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Overview Beoan

e So far, we have mostly taken the input image for
granted

* Today, we focus on the optics side & image
formation
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Important question o

 Why Is this toy so expensive
— EF 70-200mm /2.8L IS USM

 Why is it better than this toy?
— EF 70-300mm /4-5.6 IS USM

 Why is it so complicated?

 What do these buzzwords and acronyms mean?
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Focal length (in mm)
— Determines the field of view.

wide angle (<30mm) to telephoto (>100mm)
Focusing distance

— Which distance in the scene Is sharp

Depth of field

— Given tolerance, zone around the focus distance that
IS sharp

Aperture (in f number)

— Ratio of used diameter and focal lens.
Number under the divider = small number = large

aperture
(e.g. /2.8 Is a large aperture, /16 Is a small aperture)

Shutter speed (in fraction of a second)

— Reciprocity relates shutter speed and aperture
Sensitivity (in 1SO)



Quantities = 2o

focal
length focus distance

Sensor |
size |




Focal length

<30mm: wide angle
50mm: standard
>100mm telephoto

Affected by sensor size
(crop factor)

focal length




Lenses S

* In a photo system, the lens is most critical
e Lenses are characterized by
— Prime vs. zoom
— Focal length (field of view)
— Maximum aperture (the f number like 1/2.8)

— Various gizmos (e.g. image stabilization, faster
autofocus)

— More complex quality Issues

— Minimum focusing distance
o Max aperture is usually correlated with quality
 Warning: lenses are addictive



Bottom line o

* Yes, you can get a cheap & razor sharp high-
guality lens:

look for a prime in the 35-100mm range

— e.g. Canon 50mm /1.8, 85mm 1/1.8, Nikon 50mm
f/1.8

e See also

http://www.photozone.de/3Technology/lenstec4.ht
m




Lens quality varies!
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source: the luminous landscape



source: the luminous landscape



Center Is usually OK dos

e http://www.photo.net/equipment/canon/7/0-300do_2/




Image corners are often sacrificed:x.

* http://www.photo.net/equipment/canon/70-300do_2
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Max aperture Is tough dos

e http://www.photo.net/equipment/canon/7/0-300do_2/




Gets better when stopped down “4i.

o http://www.photo.net/equ

Ipment/canon/70-300do_2/

!
J.’ b

220500 pixel crops, centre af frame i1



Typical test pattern digs

e http://www.photo.net/equipment/canon/7/0-300do_2/
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Again, better when stopped down&a.

e http://www.photo.net/equipment/canon/7/0-300do_2/
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Power of lenses

e

st —’&:"—;—' = '_'E'

Even when combined with a digital camera, an EF lens has high potential. In this photo of a harbor crowded with yachts, high resolution reveals the fine detail in individual boats.
Photographing images with detailed subject matter, such as landscapes. is possible without having to differentiate between a digital camera and a 35mm film camera.

source: canon red book




Copy variation

o Left: Addy's 100-400; Right: Frédo's
o (full aperture, 135mm)

o .




Why are lenses so complex?  “ai.

* It’s not so easy to send light where it should go

Figure-11
Cross-Section of the EF24-70mm f/2.8L USM

Photo-4 Precision Zoom Cam Lens Barrel

source: canon red book



CSAIL

Simple lenses are not so good
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From Ray's Applied Photoaraphic Optics



Complex lenses are better!

Plate 11.1 Imaging by simple and compound lenses

(a) Simple biconvex one element lens of focal length 100 mm
and diameter 50 mm giving f/2. Note poor edge detail and
low overall contrast. (b) Same lens stopped down to f/11.
Quality and contrast have improved. (¢) A well-corrected
five-element 105 mm lens used at f711.

From Ray's Applied Photographic Optics
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View #1 of lenses: Geometrical e

« Snell’s law bends geometrical rays
* Most aberrations can be expressed in this framework

/ —
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View #2 of lenses (Fermat/wave)

e Lightis focused because all paths have same length

— Higher index of refraction (speed of light)
compensates for length

— Constructive interference



Consequences on image quality  “ean

o Geometrical optics: hard to focus all rays
« Wave optics: diffraction problems

Lo - L
Figure 3.1

Image Quality, Geo-
metrical Aberrations
(Top) and Diffraction
Limited (Bottom)

Airy disc

From Optical System Design by Fisher and Tadic
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Geeky joke

At first God said

V xB

and there was light

(interestingly, the joke
has a higher Google
rating than the actual
book of Genesis)

[ £
Ign in
Web [mages Groups Mews Froogle Maps more »
Google Fs o | st sons
Web Results 1- 10 of about 68,300,000 for god said light. (0.09 seconds)

Try your search on Yahoo, Ask, AllTheVWeb, Teoma, MSN, Lycos, Technorati, Feedster, Wikipedia, Eloglines, Altavista

Science Jokes 2 PHYSICS | 216 EL ECTRO-MAGNETISM AMD LIGHT
June 13 November 5 From: bobf At first, God said : Rot E = -dBfdt Div D = rho Div B = 0 Rot
H = j + dD/dt and there was the light. JC Masxwell ...

wrinwy, ¥ sdall nli~jcdverhalscijokesZ_16. html - 3Tk - Cached - Similar pages - Filter

Sponsored Links

HD Light Therapy for SAD
BlueMax HD Lamps 15% off.
Lifetirne Warranty, On Sale Today!
wwnwy fullspectrumsolutions. com

The Book of Genesis, Chapter 1

And God said, Let there be lights in the firmament of the heaven to divide the day from the
night; and let thern be for signs, and for seasons, and for days, ...

wwy. christiangeology. com/kjvbible/B01C001 . htm - Bk - Cached - Similar pages - Filter

Sad Light at Amazon.com
Low prices on sad light.

Cualified orders over $25 ship free
Arnazon. com

GradeSaver Paradise Lost Essay: And God Said.. Light and Darke ...

Full summary and analysis of Paradise Lost by John Milton written by Harvard students.
Includes a biography, and background information on Paradise Lost.

wonwy. gradesaver. com/classicnotestitles/paradiselost/essay 11 html - Similar pages - Filter

Equations from http://scienceworld.wolfram.com/physics/MaxwellEquations.html



Diffraction

(a) The shadow of Mary’s hand holding a dime, cast directly on 4 x 5
Polaroid A.S.A. 3000 film using a He-Ne beam and no lenses. (Photo by
E. H.) (D) Fresnel diffraction of electrons by zinc oxide crystals. (After H.
Boersch from Handbuch der Physik, edited by S.Fligge, SpringerVerlag, Heidelberg.)

Difraction through an aperture with varying A as seen in a ripple tank.
Photo courtesy PSSC Physics, D. C. Heath, Boston, 1960.)

(c)

From Hecht's Optics



Fraunhofer diffraction e

e Far from aperture (ideally at infinity)
Lots of things get linearized
e Incoming coherent plane Yvave, aperture
« Diffraction = i, same path Iength:fn blue

Fourier transform | lsr;;[i?tgerc?/ls(():; o
of aperture mono- wave
chromatic : . — | -
* Works becausepPlane ;7 > o —
- - _{# “phase difference |
— Wwave In time ‘ ~ B
& space = |
Ly
— coherent L,

Fraunhofer pattern



Alry patterns

e Absolute limit on lens
resolution

e Important at small
aperture

(al

(b)

Airy rings using (a) a 0.5-mm hole diameter and (b) a 1.0-mm hole diam-

eter. (Photo by E. H.)

From Hecht's Optics



| ens diffraction

e http://luminous- \
landscape.com/tut
orials/understandi
ng-series/u-
diffraction.shtml

(heavily cropped)




Lens diffraction

e http://luminous-
landscape.com/tut
orials/understandi

ng-series/u-
diffraction.shtml

(heavily cropped)

See also
http://www.cambridg
eincolour.com/tutorial
s/diffraction-
photography.htm




Diffraction & Fourier

o Aperture Fourier transform

Photo by Eric Chan
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Geometrical
perspective




Back to View #1 of thin lenses

« Snell’s law bends geometrical rays




Thin lens optics

o Simplification of geometrical optics for well-
behaved lenses

« All parallel rays converge to one point on a plane
located at the focal length f

%
« All rays going through the center are not deviated
— Hence same perspective as pinhole

P




Simplification of first-order optics “ea

e Snell’s law: n, sin@, =n, sin 0,
e First order/thin lens optics: usesin® =06

/ —
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Third-order optics e

e SIN0=0-0°6
e The extra term leads to third-order aberrations

/ —
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Third-order
aberrations




Spherical aberration

e Rays don’t focus at same position

source: Hecht Optics
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Why spherical lenses?

* Because they are easy to manufacture

o (Start from whatever shape, If you grind enough, it
will become spherical)

R R R
Figure 3.2
Manufacture of
Spherical Lens

Surfaces tool \7

elements

block

rotation axis

From Optical System Design by Fisher and Tadic
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AS p h er I C al I e n S eS Photo-9 Spherical Lens Exarle
- 2 B

Spherical aberration of spherical lens




Aspherical lenses e

e Harder to manufacture =» used with parsimony

- Figure -14 EF85mm f/1.2L USM Optical System - Ray Tracing Diagram

Aspherical lens

Figure-15 EF14mm f/2.8L USM Optical System - Ray Tracing Diagram

Aspherical lens

source: canon red book



Comatic aberration

Figure-20 Comatic Aberration

®This is the phenomenon where the diagonal light rays do not
focus on one point on the image surface.

o — |nward coma
This is the phenomenon where |

there is a tail like that of a comet.
Qutward coma g

-

——— ..-.:_.:..i;'-j-';'{ =
E Optical axis

source: canon red book



Comatic aberration

From Hecht's Optics



Astigmatism

CSAIL

Figure-21 Astigmatism

@This is the phenomenon where there 2 E
IS no point image

et Sagittal image

-7 Optical
axis

Meridional image

source: canon red bookF?I



Defects

source: canon red book

Photo-2 The photographs are magnifications of the subject and surrounding area from part of a
test chart photographed with a 24mm x 36mm film frame and printed on quarter size

paper. Almost ideal image formation

Paripheral ] part magnified

@-1 Example of inward coma




Curvature of field

Figure-22 Curvature of field

This is the phenomenon where a good image
focus surface is bent.

@This is an ideal lens with no image bending.

5 T | —— e
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O o ] [ e
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= = || e i
— - - =
= [ -
= L e —_ X I|I |I r - J— B S
L e |y T
e - = = -
i e

Subject surface Focus surface
Subject @®Cccurrence of image bending

source: canon red book

Photo-5 Example of curvature of field

i

LN

Focusing on center of screen causes corners to go out of
focus.

Photo-6 Example of curvature of field

Focusing on corners Df sCreen causes center to go out n::lf
focus.



Curvilinear distortion

Barrel distortion Pincushion distortion
(a)
Object |mages
= 9 — =
| | ! '
| I
| |
| J
Barrel Pincushion
distortion distortion
{b)

Figure 6.10 The effects of curvilinear distortion. {(a) The
selection of a geometrically incorrect ray bundle by
asymmetric location of the aperture stop. (b) Image shape
changes caused by barrel and pincushion distortion
From "The Manual of Photography" Jacobson et al
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Chromatic aberration

e The previous aberrations depend on wavelength
(because of varying index of refraction)

Photo-3 Axial chromatic aberration

Figure-18 Chromatic Aberration

@This phenomenon occurs because the prism's index of
refraction varies depending on the wavelength (color).
Transverse chromatic aberration

(lateral chromatic aberration)

Parallel light rays

Optical axis

source: canon red book

Axial chromatic aberration
(longitudinal chromatic aberration)

Photo-4 Transverse chromatic aberration




Achromatic doublet

Figure 6.38 An achromatic doublet, The paths of the rays are much
exaggerated.

From Hecht's Optics



Apochromatic & others @%

e Optimize for multipel wavelengths

e http://www.vanwalree.com/optics/chromatic.html




Apochromatic glass

APQO™" elements (UD, SUD, CaF2, LD, SLD,
ED etc.) improve contrast and sharpness by
reducing chromatic aberration (color
defects) that usually occur in tele lenses.
These elements are able to focus different
wave lengths of one light ray in one point
(see picture below). These elements are quite
expensive and usually not used for cheaper
lenses. The problem is however that the
guality of these special elements varies
heavily so the effect is often downgraded to a
marketing gag - this is especially true for
some third-party manufacturers!

As a rule-of-thumbs a good long tele lens will
always feature two or more of these special
elements. Recently the first ultra-wide and
wide-angle lenses emerged using APO
elements besides aspericals in order to
reduce problems with lateral color shifts.

http://www.photozone.de/3Technology/lenstec8.

htm

normal glass

_\:%—‘——_\_\_\_“—‘——_\__

_.—o—'—‘_'_'_‘_'_'__

=

—— red light-rays
———green lzht-rays
= hlue Light-rays

"APO" glass




Fluorite

CSAIL
o d |
LOW I S pe rS I O n Figure-21 Secondary Spectrum
Residual chromatic aberration
Figure-22 Comparison of Color Aberration Correction 3 \ 3
\\ /
/
Ordinary optical glass \\ /f
A \ /
' /
I ‘\ll I L :\\ T —— )
|I '|l|l 0 ' KN ' 7
[ | 450 Y 500 550 4 650 700
| lill] \\ // Wavelength (nm)
Py
| N\ o
R _._l \‘x P EF600mm f/4L 1S USM

Blue Green Red

Large color |
aberration |
e

Sﬁ'réll cplur
aberration
-

source: canon red book

——- FD600mm /4.5

Photo-12 Artificial Fluorite Crystals and Fluorite Lenses




Diffractive optics (DO)

Figure-58 Diffraction

Slit (small
aperture, etc.) .

Entering light

Wavelength

Light entering

=== through slit

Light blocking area (aperture blade, etc.)

Figure-59 Principle of diffracted light

generation

Entering light |

: -
Lattice interval W
|

L]

Wavelengtﬁ of light

INCYCR /L Angle of
NAYAY, \ | | diffraction

’ ~/ /] Primary
| |/ diffracted light

Light blocking area

source: canon red book

Alel

CSAIL

Photo-23 Multi-Layered Diffractive Optical Element (DO lens)

refractive
only

source: canon red book

(@)

diffractive /

R G B
only
(b)
refractive /
diffractive hybrid G

(c)
R
B

From Optical System Design by Fisher and Tadic



Diffractive optics

CSAIL

e Enables smaller lenses

source: canon red book

Figure-64 Compact and Lightweight Lenses Thanks to Multi-layered

Diffractive Optical Element

EF400mm f/4 DO IS USM

d

DO lens
@ Fluorite

400mm f/4 lens designed ' éé‘
exclusively with refraction ~
optical elements Ei,

= UD lens

@ Fluorite | 317mm




Purple fringing Sesan

o http://www.dpreview.com/learn/?/key=chromatic+ab
erration

"Purple Fringing" and Microlenses

Although the above chromatic aberrations can be purple in color under certain circurmstances,
"Purple Fringing” wsually refers to a typical digital camera phenomenon that s caused by the
microlenses, In simplified terms purple fringing is “chromatic aberration at microlens level”, As a
consequence, purple fringing is visible throughowt the image frame, wnlike normnal chromatic

Example of purple Fringing
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processing




Recall Radial distortion i

o Correct for “bending” in wide field of view lenses

- 2 = 724 2
T = z/(1 + k17° + Kot )
) = §/(1 4 k17 + rof*)
= r = f@’/i——a&*c
= y = f¥/Z+ye

Use this instead of normal projection



FRisis]

CSAIL

source digital outback




General principle

e Calibrate lens
e Perform image warp
* Perform different warps for various color channels

Corrected with
Picture Window 3.1

From the luminous landscape http://www.luminous-landscape.com/reviews/chromatic.shtml



Software

e http://www.dxo.com/en/
photo/dxo _optics pro/te
chnology distortion.php

e http://www.dl-
c.com/Temp/

e http://www.tawbaware.
com/maxlyons/panol2m
|.htm

4 Color plane specific

CRC

Do Optics Pro IIZ.:Z arrection

Lateral chromatic aberration
Sony FE28

Distortion affects different parts of the color spectrum differently
(prism effect) and creates the so called "lateral chromatic
aberration", which results in color fringes arround highflowe-light
transitions. With the ever increasing sensor resolutions, lateral
chromatic aberration becaomes more and more wisible, in turn
rmaking it more and more important to precisely address
distortion far each calor plane.

Longitudinal chromatic aherration, purple fringing, coma, and so
on can also cause color fringes, which are autormatically
removed by Dx0 Oplics Endine w2,

From DXO
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Flare San

Figure 5.6 Formation of flare spots by a simple lens.
Images of the source are formed at distances A and B, where:

B (n—l)f 5 (n—l)f
- an — 1 - bn — 1
anda=2,4,6...,b=3,57,...Forn=1.5,A = f/4, f10,

fi16 etc. and B = f/7, f/13, /19 elc.

From "The Manual of Photography" Jacobson et al



Example of flare "bug” 5T,

o Some of the first copies of the Canon 24-105 L had
big flare problems

e http://www.the-digital-picture.com/Reviews/Canon-
EF-24-105mm-f-4-L-1S-USM-Lens-Review.aspx

Canon 24-105mm f/4 L IS USM Lens Original Flare Problem

MO

24mm /4.0 24mm /5.6 24mm f/8.0 35mm /4.0



Coating

e Use destructive interferences
Optimized for one wavelength

N

A

| 1
3 t | .r i | Coating

!

Glass

Figure 5.7 An anti-reflection coating on glass using the

principle of destructive interference of light between
reflections R, and R,

5
Uncoated

4
=
23
| =
E Double coating
w2 Single coating
- -

_Triple coating

1
400 500 600 700

Wavelength (nm)

Figure 5.8 The effects on surface reflection of various
types of anti-reflection coatings as compared with uncoated
glass (for a single lens surface at normal incidence)

From "The Manual of Photography" Jacobson et al
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Coating et

Plate 15.1 Lens flare with an uncoated lens
(a) Flare effects. (b) Reduction of flare bv use of a lens-hood.

From Ray's Applied Photographic Optics



Flare and Ghosting

CSAIL

Figure-29 Flare and Ghosting

source: canon red book

Correct
Image

Correct

Image




Use a hood! (and a good one)

Flare ray

\;\_H;m IS to short

s
I\
1y
|
I
i
|
|
|
|
]
|
{
|

(b)

Good hood

(b)

Adapted from Ray's Applied Photographic Optics



Fighting reflections e

Figure-35 EF28-135mm f/3.5-5.6 IS USM flare cut moving aperture
diaphragm

Flare cut aperture diaphragm

Figure 20. (@) )

Use of Threads and
Baffles for Stray-Light
Attenuation in
Machine Vision
System

Photo-15 EF300mm f/4L IS USM Figure-36 EF24mm f/2.8 Internal
Flocking Process Light Blocking Grooves

Frrrrrni

This method employs a special paint on angled surfaces and
joining surfaces where the lens elements are held in place by
the lens barrel to stop light entering the lens from reflecting
from these parts. If a standard coating is used, reflections

source: canon red book From Optical System Design by Fisher and Tadic



Flare/ghosting special to digital @z

For flat protective glass For a meniscus lens

[n lenses employing a meniscus lens, no reflection like that seen to the left occurs.

In lenses employing flat protective glass, a reflection occurs between the image sensor and
the protective glass, which causes the subject to be photographed in a position different

from the actual position.

Protective glass (flat glass) Spherical protective glass (meniscus lens)
s —

[ \ Light ray reflected by the [ | [ Light ray reflected by the
| 'I protective glaSS | l' \ ;’jrolecti\(e gEaSS
pied) Image sensor [B .
o » N : e | , F
| — - | | ——— |
S— — T —— O —— — | ——— T T T C— _—-':'______“_—_—. =
| I| - — | s
l f s — — == || { = e
I. | e = | | | |f - ____--"'_-- |
= Li f—T ] — % . '
ol Light ray reflected by the | | G . Light ray reflected by the
"._,-'I Entering light ray 129 SeNsOr SUrkCe | I| ) Entering light ray ~ 'Mage sensor surface
1
L |

source: canon red book



Coating for digital

Lens for which the lens shape and coating have not been optimized

Lens for which the lens shape and coating have been optimized

Flaring and ghosting occurs with lens for which the lens shape and coating have not been
optimized.

Entering light ray

i/
!

— .,-"I Light ray reflected by the image sensor surface
r'll. "I'. .'" |

Image sensor

| | The power of lenses only visible
| | inextreme enlargement

Lens
source: canon red book

Flaring and ghosting are suppressed with lens for which the lens shape and coating have
been optimized.

Entering light ray

/

— # Light ray reflected by the image sensor surface

. / Reflection by the lens surface has been
b suppressed by optimizing the coating.



Vignetting 5T,

e The periphery does not get as much light

Figure-28 Vignetting

\

=

6 D
Central light ray

source: canon red book



Vignetting 5T,

o http://www.photozone.de/3Technology/lenstec3.htm

vignetting no wignetting
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LPIs 42

e Line pair per inch
Input

After lens http://www.imatest.com/docs/sharpness.html

e http://www.optikos.com/Pdf files/how to measure mtf.pdf
e http://www.Iimatest.com/docs/tour.html




Sharpness

B0 = 1e-+H04 Ip/mm; flens = 61 lpfmm; lord = 2

K

1
10"

Line pairs per rm; MTF = 50% 10% i@ 61, 183/mm

'‘wajed aulg ‘waned 1eg

Apnj|duy



MTF

CSAIL
M d | t Table-3
. ion - |
oaulatio Spatial frequency Maximum aperture FIB
Transfer —= LM L 8 M
) JDIJnesImm — | —
Function 30 lines/mm | —— |- — - [
* Preety much
Fourier Graph-5 MTF Characteristics
1.0
transform of s N
lens response e e s e
e Complex o7 S = HH‘\
because == e
0.5 A
needs to be o ”‘;:\
measured at 0.3
multiple i
location 4
DD 5 10 15 20

source: canon red book

C:Resolving power is good and contrast is bad

Here the x axis is image location



Blur index based on Photoshop! “&i.

* Lens sharpness (or lack thereof) expressed as the
amount of Photoshop blur that would blur the image
similarly

e http://www.imatest.com/

e http://www.dxo.com/en/measure/dxo analyser/default.php

e Cool vis at http://www.slrgear.com/reviews/index.php

100 macro: _
http://www.slrgear.com/reviews/showproduct.php/product/157/sort/2/cat/10/page/l

e 50mm f/1.4

http://www.slrgear.com/reviews/showproduct.php/product/140/sort/2/cat/10/page/2
e 16-35mm

http://www.slrgear.com/reviews/showproduct.php/product/142/sort/2/cat/11/page/l
e 55-200

http://www.slrgear.com/reviews/showproduct.php/product/141/sort/2/cat/11/page/l
e 28-135

http://www.slrgear.com/reviews/showproduct.php/product/139/sort/2/cat/11/page/l
e 18-55 http://www.slrgear.com/reviews/showproduct.php/product/137/sort/2/cat/11/page/l
e 17-85 http://www.slrgear.com/reviews/showproduct.php/product/136/sort/2/cat/11/page/l
e 10-22 http://www.slrgear.com/reviews/showproduct.php/product/135/sort/2/cat/11/page/1l
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Optimization software

Has revolutionized lens design
e E.g.zooms are g

ood now

(d)

Figure 11.50 An example
of the kind of lens design
information available via com-
puter techniques. (Photos cour-
tesy Optical Research Associates.)

From Hecht's Optics



Lens design, ray tracing

DpUL Ulayiaill

source: canon red book

Figure-6

Figure-7

I

Figure-8

Figure-9

*

Figure-10




Optimization

 Free parameters
— Lens curvature, width, position, type of glass

— Some can be fixed, other vary with focal length,
focus (e.g. floating elements)

— Multiplied by number of lens elements
* Energy/merit function

— MTF, etc.

— Black art of massaging the merit function
e Optimize for

— All image locations

— All wavelengths

— All apertures

— All focusing distances

— All focal lengths (zoom only)



Floating elements
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* Move with focus to optimize response

(but are not responsible for focusing)
Figure-32 EF85mm 1/1.2L USM

Floating System

source: canon red book

Spherical aberration
| .

No floating

Figure-33 Floating Effect
(at 0.95m)

Floating
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Image stabilization o,

1. Lens when still

Focal plane

[
i

IS lens group

To subject

Camera shake
2. Camera shaken :

é ! Photo-21 Shake-detecting gyro sensor

3. Camera shaking corrected /

source: canon red book ;
IS lens group shifts downward



Image stabilization L

Figure-54 EF70-200mm 1/2.8L IS USM Image Stabilizer System

Compensation optics lens barrel hold pin

s Compensation optics movement
: IRED

Circuit board

Magnet
Guide axis

Compensation optics lens barrel
Compensation optics lens barrel hold pin

IRED

Compensation optics
Yoke (magnetic plate)

source: canon red book



Image stabilization o,

IS OFF

source: canon red book



1000mm, 1/100s, monopod, IS  “&
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Different versions e

e Canon, Nikon: in the lens
e Panasonic, Konica/Minolta: move sensor
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Special lenses
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Some special lenses

e Mirror lenses

o Tilt-shift lenses

 Macro lenses
— Why sharpness is always great (thanks Gauss)
— Why you lose light
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From "The Manual of Photography" Jacobson et al



catadioptric (mirror) 20

o http://www.digit-life.com/articles2/rubinar/




500mm vivitar ($100
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Mirror lens













http://www.digit-life.com/articles2/rubinar/

Canon D80 + MY Rubinagr - 8500
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Links B2

o http://en.wikipedia.org/wiki/Chromatic aberration

o http://www.dpreview.com/learn/?/key=chromatic+aberration

o http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/aberrcon.html#cl
o http://en.wikipedia.org/wiki/Spherical aberration

o http://en.wikipedia.org/wiki/Lens (optics)

o http://en.wikipedia.org/wiki/Optical coating

o http://www.vanwalree.com/optics.html

o http://en.wikipedia.org/wiki/Aberration in optical systems

o http://www.imatest.com/docs/igf.html

e http://www.luminous-landscape.com/tutorials/understanding-
series/understanding-mtf.shtml




