CS 534: Computer Vision

Cameras and Lenses

Spring 2004
Ahmed Elgammal
Dept of Computer Science
Rutgers University

CS 534 — Ahmed Elgammal

Outlines

Cameras and lenses !

CS 534 — Ahmed Elgammal




=

They arefored by the projection of 3D obj ectg

Figure from US Navy Manual of Basic Optics and Optical Instruments, prepared by Bureau of
Naval Personnel. Reprinted by Dover Publications, Inc., 1969.

Images are two-dimensional patterns of bri ghteessweltesma

Reproduced by permission, the American Society of Photogrammetry and

Remote Sensing. A.L. Nowicki, “ Stereoscopy.” Manual of Photogrammetry , .

Thompson, Radlinski, and Speert (eds), third edition, 1966. | ag:;;f[)‘?"éa";sc ";‘;’; .
and Optical Instruments,
prepared by Bureau of
Naval Personnel. Reprinted
by Dover Publications,
Inc., 1969,
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Pinhol e perspective projection: Brunelleschi, XVth Century.
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Lensless imaging systems - pinhole
optics

 Pinhole optics TR
focuses images
- without lens
- with infinite
depth of field
e Smaller the iy by GomcL L
- better the ﬁ%ﬁ%
focus piehis, iréy 8 wrad wscun

- less the light by dbracton -
energy from
any single point
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Pinhole cameras

¢ Abstract camera model - box with a small hole in it

Each point in the image plane collect light from a cone of
rays.

I the pinhole is reduced to a single point (impossible)
exactly one ray would pass through each point.
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Pinhole Perspective

* Abstract camera model - box with a small hole in it
e Assume a single point pinhole:

- Pinhole (central) perspective projection {Brunellleschi 15t
Century}

- Extremely simple model for imaging geometry

- Doesn't strictly apply

- Mathematically convenient - acceptable approximation.
- Concepts: image plane, virtual image plane

- Moving the image plane merely scales the image.

ULIHEYS

Mane

i lwsbe v il
mEge e Egammai
Distant objects are smaller

[

B ’ ~
\\\ : AJ
[
s c|'E
A
) 3
- d d

CS 534 — Ahmed Elgammal




Parallel lines meet
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Diffraction T

e Two disadvantages to pinhole systems L
- light collecting power
- diffraction

e Diffraction

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

- it is scattered in many directions
- process is called diffraction and is a quantum effect
e 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
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Diffraction and pinhole optics

1A}

L16 DIFFRACTION LIMITS THE QUALITY OF PFINHOLE OFTICS. These theee images.
ol & bulb filament were made using pinhobes with decreasing sire. (A) When the pinhale
is relatively large, the image rays are nat property converged, and the image & bbarred,
By Reducing the sice of the pirhole improves the locus. {€) Reducing the sze of the
pinhole lurther wrsens the ks, due o diftesction, From Rueecherdt, 1958,
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Pinhole too big -
many directions are
averaged, blurring the
image

Pinhole too small-
diffraction effects blur
theimage

Generaly, pinhole
cameras aredark, because
avery smal set of rays
from a particular point
hits the screen.
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The reason for lenses

e Because of pinhole
cameras limitations,
we do need lenses

* With a lens, diverging
rays from a scene
point are converged
back to an image point
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Snell's law

e Descartes’ law ! reflected cay

e Iff is the angle of incidence and refyasted Ty
f’is the angle of refraction then . f -

surface normal f

Where n and n’ are the refractive incident ray
indices of the two media

e Refractive index is the ratio of Refractive indices
- - glass - 1.52
speed of light in a vacuum to water -1.333
speed of light in the medium air - 1.000 - mercifully
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Applying Snell's Law twice

e Pass light into and out of a prism '
(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
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The structure of eyes -compound eyes

» Many (small) animals have compound eyes
- each photoreceptor hasits own lens
- images seen by these eyes are equally sharpin
all directions
- images seen by these eyes are equally “bright”
in al directions when viewing afield of constant
brightness
-examples: flies and other insects
* But these eyes do not “scale” well biologically




Thin lenses

. . . Thin lens
e The optical behavior is
determined by:
- optical axis going through Optical
the lens center O and o axis

o

perpendicular to the lens

center plane < /,: '
- the left and right focus
(F,and F,) located a

distance T, called the
focal length, from the

puyl

lens center
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Thin lenses
The shape of the lens is Thin lens

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 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.
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Thin-lens 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.
e Z + fis the distance of P from the lens along the optical
axis
e The thin lens focuses all the rays from P onto the same
point, the image point, p

CS 534 — Ahmed Elgammal

1 1
- - =
Thin-lens equation z 7z f
e p can be determined by P | o
intersecting two known

rays, PQ and PR. F

- PQ is parallel to the optical s
axis, so it must be refracted Fi
to pass through F,.

- PR passes through the left <« P o S
focus, so emerges parallel to zZ_ . 2 z
the optical axis. ‘ > -

« Note two pairs of similar ’ZSO//OR :fZ//f
. - sp="F1/z
triangles =But PS = QO and OR = sp

- PFS <->ROFand psF, <-> *S0,Z/f=1f/z, 0or Zz =2
QOF, eletZ’=Z+fandz’ =z +f
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Thin-lens equation z 7z f

* 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.

e In real 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.
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Thin-lens equation z z

Note:
- as Z' gets large, z' approaches f
- as Z' approaches T, z' approaches infinity
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Optical power and accommodation

» Optical power of a lens - how strongly the lens
bends the incoming rays
- short focal length lens bends rays significantly

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

- optical power is 1/f, 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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Accommodation

« 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 power

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

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

30 - " 2,06 DEFTH OF FIELD OF
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Real lenses

e Thick lenses
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Lens imperfection

« Lens imperfections might cause 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

Scattering at the lens surface

- Some light entering the lens system is reflected off each
surface it encounters (Fresnel's law gives details)

- Machines: coat the lens, interior

- Humans: live with it (various scattering phenomena are visible in
the human eye)

Geometric aberrations.
Chromatic aberrations.
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Spherical aberration
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Complications of color

e Spectral
composition of
light
- Newton'’s
original prism
experiment

- light
decomposed into
its spectral
components

|

|

2 with ghl- Usng a
47 NEWTONY SUMMARY DRAVWING ol his xposrmens with iy ]
paint source of bghl and a prier, Pewkon separabed wnlght inbe | fumdamenis
tompontnts. By eenfreenging the i, be sl shoveed thil e decampasiian i
reweruble
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Wavelength Color (*)

Complications of color & Orange
580 Yellow
540 Green
« Why does the prism 480 Blue
separate the light into its 400 Violet
spectral components? * - viewed in isolation

- prism bends different
wavelengths of light by
different amounts

-refractive index is a function

of wavelength et AR |
- shorter wavelengths are A : \ -

refracted more strongly n 2

than longer wavelengths
Figure from US Navy Manual of Basic Optics and Optical Instruments, prepared by Bulreau

of Naval Personnel. Reprinted by Dover Publications, Inc., 1969.
CS534— Arhmed9 Elgammal
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Complications of color

e
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Relative power

4.4 THE SFECTRAL POWER
DISTRIBUTION of two

oo—

a 1 . L imporiant light sowrces ara
4HE SIHY G 70N 0 500 B0 700 shimn: [Ig«|1?blue skylight and
Wavelength (nm) {right) a tungsten bud.
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Chromatic aberration

e Chromatic aberration

- 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 (adapt to it)

- color cameras have similar problems
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Chromatic abberation

a0 O Waid and Griffin, 1947
= Bedond and Wiscki, 1057
2% = Thiftes ot al., 142

-]

0 1
I 400 4500 500 350 & 650 MO THD
wawelength (nm)

233 CHROMATIC ABERRATION OF THE HUMAN EYE, The data mutaiuen the
optical power cne must add o the human gye in oedes & wavelengihs.
b & cormenan o with a $78-nm light. The smooth cunee & fmnula created by
Thilbeers et al, {1953 that e msasurements and iterpolates smoathly betesen
them. The: formida i DA} = p — /1A - £}, whese A i winesiength in
DiAD Is the defacus in doptes, = 1712, ¢ = 063348, and ¢ = 3.21410, After
Marirmont and Wandell, 1553
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Lens systems

» Aberrations can be minimized by aligning several
simple lenses (compound lenses)
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Vignetting

« Vignetting effect in a two-lens system. The shaded part of
the beam never reaches the second lens.

e Result: brightness drops at image periphery.

CS 534 — Ahmed Elgammal
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Sensing

Milestones: \
First Photograph: Niepce 1816 ik até

Daguerreotypes (1839)

Photographic Film (Eastman,

1889)

Cinema (Lumi ére Brothers, -

1895) Collection Harlingue-Viollet. .

Color Photography (Lumiére Photographs (Niepce, “La
Brothers, 1908) Table Servie,” 1822)

Television (Baird, Farnsworth,
Zworykin, 1920s)

CCD Devices (1970)
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CCD cameras o T

[ eyt H-HHHH
Collaction ———————{
Jf b Bieso L 1L 11 -5
 Charge-coupled device CCD lLiSEEEEEEEEEE
e Image is read one row at a e
time | L H
 This process is repeated bl
Several times per Second || Sem an.ﬂ_al*slrr 1 |
(frame rate) @ ["m.l l|>|||:-f
L Computer memory |
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Color cameras

* Two types of color cameras

- Single CCD array
< in front of each CCD element is a filter - red, green or blue
« 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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3 CCD cameras

SPECTRAL
IMAGES

I
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COLOR SEFARATING
.l_| m JCCD PRISEM .ll
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Sources

e Computer Vision a Modern approach: 1.1, 1.2,1.4

* Wandell, Foundations of Vision
« Slides by:

- D. Forsyth @UC Berkeley

- J. Ponce @UIUC

- L. Davis @UMD
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