes. 
The response of a cone, even to a bright light flash that 
produces the maximum change in photoreceptor current, 
recovers in about 200 ms, more than four times faster than 
rod recovery (Figure 11.12A).

PURVES: Neuroscience 6e
Figure: 11.11
02/10/17
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FIGURE 11.11 The range of luminance values over 
which the visual system operates. At the lowest levels of 
illumination, only rods are activated. Cones begin to contrib-

ute to perception at about the level of starlight and are the 
only receptors that function under relatively bright conditions.

11_PurvesNS_6e.indd   245 9/15/17   10:36 AM



Spectral Sensitivity and Color
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• Color vision fundamentally 
comes from how 
photoreceptors encode 
wavelengths. 

• There are three cone types but 
only one rod type, so no color 
vision in rods (just light 
intensity). 

• Don’t see color at night



Spectral Sensitivity and Color

�36Dartnall et al. 1983

L

M

Rod

S

• Absorbance spectra from 
microspectrophotometry 

• Absorbance is proportional to 
fraction absorbed under 
certain simplifications 

• Data from humans 

• Three cone types 
• Long, Medium, Short



SPECTRAL SENSITI VITY OF MONKEY CONES
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Fig. 3. Average normalized spectral sensitivities of five blue (OJ), twenty green (0) and
sixteen red (0) cones from nine monkeys. Smooth curves are sixth-order polynomials
(eqn. (6)) with. Am = 561 nm (red), 531 nm (green) and 430 nm (blue). The coefficients
(ao-a6) are -5-2734, -87-403, 1228-4, -3346-3, -50703, 30881 and -31607. A, log
sensitivity is plotted as a function of wave number; wave-length scale above. Results
tabulated in Table 1. B, log sensitivity is plotted as a function of log wave number. The
blue and green cone spectra have been shifted on the abscissa (see text).

151

J)
0

Spectral Sensitivity and Color

�37Baylor et al. 1987

LM

S

• Sensitivity from isolated 
photoreceptors 

• From a macaque 

• Using suction electrode to measure 
electrical responses 

• Measures the amount of light that’s 
needed at each wavelength to reach a 
criterion level of response



Cones vs. Rods: Distribution

�38Wandell, FoV 1995

Fovea



Cones vs. Rods: Distribution

�39Wandell, FoV 1995; Crucio et al. 1990

500 C.A. CURCIO ET AL. 

Fig. 1. Comparison of vertical histological (A,C) and en face optical 
(B,D) sections through photoreceptors in the fovea (A,B) and near 
periphery (C,Il)  of human retina. Arrowheads in A,C indicate approxi- 
mate level through the ellipsoid portion of photoreceptor inner seg- 
ments where photographs B,D are taken. The external limiting mem- 

in the external limiting memhrane (ELM) in the foveola. 
These breaks are probably attributable to differential tissue 
volume changes between the cone inner segments and the 
ELM, such that the inner segments swell relative to the in- 
elastic ELM (Bunt-Milam e t  al., '85). This artifact is partic- 
ularly insidious, since the packing of the inner segments still 
looks approximately triangular, but the density measured a t  
the level of inner segments is 15-20Y0 lower than the density 
at  the level of the ELM. Finally, many eyes had such steeply 
sloped walls in the fovea that the photoreceptors presented 
an almost longitudinal rather than cross-sectional view. The 
retina from the surgical case had unusual cysts in the 
myoids of cone inner segments, particularly in the fovea, 
which greatly distorted the appearance of the photoreceptor 
mosaic at  this level. However, this eye was used because the 
ELM was intact, and the photoreceptor mosaic a t  the level 
of the ellipsoids appeared normal. I t  is not clear whether 
this finding was attributable to postenucleation artifact or 
to the clinical history of radiation treatment. 

Morphometric data collection 
Morphornetric methods used for different eyes are sum- 

marized in Table 2. More details are available elsewhere 
(Curcio and Sloan, '86; Curcio et al., '89). 

Counts were made from NDIC-video 
images of the photoreceptor layer at the level of inner seg- 

Window size. 

brane is the discontinuous dark line passing through the letters A and C .  
Tissue shown in A and C is from 2-fim-thick glycol methacrylate sections 
stained with azure I1 methylene blue. All profiles in B are cones; large 
profiles in D are cones, and small intervening profiles are rods. Scale bar 
for histological sections = 10 rm. Bar for optical sections = 10 rm.  

merits, using the stylus of a graphics tablet to mark counted 
cells (Curcio and Sloan, '86). Throughout the retina, rods 
were counted by using the lOOx objective. Cones were 
counted at l0Ox within the fovea and at 40x when they 
were surrounded by a ring of rods, about 1 mm from the fo- 
veal center. The size of the video image was scaled using a 
calibrated slide viewed in horizontal and vertical orienta- 
tions, and adjustments were made in the camera's internal 
size controls as necessary. Counts from adjacent windows 
were pooled when cell density was low (Table 2). To assess 
sampling variability in the peripheral retina, rods and cones 
were counted in six adjacent lOOx windows a t  ten locations 
along the horizontal meridian from 1 to 17 mm from the 
fovea in eye H4. The range of counts obtained for both pho- 
toreceptor types were compared across eccentricities and 
between the two video cameras used. For both rods and 
cones, the standard error of the mean density was 4-870 a t  
most locations and showed no obvious trends with eccen- 
tricity or the camera used. Counts by two observers for the 
same windows of peripheral retina generally differed by less 
than 1 ('(, and infrequently differed by more than 2%.  

In the foveal center, a small area of high density may be 
diluted by surrounding areas of lower density if it  is 
included in a large window (Curcio et  al., '87b; Hirsch and 
Miller, '87). All peak foveal densities are expressed for the 
smaller lOOx window, which was used routinely for all eyes 
subsequent to H5L and therefore the remeasured values for 
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Cones vs. Rods: Distribution

• Implications 
• Can’t see object details at low 

illumination levels if you fixate at the 
object.  Intentionally place the 
object at your peripheral vision. 

• Peripheral visual acuity is low 
(distribution and size is just one 
reason; more later)

�40Wandell, FoV 1995



Cone vs. Rod Pathways

�41

• Initially parallel/separated and then merge 
• Photoreceptors synapse with bipolar cells 

• Each bipolar cell synapse with only rods or cones 

• So the pathways are separated 

• RGCs mix rod bipolar and cone bipolar cels 
• Through amacrine cells

 Vision: The Eye  239

The Pigment Epithelium
The spatial arrangement of retinal layers at first seems 
counterintuitive: light rays must pass through various 
non-light-sensitive elements of the retina as well as the 
retinal vasculature before reaching the outer segments of 
the photoreceptors where photons are absorbed (see Fig-
ure 11.5A,B). The reason for this curious feature of retinal 

organization is the special relationship that exists among 
the outer segments of the photoreceptors and the pigment 
epithelium. The cells that make up the retinal pigment ep-
ithelium have long processes that extend into the photore-
ceptor layer, surrounding the tips of the outer segments of 
each photoreceptor (Figure 11.6A).PURVES: Neuroscience 6e
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FIGURE 11.5 Structure of the retina. (A) Section of the retina showing 
overall arrangement of retinal layers. (B) Diagram of the basic circuitry of 
the retina. A three-neuron chain—photoreceptor, bipolar cell, and gangli-
on cell—provides the most direct route for transmitting visual information 
to the brain. Horizontal cells and amacrine cells mediate lateral interac-
tions in the outer and inner plexiform layers, respectively. The terms inner 
and outer designate relative distances from the center of the eye (inner, 
near the center of the eye; outer, away from the center, or toward the 
pigment epithelium). (C) Structural differences between rods and cones. 
Although generally similar in structure, rods and cones differ in their size 
and shape, as well as in the arrangement of the membranous disks in 
their outer segments.
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Cone vs. Rod Pathways

�42

• Why parallel initially and then merge? 
• Extract information independently 

• e.g., in dark vs. in light 

• Process the information using the same 
“processor” to avoid duplication
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epithelium. The cells that make up the retinal pigment ep-
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the retina. A three-neuron chain—photoreceptor, bipolar cell, and gangli-
on cell—provides the most direct route for transmitting visual information 
to the brain. Horizontal cells and amacrine cells mediate lateral interac-
tions in the outer and inner plexiform layers, respectively. The terms inner 
and outer designate relative distances from the center of the eye (inner, 
near the center of the eye; outer, away from the center, or toward the 
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Although generally similar in structure, rods and cones differ in their size 
and shape, as well as in the arrangement of the membranous disks in 
their outer segments.
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ipRGCs

�43https://en.wikipedia.org/wiki/Intrinsically_photosensitive_retinal_ganglion_cell

• Intrinsically photosensitive RGCs; big deal when discovered 
• Do not contribute to image-forming vision 

• But affect things like circadian rhythm
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Retina Functions and 
Specializations 

• Rods vs. Cones 

• Contrast Detection 

• Adaptation
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Contrast: Variation over Mean

I − Ib

Ib

Weber Contrast 
(detect object from background)

I

Ib

Mean light intensity of 
the entire field (patch is 

relative small)

Variation of the signal 
from the mean

Mean
Variation



Michelson Contrast 
(detect patterns)

�46

Contrast: Variation over Mean

Ib

Imax − Imin

Imax + Imin

Imin

Imax2x Mean light intensity 
of the entire field

2 x Variation of the 
signal from the mean

Mean
Variation



Neural Convergence and Receptive Field

• 120 million rods, 6 million cones, but 
only 1 million RGCs on the retina 

• So some convergence has to take place 

• Higher degrees of convergence for rods 
than cones 

• Receptive field of a neuron: retinal 
surface that converges to the neuron

�47Purves et al. Neuroscience 6ed
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The arrangement of the circuits that transmit rod and 
cone information to retinal ganglion cells also contributes 
to the different characteristics of scotopic and photopic 
vision. In most parts of the retina, rod and cone signals 
converge on the same ganglion cells; that is, individual 
ganglion cells respond to both rod and cone inputs, de-
pending on the level of illumination. The early stages of the 
pathways that link rods and cones to ganglion cells, how-
ever, are largely independent. For example, the pathway 
from rods to ganglion cells involves a distinct class of rod 
bipolar cells that, unlike cone bipolar cells, do not contact 
retinal ganglion cells. Instead, rod bipolar cells synapse 
with the dendritic processes of a specific class of amacrine 
cells that makes gap junctions and chemical synapses with 
the terminals of cone bipolars; these processes, in turn, 
make synaptic contacts on the dendrites of ganglion cells 
in the inner plexiform layer. Another dramatic difference 
between rod and cone circuitry is their degree of conver-
gence (Figure 11.12B). Each rod bipolar cell is contacted 
by a number of rods, and many rod bipolar cells contact a 
given amacrine cell. In contrast, the cone system is much 
less convergent. Thus, each of the retinal ganglion cells 
that dominate central vision (called midget ganglion cells) 
receives input from only one cone bipolar cell, which, in 
turn, is contacted by a single cone. Convergence makes the 
rod system a better detector of light, because small signals 
from many rods are pooled to generate a large response 
in the bipolar cell. At the same time, convergence reduces 
the spatial resolution of the rod system, since the source of 
a signal in a rod bipolar cell or retinal ganglion cell could 

have come from anywhere within a relatively large area of 
the retinal surface. The one-to-one relationship of cones to 
bipolar and ganglion cells is what is required to maximize 
acuity.

Anatomical Distribution of Rods  
and Cones
The distribution of rods and cones across the surface of the 
retina also has important consequences for vision. Despite 
the fact that perception in typical daytime light levels is 
dominated by cone-mediated vision, the total number of 
rods in the human retina (about 90 million) far exceeds 
the number of cones (roughly 4.5 million). As a result, the 
density of rods is much greater than that of cones through-
out most of the retina (Figure 11.13A). However, this re-
lationship changes dramatically in the fovea, the highly 
specialized region in the center of the macula that mea-
sures about 1.2 mm in diameter (see Figure 11.1). In the 
fovea (which literally means “pit”), cone density increases 
almost 200-fold, reaching, at its center, the highest receptor 
packing density anywhere in the retina. This high density 
is achieved by decreasing the diameter of the cone outer 
segments such that foveal cones resemble rods in their ap-
pearance. The increased density of cones in the fovea is 
accompanied by a sharp decline in the density of rods. In 
fact, the central 300 +m of the fovea, called the foveola, is 
totally rod-free (Figure 11.13B).

The extremely high density of cone receptors in the fo-
vea, coupled with the one-to-one relationship with bipolar 

PURVES: Neuroscience 6e
Figure: 11.12
06/24/16

0

0

–10

–20

–30

In
w

ar
d 

cu
rr

en
t (

pA
)

15–30
rods

1 rod
bipolar
cell

Light stimulus

(A) (B) 

Cone

0

–10

–20

0 200 400 600

In
w

ar
d 

cu
rr

en
t (

pA
)

Time (ms)

Cone
1 cone

1 cone
bipolar
cell

RodRod

FIGURE 11.12 Differential responses of primate 
rods and cones. (A) Suction electrode recordings of 
the reduction in inward current produced by flashes of 
successively higher light intensity. For moderate to long 
flashes, the rod response continues for more than 600 
ms, whereas even for the brightest flashes tested, the 
cone response returns to baseline (with an overshoot) 
in roughly 200 ms. (B) Difference in the amount of 
convergence in the rod and cone pathways. Each rod 
bipolar cell receives synapses from 15 to 30 rods. Addi-
tional convergence occurs at downstream sites in the 
rod pathway (see text). In contrast, in the center of the 
fovea, each bipolar cell receives its input from a single 
cone and synapses with a single ganglion cell. (A after 
Baylor, 1987.)
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rods in the human retina (about 90 million) far exceeds 
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FIGURE 11.12 Differential responses of primate 
rods and cones. (A) Suction electrode recordings of 
the reduction in inward current produced by flashes of 
successively higher light intensity. For moderate to long 
flashes, the rod response continues for more than 600 
ms, whereas even for the brightest flashes tested, the 
cone response returns to baseline (with an overshoot) 
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Neural Convergence

• Degree of convergence increases with eccentricity 
• Extreme case: one cone maps to many RGCs at fovea

�48Wandell, FoV 1995; Dacey and Petersen, 1992



Interlude: Action Potential

https://en.wikipedia.org/wiki/Action_potential �49

Alan Hodgkin 
(1963 Nobel Prize)

Andrew Huxley 
(1963 Nobel Prize)

• Binary, “all-or-nothing“ 
• Other names: spike, impulse, firing 

• How neurons communicate in general 
• But, on retina only RGCs generate action 

potentials; others use graded potentials 
(analog, continuous responses)



Implications of Neural Convergence

• Higher convergence usually means higher sensitivity but lower acuity 
• Assuming pure summation but there is also inhabitation (later) 

• Convergence means integration, which is low-pass filtering

�50Yantis and Abrams, 2ed



Implications of Neural Convergence

• Higher convergence usually means higher sensitivity but lower acuity 
• Assuming pure summation but there is also inhibition (later) 

• Rod vision is more sensitive to cone vision 
• In addition to the larger single photon response we saw before 

• Peripheral visual acuity is lower than fovea 
• In addition to the lower photoreceptor distribution

�51
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RGCs have a Center-Surround Receptive Field
256  Chapter 11 

center of an OFF-center ganglion cell receptive field is re-
duced when the dark spot extents into the receptive field 
surround. Because of their antagonistic surrounds, most 
ganglion cells respond much more vigorously to small 
spots of light confined to their receptive field centers than 
to either large spots or to uniform illumination of the vi-
sual field. Thus, the information supplied by the retina to 
central visual stations for further processing does not give 
equal weight to all regions of the visual scene; rather, it 
emphasizes the regions where there are spatial differences 
in luminance: that is, object boundaries.

Like the mechanism responsible for generating the 
ON- and OFF-center response, the antagonistic surround 
of ganglion cells is thought to be a product of interactions 
that occur at the early stages of retinal processing. Much 
of the antagonism is believed to arise via lateral connec-
tions established by horizontal cells and receptor terminals 
(Figure 11.21). Horizontal cells receive synaptic inputs from 
photoreceptor terminals and are linked via gap junctions 
with a vast network of other horizontal cells distributed 
over a wide area of the retinal surface. As a result, the ac-
tivity in horizontal cells reflects levels of illumination over 
a broad area of the retina. Although the details of their 
actions are not entirely clear, horizontal cells are thought to 

exert their influence via action on photoreceptor 
terminals, regulating the amount of transmitter 
that the photoreceptors release onto bipolar cell 
dendrites. 

Glutamate release from photoreceptor termi-
nals has a depolarizing effect on horizontal cells 
(sign-conserving synapse), while horizontal cells 
have a hyperpolarizing influence on photorecep-
tor terminals (sign-inverting synapse) (see Figure 
11.21A). As a result, the net effect of inputs from 
the horizontal cell network is to oppose changes 
in the membrane potential of the photoreceptor 
that are induced by phototransduction events in 
the outer segment. Figure 11.21B illustrates how 
these events lead to surround suppression in an 
ON-center ganglion cell. A small spot of light 

centered on a photoreceptor supplying input to the center 
of the ganglion cell’s receptive field produces a strong hy-
perpolarizing response in the photoreceptor. Under these 
conditions, changes in the membrane potential of the hor-
izontal cells that synapse with the photoreceptor terminal 
are relatively small, and the response of the photoreceptor 
to light is largely determined by its phototransduction cas-
cade. With the addition of light to the surround, however, 
the impact of the horizontal network becomes significantly 
greater; the light-induced reduction in the release of glu-
tamate from the photoreceptors in the surround leads to 
a strong hyperpolarization of the horizontal cells whose 
processes converge on the terminal of the photoreceptor in 
the receptive field center. The reduction in activity of the 
horizontal cells has a depolarizing effect on the membrane 
potential of the central photoreceptor, reducing the light-
evoked response, and ultimately reducing the firing rate of 
the ON-center ganglion cell.

Thus, even at the earliest stages in visual processing, 
neural signals do not represent the absolute numbers of 
photons that are captured by a receptor, but rather the rel-
ative intensity of stimulation—how much the current level 
of stimulation differs from previous stimulation levels, and 
how much it differs from the activity of neurons in adjacent 

PURVES: Neuroscience 6e
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FIGURE 11.20 Responses of ON-center  
ganglion cells to different light conditions. 
(A) The rate of discharge of an ON-center cell to 
a spot of light as a function of the distance of the 
spot from the receptive field center. Zero on the 
x axis corresponds to the center; at a distance 
of 5°, the spot falls outside the receptive field. (B) 
Response of an ON-center ganglion cell to the 
increase in the size of a spot of light placed in the 
receptive field center. As the spot increases in size 
to fill the center, the response of the ganglion cell 
increases, but as it extends into the receptive field 
surround, the response of the ganglion cell de-
creases. (B after Hubel and Wiesel, 1961.)
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Hartline 
(1967 Nobel prize)

Kuffler Barlow
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ON-Center and OFF-Center Receptive Field

Luo, Principle of Neurobiology 1ed

Excitatory Center

Inhibitory Surround

Inhibitory Center

Excitatory Surround
Center-Surround Antagonism
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Mach Band/Chevreul Illusion
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Mach Band/Chevreul Illusion

ON-

OFF-
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Encoding Contrast Allows Us to Detect Edges

https://www.cns.nyu.edu/~david/courses/perception/lecturenotes/ganglion/ganglion.html
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(Michelson) Contrast Sensitivity Function

Wandell, FoV 1995

Lower contrast

Higher contrast

= 1/Threshold

= level of contrast needed to reach 
a criterion level of RGC response



�58

Now How To Explain This?

• Two exactly same rows of grays, but 
dark color looks darker against 
brighter background and vice versa. 

• Maintaining local contrast is in general 
important in photography; otherwise a 
photo looks dull. 

• We will have more to say about this in 
HDR/tone mapping lecture.
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Retina Functions and 
Specializations 

• Rods vs. Cones 

• Contrast Detection 

• Adaptation



• Absolute light level varies by orders of magnitude, but the range of 
contrast is roughly constant. 

• Adaptation means neurons “discount” absolute light intensities and 
encode only the contrast information.

�61Purves et al. Neuroscience 6ed
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Functional Specialization of the Rod 
and Cone Systems 
The two types of photoreceptors, rods and cones, are dis-
tinguished by their shape (from which they derive their 
names), the type of photopigment they contain, their dis-
tribution across the retina, and their pattern of synaptic 
connections. These properties reflect the fact that the rod 
and cone systems (i.e., the receptor cells and their con-
nections within the retina) are specialized for different 
aspects of vision. The rod system has very low spatial res-
olution but is extremely sensitive to light; it is therefore 
specialized for sensitivity at the expense of seeing detail. 
Conversely, the cone system has very high spatial resolu-
tion but is relatively insensitive to light; it is specialized for 
acuity at the expense of sensitivity. The properties of the 
cone system also allow humans and many other animals 
to see color.

Figure 11.11 shows the range of illumination over which 
the rods and cones operate. At the lowest levels of illu-
mination, only the rods are activated. Such rod-mediated 
perception is called scotopic vision. The difficulty of mak-
ing fine visual discriminations under very low light con-
ditions where only the rod system is active is a common 
experience. The problem is primarily the poor resolution 
of the rod system (and to a lesser extent, the fact that there 
is no perception of color because in dim light there is no 
significant involvement of the cones). Although cones be-
gin to contribute to visual perception at about the level 
of starlight, spatial discrimination at this light level is still 
very poor.

As illumination increases, cones become more and more 
dominant in determining what is seen, and they are the 
major determinant of perception under conditions such 
as normal indoor lighting or sunlight. The contributions 

of rods to vision drops out nearly entirely in photopic vi-
sion because their response to light saturates—that is, the 
membrane potential of individual rods no longer varies as 
a function of illumination because all of the membrane 
channels are closed (see Figure 11.9). Mesopic vision oc-
curs in levels of light at which both rods and cones contrib-
ute—at twilight, for example. From these considerations it 
should be clear that most of what we think of as normal 
“seeing” is mediated by the cone system, and that loss 
of cone function is devastating, as occurs in individuals 
suffering from macular degeneration (see Box 11B). Peo-
ple who have lost cone function are legally blind, whereas 
those who have lost rod function only experience difficulty 
seeing at low levels of illumination (night blindness).

Differences in the transduction mechanisms utilized 
by the two receptor types are a major factor in the ability 
of rods and cones to respond to different ranges of light 
intensity. For example, rods produce a reliable response to 
a single photon of light, whereas more than 100 photons 
are required to produce a comparable response in a cone. 
It is not true, however, that cones fail to effectively capture 
photons. Rather, the change in current produced by single 
photon capture in cones is comparatively small and diffi-
cult to distinguish from background noise.

Another difference is that the response of an individual 
cone does not saturate at high levels of steady illumina-
tion, as the rod response does. Although both rods and 
cones adapt to operate over a range of luminance values, 
the adaptation mechanisms of the cones are more effec-
tive. This difference in adaptation is apparent in the time 
course of the response of rods and cones to light flashes. 
The response of a cone, even to a bright light flash that 
produces the maximum change in photoreceptor current, 
recovers in about 200 ms, more than four times faster than 
rod recovery (Figure 11.12A).
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Functional Specialization of the Rod 
and Cone Systems 
The two types of photoreceptors, rods and cones, are dis-
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names), the type of photopigment they contain, their dis-
tribution across the retina, and their pattern of synaptic 
connections. These properties reflect the fact that the rod 
and cone systems (i.e., the receptor cells and their con-
nections within the retina) are specialized for different 
aspects of vision. The rod system has very low spatial res-
olution but is extremely sensitive to light; it is therefore 
specialized for sensitivity at the expense of seeing detail. 
Conversely, the cone system has very high spatial resolu-
tion but is relatively insensitive to light; it is specialized for 
acuity at the expense of sensitivity. The properties of the 
cone system also allow humans and many other animals 
to see color.

Figure 11.11 shows the range of illumination over which 
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ditions where only the rod system is active is a common 
experience. The problem is primarily the poor resolution 
of the rod system (and to a lesser extent, the fact that there 
is no perception of color because in dim light there is no 
significant involvement of the cones). Although cones be-
gin to contribute to visual perception at about the level 
of starlight, spatial discrimination at this light level is still 
very poor.

As illumination increases, cones become more and more 
dominant in determining what is seen, and they are the 
major determinant of perception under conditions such 
as normal indoor lighting or sunlight. The contributions 

of rods to vision drops out nearly entirely in photopic vi-
sion because their response to light saturates—that is, the 
membrane potential of individual rods no longer varies as 
a function of illumination because all of the membrane 
channels are closed (see Figure 11.9). Mesopic vision oc-
curs in levels of light at which both rods and cones contrib-
ute—at twilight, for example. From these considerations it 
should be clear that most of what we think of as normal 
“seeing” is mediated by the cone system, and that loss 
of cone function is devastating, as occurs in individuals 
suffering from macular degeneration (see Box 11B). Peo-
ple who have lost cone function are legally blind, whereas 
those who have lost rod function only experience difficulty 
seeing at low levels of illumination (night blindness).

Differences in the transduction mechanisms utilized 
by the two receptor types are a major factor in the ability 
of rods and cones to respond to different ranges of light 
intensity. For example, rods produce a reliable response to 
a single photon of light, whereas more than 100 photons 
are required to produce a comparable response in a cone. 
It is not true, however, that cones fail to effectively capture 
photons. Rather, the change in current produced by single 
photon capture in cones is comparatively small and diffi-
cult to distinguish from background noise.

Another difference is that the response of an individual 
cone does not saturate at high levels of steady illumina-
tion, as the rod response does. Although both rods and 
cones adapt to operate over a range of luminance values, 
the adaptation mechanisms of the cones are more effec-
tive. This difference in adaptation is apparent in the time 
course of the response of rods and cones to light flashes. 
The response of a cone, even to a bright light flash that 
produces the maximum change in photoreceptor current, 
recovers in about 200 ms, more than four times faster than 
rod recovery (Figure 11.12A).
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Adaptation Mechanism

HUMAN COLOR VISION22

Light Adaptation
Light adaptation is essentially the inverse process of dark adaptation. How-
ever, it is important to consider it separately since its visual properties differ.
Light adaptation occurs when leaving the darkened theater and returning
outdoors on a sunny afternoon. In this case, the visual system must become
less sensitive in order to produce useful perceptions since there is signific-
antly more visible energy available.

The same physiological mechanisms serve light adaptation, but there is
an asymmetry in the forward and reverse kinetics resulting in the time
course of light adaptation being on the order of 5 minutes rather than 30
minutes. Figure 1.15 illustrates the utility of light adaptation. The visual
system has a limited output dynamic range, say 100:1, available for the sig-
nals that produce our perceptions. The world in which we function, however,
includes illumination levels covering at least 10 orders of magnitude from a
starlit night to a sunny afternoon. Fortunately, it is almost never important
to view the entire range of illumination levels at the same time. If a single
response function were used to map the large range of stimulus intensities
into the visual system’s output, then only a small range of the available 
output would be used for any given scene. Such a response is shown by the
dashed line in Figure 1.15. Clearly, with such a response function, the 

Figure 1.15 Illustration of the process of light adaptation whereby a very large range
of stimulus intensity levels can be mapped into a relatively limited response dynamic
range. Solid curves show a family of adapted responses. Dashed curve shows a hypo-
thetical response with no adaptation

HUMAN COLOR VISION14

cell rather than by the voltage difference across the cell wall. To represent
the physiological properties of these cells, the concept of receptive fields
becomes useful.

A receptive field is a graphical representation of the area in the visual field
to which a given cell responds. In addition, the nature of the response (e.g.,
positive, negative, spectral bias) is typically indicated for various regions in
the receptive field. As a simple example, the receptive field of a photoreceptor
is a small circular area representing the size and location of that particular
receptor’s sensitivity in the visual field. Figure 1.9 represents some prototyp-
ical receptive fields for ganglion cells. They illustrate center-surround antag-
onism, which is characteristic at this level of visual processing. The receptive
field in Figure 1.9(a) illustrates a positive central response, typically gener-
ated by a positive input from a single cone, surrounded by a negative sur-
round response, typically driven by negative inputs from several neighboring
cones. Thus the response of this ganglion cell is made up of inputs from 
a number of cones with both positive and negative signs. The result is that

Figure 1.8 Relative energy responses for the rod and cone photoreceptors

Figure 1.9 Typical center-surround antagonistic receptive fields: (a) on-center, 
(b) off-center
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Post-Retinal Processing



LGN + Cortex

�64Dowling and Dowling Jr. 2016

Top-down feedback

Feedback from cortex
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Architecture of Primary Visual Cortex (V1, Striate)

Hubel & Wiesel, 1977

Hubel and Wiesel 
(1981 Nobel Prize)
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V1 “Simple Cells” Are Orientation Selective

Hubel & Wiesel, 1959; Yantis and Abrams, 2ed

RECEPTIVE FIELDS IN CAT STRIATE CORTEX 579
found by changing the size, shape and orientation of the stimulus until a clear
response was evoked. Often when a region with excitatory or inhibitory
responses was established the neighbouring opposing areas in the receptive
field could only be demonstrated indirectly. Such an indirect method is
illustrated in Fig. 3B, where two flanking areas are indicated by using a short
slit in various positions like the hand of a clock, always including the very
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Fig. 3. Same unit as in Fig. 2. A, responses to shinling a rectangular light spot, 1° x 8° ; centre of
slit superimposed on centre of receptive field; successive stimuli rotated clockwise, as shown
to left of figure. B, responses to a 1° x 5° slit oriented in various directions, with one end
always covering the centre ofthe receptive field: note that this central region evoked responses
when stimulated alone (Fig. 2a). Stimulus and background intensities as in Fig. 1; stimulus
duration 1 sec.

centre of the field. The findings thus agree qualitatively with those obtained
with a small spot (Fig. 2a).

Receptive fields having a central area and opposing flanks represented a
common pattern, but several variations were seen. Some fields had long narrow
central regions with extensive flanking areas (Figs. 1-3): others had a large
central area and concentrated slit-shaped flanks (Figs. 6, 9, 10). In many
fields the two flanking regions were asymmetrical, differing in size and shape;
in these a given spot gave unequal responses in symmetrically corresponding

37 PHYSIO. CXL,VIIT

“Tuning curve”



Their Receptive Fields are Oriented

Hubel & Wiesel, 1959

RECEPTIVE FIELDS IN CAT STRIATE CORTEX
inhibition and excitation could generally be demonstrated from both regions,
either during the light stimulus or following it. We have chosen to denote
receptive field regions according to effects seen during the stimulus. Further-
more, the word 'inhibition' is used descriptively, and need not imply a direct
inhibitory effect of synaptic endings on the cell observed, since the suppression
of firing observed could also be due to a decrease in maintained synaptic
excitation.

a

b

S 11! ~~~~~~~~~~~~~~Xx{0,
d- Xl\\4dt

e _eI

ffl
Fig.l1. Responses of acell in the cat's striate cortex to al° spot of light. Receptive field located

in the eye contralateral to the hemisphere from which the unit was recorded, close to and
below the area centralis, just nasal to the horizontal meridian. No response evoked from the
ipsilateral eye. The complete map of the receptive field is shown to the right. x , areas giving
exrcitation; A, areas giving inhibitory effects. Scale, 40. Axres of this diagram are reproduced
on left of each record. a, 1° (0-25 mm) spot shone in the centre of the field; b-e, 1° spot
shone on four points equidistant from centre; f, 5° spot covering the entire field. Back-
ground illumination 0-17 log. m.c. Stimulus intensity 1-65 log. m.c. Duration of each
stimulus 1 sec. Positive deflexions upward.

When excitatory and inhibitory regions (used in the sense defined) were
stimulated simultaneously they interacted in a mutually antagonistic manner,
giving a weaker response than when either region was illuminated alone. In
most fields a stationary spot large enough to include the whole receptive field
was entirely without effect (Fig. If). Whenever a large spot failed to evoke
responses, diffuse light stimulation of the entire retina at these intensities and
stimulus durations was also ineffective.

577

• Use a spot light to probe the 
receptive field structure. 

• Simple cells’ receptive field is 
oriented. 

• In this case, an inhibitory central 
area and excitatory flanking areas. 

• There other other simple cells whose 
excitatory vs. inhibitory areas are 
oppositely organized.
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Typical Receptive Fields in V1 Simple Cells

Hubel & Wiesel, 1962

• C — G are typical RFs in simple 
cells; compare to A/B which are 
RGC/LGN neurons 

• Their RFs have clear subdivisions 
between excitatory and inhibitory 
areas. 

• Simple cells’ responses to 
complex shapes can be predicted 
from their responses to spot 
lights.
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CAT VISUAL CORTEX
by two regions ofthe opposite type. In these fields the two flanking regions
were symmetrical, i.e. they were about equal in area and the responses
obtained from them were of about the same magnitude. In addition there
were fields with long narrow centres (excitatory or inhibitory) and asym-
metrical flanks. An example of an asymmetrical field with an inhibitory
centre is shown in Text-fig. 2E. The most effective stationary stimulus for
all of these celLs was a long narrow rectangle ('slit') of light just large
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Text-fig. 2. Common arrangements of lateral geniculate and cortical receptive
fields. A. 'On'-centre geniculate receptive field. B. 'Off'-centre geniculate recep-
tive field. 0-G. Various arrangements of simple cortical receptive fields. x,
areas giving excitatory responses ('on' responses); A, areas giving inhibitory re-
sponses ('off' responses). Receptive-field axes are shown by continuous lines
through field centres; in the figure these are all oblique, but each arrangement
occurs in all orientations.

enough to cover the central region without invading either flank. For
maximum centre response the orientation of the slit was critical; changing
the orientation by more than 5l10 was usually enough to reduce a re-
sponse greatly or even abolish it. Illuminating both flanks usually evoked
a strong response. If a slit having the same size as the receptive-field
centre was shone in either flanking area it evoked only a weak response,
since it covered only part of one flank. Diffuse light was ineffective, or at
most evoked only a very weak response, indicating that the excitatory and
inhibitory parts of the receptive field were very nearly balanced.

In these fields the equivalent but opposite-type regions occupied retinal

III

RGC/LGN RFs



How Do They Acquire Their Oriented RFs?

Hubel & Wiesel, 1962

• LGN neurons have center-
surround RFs. 

• A V1 simple cell gets its 
information from LGN neurons 
whose RFs abut on retina. 

• A simple linear superimposition 
of the center-surround RFs 
gives us an oriented RF.
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D. H. HUBEL AND T. N. WIESEL
field such as that of Text-fig. 2F) are of the same order of magnitude as
the diameters of geniculate receptive-field centres, at least for fields in or
near the area centralis. Hence the fineness of discrimination implied by
the small size of geniculate receptive-field centres is not necessarily lost at
the cortical level, despite the relatively large total size of many cortical
fields; rather, it is incorporated into the detailed substructure of the
cortical fields.

Text-fig. 19. Possible scheme for explaining the organization of simple receptive
fields. A large number of lateral geniculate cells, of which four are illustrated in
the upper right in the figure, have receptive fields with 'on' centres arranged along
a straight line on the retina. All of these project upon a single cortical cell, and the
synapses are supposed to be excitatory. The receptive field of the cortical cell will
then have an elongated 'on' centre indicated by the interrupted lines in the
receptive-field diagram to the left of the figure.

In a similar way, the simple fields of Text-fig. 2D-G may be constructed
by supposing that the afferent 'on'- or 'off'-centre geniculate cells have
their field centres appropriately placed. For example, field-type G could
be formed by having geniculate afferents with 'off' centres situated in the
region below and to the right of the boundary, and 'on' centres above and
to the left. An asymmetry of flanking regions, as in field E, would
be produced if the two flanks were unequally reinforced by 'on'-centre
afferents.
The model of Text-fig. 19 is based on excitatory synapses. Here the

suppression of firing on illuminating an inhibitory part of the receptive
field is presumed to be the result of withdrawal of tonic excitation, i.e. the
inhibition takes place at a lower level. That such mechanisms occur in the
visual system is clear from studies of the lateral geniculate body, where
an 'off'-centre cell is suppressed on illuminating its field centre because of
suppression of firing in its main excitatory afferent (Hubel & Wiesel, 1961).
In the proposed scheme one should, however, consider the possibility of
direct inhibitory connexions. In Text-fig. 19 we may replace any of the
excitatory endings by inhibitory ones, provided we replace the corre-
sponding geniculate cells by ones of opposite type ('on '-centre instead of
' off'-centre, and conversely). Up to the present the two mechanisms have

142

LGN Neurons

V1 simple cell



Center-Surround Simply Can’t Encode Orientation
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Center-Surround RFOriented RF



V1 Complex Cells are Sensitive to Motion

Hubel & Wiesel, 1968

• They don’t respond to spot light 
no matter where it is placed. 

• This means the RFs in complex cells 
don’t have a clear separation between 
ON and OFF areas. 

• They respond when a slit of light 
sweeps across the RF when the 
slit is properly oriented
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MONKEY STRIATE CORTEX
showed little or no directional preference. Even when responses were highly
asymmetrical, the less effective direction of movement usually evoked
some minimal response (see Text-fig. 2), but there were a few examples in
which the maintained activity was actually suppressed.

Individual complex cells differed markedly in their relative responsive-
ness to slits, edges, or dark bars. The majority responded very much better
to one than to the other two, but some reacted briskly to two of them, and
a few to all three. For a cell that was sensitive to slits, but not to edges, the
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Text-fig. 2. Responses of a complex cell in right striate cortex (layer IV A) to
various ori6ntations of a moving black bar. Receptive field in the left eye indicated
by the interrupted rectangles; it was approximately i x I' in size, and was situated
40 below and to the left of the point offixation. Ocular-dominance group 4. Duration
of each record, 2 sec. Background intensity 1-3 log10 cd/M2, dark bars 0.0 log cd/M2.

responses increased as slit width was increased up to some optimal value,
and then they fell off sharply; the optimum width was always a small
fraction of the width of the whole field. For complex cells that responded
best to edges, some reacted to one configuration and also to its mirror

219



Some V1 Complex Cells are Direction Selective

Hubel & Wiesel, 1968

• Many complex cells respond only 
when the movement is along a 
particular direction and don’t at 
all when the movement is 
opposite. 

• Assuming the edge is properly oriented 
of course. 

• In this case, the neuron responds best 
to up-right motion but none to down-
left motion
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MONKEY STRIATE CORTEX
showed little or no directional preference. Even when responses were highly
asymmetrical, the less effective direction of movement usually evoked
some minimal response (see Text-fig. 2), but there were a few examples in
which the maintained activity was actually suppressed.

Individual complex cells differed markedly in their relative responsive-
ness to slits, edges, or dark bars. The majority responded very much better
to one than to the other two, but some reacted briskly to two of them, and
a few to all three. For a cell that was sensitive to slits, but not to edges, the
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Text-fig. 2. Responses of a complex cell in right striate cortex (layer IV A) to
various ori6ntations of a moving black bar. Receptive field in the left eye indicated
by the interrupted rectangles; it was approximately i x I' in size, and was situated
40 below and to the left of the point offixation. Ocular-dominance group 4. Duration
of each record, 2 sec. Background intensity 1-3 log10 cd/M2, dark bars 0.0 log cd/M2.

responses increased as slit width was increased up to some optimal value,
and then they fell off sharply; the optimum width was always a small
fraction of the width of the whole field. For complex cells that responded
best to edges, some reacted to one configuration and also to its mirror
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Hear from Wiesel Himself

https://www.youtube.com/watch?v=aqzWy-zALzY



Other V1 Selectivities

• Some V1 cells are selective to 
edge length 

• They are called end-stopping cells or 
hypercomplex cells 

• Useful for detecting corners, curvatures, 
line breaks, etc.

�74https://www.cns.nyu.edu/~david/courses/perception/lecturenotes/V1/lgn-V1.html



Comparing V1 vs. RGC/LGN

• RGC/LGN neurons extract contrasts and 
edges, and V1 neurons extract orientation, 
motion direction, etc. 

• Information becomes more specific as 
signals progress along the visual pathway 

• We recognize objects by shapes, and we get shapes 
from orientations. 

• Critically, V1 can extract orientation precisely 
because RGC/LGN neurons extract contrast!
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Key Things to Take Away

• We can study HVS at different levels of abstraction 
• Psychophysics, neural networks, cellular/molecular physiology 

• Spectral power distribution of lights 
• Eye optics focus lights but also selectively absorb lights 
• On the retina 

• Photoreceptors perform optical-to-electrical transduction 

• Rods vs. cones 

• Contrast detection and adaptation
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Key Things to Take Away

• LGN gathers information from one hemi-field and sends it to the other 
side of the cortex. 

• Also receives feedbacks from the cortex to regular visual information sent to the cortex 

• V1 extracts orientation, motion direction, etc., and is where binocular 
convergence takes places 

• Other brain areas are specialized to different functions (simplification) 
• Two main pathways in the cortex: dorsal vs. ventral
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