formation in man and machines

0 Lenses, diffraction and aberrations
0 Rods, cones and CCD’s

0 Source: Foundations of Vision, Brian Wandell,
Sinauer Associates, Sunderland MA, 1995

0 Trucco and Verri: 2.1, 2.2.1,2.2.2,2.3.1
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do we see?

01 Extromissive theories of vision

— Plato - from our eyes flows a light similar to the light of the sun

— “Therefore, when these three conditions concur, sight occurs, and
the cause of sight is threefold: the light of the innate heat passing
through the eyes, which is the principal cause, the exterior light
kindred to our own light, which both acts and assists, and the light
that flows from visible bodies, flame or color; without these the
proposed effect [vision] cannot occur.” [Chalcidius, middle ages].

— The “evil eye”

Image formation - 2 Larry Davis




do we see?

0 Extromissive theories faced many difficulties

— why do we see faraway objects instantaneously when we open our
eyes?
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do we see?

0 Extromissive theories faced many difficulties
— why do we see faraway objects instantaneously when we open our
eyes?
o the visual spirit that leaves the eyes is exceptionally swift

— why don’t the vision systems of different people looking at the
same object interfere with each other?
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do we see?

0 Extromissive theories faced many difficulties
— why do we see faraway objects instantaneously when we open our
eyes?
0 the visual spirit that leaves the eyes is exceptionally swift

— why don’t the vision systems of different people looking at the
same object interfere with each other?

0 they just don’t
— what if the eyes are closed when the visual spirit returns?
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do we see?

0 Extromissive theories faced many difficulties

— why do we see faraway objects instantaneously when we open our
eyes?
o the visual spirit that leaves the eyes is exceptionally swift

— why don’t the vision systems of different people looking at the
same object interfere with each other?

o they just don’t
— what if the eyes are closed when the visual spirit returns?
o the soul has things timed perfectly - this never happens
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do we see?

0 Intromissive theories of vision

— objects create “material images” that are transported through the
atmosphere and enter the eye (Aristotle)

o but how do the material images of large objects enter the eye?

0 Abu Ali al-Hassan ibn al-Hasan ibn al-Haytham
— mercifully shortened to Alhazen
— greatest optical scientist of the middle ages
o pointillist theory of vision - we see a collection of points on the
surfaces of objects
0 geometric theory to explain the 1-1 correspondence between the
world and the image formed in our eyes

Image formation - 7 Larry Davis

and image formation

0 Ray of light leaves the light reflected ray
source, and travels along a

refracted ray
straight line A N

surface normal @

0 Light hits an object and is

— reflected andor

— refracted incident ray
0 If the object is our lens, then the

useful light for imaging is the

refracted light
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y, Alhazen and refraction

01 The phenomena of refraction was known to
Ptolemy

0 Alhazen’s problem - since light from a surface
point reaches the entire surface of the eye, how is

it that we see only a single image of a point?

— he assumed that only the ray that enters perpendicular to the eye
effects vision

— the other rays are more refracted, and therefore “weakened”

— but in fact, the optical properties of the lens combine all of these
rays into a single “focused” point under favorable conditions

Image formation - 9 Larry Davis

’s law

0 If @is the angle of incidence and reflectedray
@' is the angle of refraction then A (p wﬂ |

sng _ v surface normal @
sng v
V\/r_1eret v andv’ are the refractive incident ray
indices of the two media
0 Refractive index is the ratio of e e
speed of light ina vacuum to water - 1.333
d f I . h d air - 1.000 - mercifully, or there
Sme 0) |ght In the medium would be no physical basis for

vision!
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ing Snell’s Law twice

0 Pass light into and out of a prism . ﬁ
(symmetric piece of glass)

— By combining many infinitesimally small
prisms we form a convex lens that will bring
all of the refracted rays incident from a given
surface point into coincidence at a point
behind the lens

— If the image or film plane is placed that
distance behind the lens, then that point will be
in focus

— If the image plane is in front of or behind that
ideal location, the image of that point will be /
out of focus

Image formation - 11
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retinal

th

Even though light rays from
“many” surface points hit the
same point on the lens, they
approach the lens from different
directions.

Therefore, they are refracted in

different directions - separated by
the lens

Larry Davis
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tructure of eyes -compound eyes

* Many (small) animals have compound eyes
- each photoreceptor has its own lens
- images seen by these eyes are equally sharp in
all directions
- images seen by these eyes are equally “bright”
in all directions when viewing a field of constant
brightness
-examples: flies and other insects .
« But these eyes do not “scale” well biologically gt
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lenses

0 The optical behavior is

determined by:

— optical axis going through the
lens center O and
perpendicular to the lens
center plane

Optical
axis

— the left and right focus (F,

and F,) located a distance f,
called the focal length, from
the lens center

Image formation - 15
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lenses

0 The shape of the lens is

designed so that all rays

parallel to the optical axis on
one side are focused by the
lens on the other side:

— Any ray entering the lens parallel to

Thin lens

Optical
axis

the optical axis on one side goes

through the focus on the other side.

— Any ray entering the lens from the
focus on one side, emerges parallel to
the optical axis on the other side.

Image formation - 16
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ker’s equation

ens imperfections might cause these rays not to

intersect at a point
— deviations in shape from the ideal lens

— material imperfections that might cause the refractive index to vary
within the lens

0 Lensmakers equation

— relates the distance between the point being viewed and the lens to
the distance between the lens and the ideal image (where the rays
from that point are brought into focus by the lens)

— Let P be a point being viewed that is not too far from the optical
axis.

o Z + fis the distance of P from the lens along the optical axis

o The thin lens focuses all the rays from P onto the same point,
the image point, p

Image formation - 17 Larry Davis
kers equation =+>=+
g z 7
0 pcanbe determinedby ° Q
intersecting two known i
rays, PQ and PR. o .
— PQ s parallel to the optical axis, R
so it must be refracted to pass
through F,. Tz vy xRy T8
— PR passes through the left focus, < 4 P >
S0 emerges parallel to the optical PS/OR = 74
axis. «QOAp=ft
i mi «But PS =QO and OR =sp
1 Note two pairs of similar PSP adelsaiie
triangles detZ =Z+fandz =z +f
— PF,S <-> ROF,and psF, <-> 1. 1.1
QOF, Z 7 f
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ker's equation —+>==

q 727

1 Notice that the distance behind the lens, z’, at
which a point, P, is brought into focus depends on
Z’, the distance of that point from the lens

— familiar to us from rotating the focus ring of any camera.

0 Inreal lenses, system is designed so that all points
within a given range of distances [Z,, Z,] are
brought into focus at the same distance behind the
lens center.

— This is called the depth of field of the lens.

Image formation - 19 Larry Davis

ker's equation —=+%=1
g 77777
P, PP | o
O F S
S F P..
.
p
R z Y
01 Note:

— as Z' gets large, z' approaches f
— as Z' approaches f, z' approaches infinity
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al power and accommodation

0 Optical power of a lens - how strongly the lens
bends the incoming rays

Image formation -

short focal length lens bends rays significantly

it images a point source at infinity (large d,) at distance d, behind
the lens. The smaller f, the more the rays must be bent to bring
them into focus sooner.

optical power is 14, measured in meters. The unit is called the
diopter

Human vision: when viewing faraway objects the distance from
the lens to the retina is .017m. So the optical power of the eye is
58.8 diopters
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O

mmodation

om the lensmakers equation and the known optical power of the eye

(1) we can calculate the ideal image distance of a point being viewed
as a function of the distance to that point

sources at > 1 meter are imaged at same distance
sources_closer than 1 m are imaged at different distances

Image formation - 23
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mmodation

11 How does the human eye bring nearby points into
focus on the retina?

by increasing the power of the lens

muscles attached to the lens change its shape to change the lens
powver

accommodation: adjusting the focal length of the lens

bringing points that are nearby into focus causes faraway points to
go out of focus

depth-of-field: range of distances in focus

0 Physical cameras - mechanically change the
distance between the lens and the image plane

Image formation - 24
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less imaging systems - pinhole
S

0 Pinhole optics
focuses images

— without lens
— with infinite
depth of field
0J Smallerthe EAF oL
. i rwy-raiog.
pinhole ek
i
— better the focus E“:u""“
— less the light ity
energy from any 5'..;1“
single point P
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ction
0 Two disadvantages to pinhole systerms
— light collecting power

— diffraction

1 Diffraction

— when light passes through a small aperture it does not travel in a
straight line

— itis scattered in many directions
— process is called diffraction and is a quantum effect

7 Human vision

— at high light levels, pupil (aperture) is small and blurring is due to
diffraction
— at low light levels, pupil is open and blurring is due to lens
imperfections
Image formation - 26 Larry Davis




ction and pinhole optics

L16 [HFFRAC TR LIBTTS THE QRIALITY OF FIMHOLE DFTICE Thess fves mages
o & Dol Slierairy] wvore e L bl with Secivasieg wew . TA) When e penhole
i ket benly Lape, thes BTLBOE YL SR Tai] PIOERETR Q0N ared Thes Vi © Dehaseedl
(B Bedhawg L sor of the peshobe mprren the oo (10 Beducing S e of e
pinhnle Ferther s e dooes, dies 00 diffepoeon | Frosn Rpechardr, 1958
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lications of color

1 Spectral %
compositionof . y"re

light

— Newton’s original
prism experiment

— light decomposed
into its spectral
components

41 HPWTERC SURBBARY CREAING of hiy nepesearm Ao bght Uneg &

el | it £ gl aml 3 prk, bk b s gl mde L RECETE S
e — e R R T b e
el

Image formation - 28 Larry Davis




lications of color

0 Why does the prism separate Wavelength Color (*)

. . . 700 Red
the light into its spectral 610 Orange
Commnents’) 580 Yellow

! " 540 Green

— prism bends different wavelengths of 480 Blue
light by different amounts 400 Violet

o refractive index is a function of . o

wavelength * - viewed in isolation

o shorter wavelengths are refracted
more strongly than longer
wavelengths
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lications of color
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tic aberration

0 Chromatic aberration

Image formation -

The prism effect of focusing different wavelengths of light from
the same point source at different distances behind the lens

when incident light is a mixture of wavelengths, we can observe a
chromatic fringe at edges

accommodation can bring any wavelength into good focus, but not
all simultaneously

human visual system has other mechanisms for reducing chromatic
aberration

color cameras have similar problems

31 Larry Davis
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tic abberation
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receptor mosaics

0 The retina is covered with a mosaic of
photoreceptors
0 Two different types of photoreceptors

— rods - approximately 100,000,000
— cones - approximately 5,000,000

0 Rods

— sensitive to low levels of light: scotopic light levels

0 Cones
— sensitive to higher levels of light: photopic light levels

0 Mesopic light levels - both rods and cones active
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uman eye
0 Limitations of human
vision —

— Blood vessels and other cells
in front of photoreceptors

— shadows cast on
photoreceptors

— non-uniform brightness
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receptor mosaics

0 Fowvea is area of highest concentration of
photoreceptors
— fovea contains no rods, just cones
— approximately 50,000 cones in the fovea

— cannot see dim light sources (like stars) when we look straight at
them!

0 TV camera photoreceptor mosaics

— nearly square mosaic of approximately 800X640 elements for
complete field of view
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uman eye

0 Limitations of human
vision
— the image is upside-down! : -
— high resolution vision only in
the fovea
o only one small fovea in man ;
1 other animals (birds, b TR BN i,
cheetas) have different - e
foveal organizations

— blind spot
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and color

0 There are three different types of cones
— they differ in their sensitivity to different wavelengths of light
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cameras

0 Two types of color cameras
— Single CCD array
o infront of each CCD element is a filter - red, green or blue
o color values at each pixel are obtained by hardware
interpolation

— subject to artifacts
— lower intensity quality than a monochromatic camera
— similar to human vision

— 3 CCD arrays packed together, each sensitive to different
wavelengths of light
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, CCD’s and space

1 How much of the world does a cone see?
— measured in terms of visual angle
— the eye lens collects light over a total field of view of about 100°
— each cone collects light over a visual angle of about 1.47 x 10
degrees, which is about 30 seconds of visual angle
0 How much of the world does a single camera
CCD see
— example: 50° lens
— 50500 gives about 10! degrees per CCD
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