CCCCC

6.098 Digital and Computational
Photography

6.882 Advanced Computational
Photography

Bill Freeman

Frédo Durand
MIT - EECS



Administrivia 22

 PSet1is out
* Due Thursday February 23



Digital SLR initiation? S8

* During Fredo’s office hours Friday Feb 17 2:30-4pm
in the “green-couch area” in Stata D4 south

* I’ll have a couple of SLRs, but try to bring one if you
can.



Overview e

* Lens and viewpoint determine perspective
« Aperture and shutter speed determine exposure
* Aperture and other effects determine depth of field

* Film or sensor record image
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The viewfinder shows the
picture that the lens focuses
on the film,

The film records the image
transmitted by the lens.

The lens elements

rotate forward and back
to bring objects at
different distances
into sharp focus.

The aperture adjusts the amount of light reaching
the film. A large opening allows the most light to pass The shutter opens and closesld
through the lens to the film. The smallest opening lets control the length of time that

in the least amount of light. strikes the film.



Reference e

e http://courses.csail.mit.edu/6.869/lectnotes/lectl

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

BASIC PHOTOGRAPHIC seco

CAMERA MATERIALS AND PROCESSES COmputCI‘
TECHNOLOGY &% VlSl on

The Dark Side of the Lens % A MODERN APPROACH

FORSYTH PONCE

@
Norman Goldberg

 The slides use illustrations from these books



More references e

ANSEL ADAMS
The Print

ANSEL ADAMS
The Camera The Negative
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Plan e

* Pinhole optics
* Lenses
* Exposure



7-year old’s question A28

 Why i1s there no image on a white piece of paper?



CSAIL

It receives light from all directions
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Pinhole 22




Demo!




Focal length a2

|
Film/

sensor . scene
pinhole




Demo!




Focal length: pinhole optics 220

* What happens when the focal length is doubled?
— Projected object size 1s doubled
— Amount of light gathered is divided by 4

f d
| <11 |
v . U
Film/
sensor scene

pinhole
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ions?

Quest




Pinhole size?

Photograph made with small pinhole




Diffraction limit a2

* Optimal size for visible light:
sqrt(f)/28 (in millimiters) where f is focal length

(B) (L)

(A)

2.18 DIFFRACTION LIMITS THE QUALITY OF PINHOLE OPTICS. These three images
of a bulb filament were made using pinholes with decreasing size. (A) When the pinhole
is relatively large, the image rays are not properly converged, and the image is blurred.
(B) Reducing the size of the pinhole improves the focus. (C) Reducing the size of the
pinhole further worsens the focus, due to diffraction. From Ruechardt, 1958.



Problem with pinhole? 22

* Not enough light!
* Diffraction limits sharpness



Solution: refraction! A




Photograph made with small pinhole

Lenses

e gather
more

-I-'.-"
light! d
® But need To make this picture, the lens of a camera was subject got through the tiny opening, producing a
replaced with a thin metal disk pierced by a tiny saft but acceptably clear photograph. Because of
tO be pinhele, equivalent in size to an aperture of (182, the small size of the pinhole, the exposure had to
Only a few rays of light from each point on the be 6 sec long.
I

fO cused Photograph made with lens

r\-\_\_\_\-\_\_\-\_\-\_\- 1

This time, using a simple convex lens with an The lens opening was much bigger than the

{716 aperture, the scene appeared sharper than the  pinhole, letting in far more light, bt i focused the
one taken with the smaller pinhole, and the rays from each point on the subject precisely so
expasure fimre was much shoirter r_rﬁ'j':l.' 100 sec. thai f!it’_t' were .':.#ft”'!:' Feli] EIF{'_IHHL



Thin lens optics 220

* 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

N




Demo!




How to trace rays 42

e Start by rays through the center

()

=



How to trace rays 42

* Start by rays through the center
* Choose focal length, trace parallels




How to trace rays 42
e Start by rays through the center

* Choose focal length, trace parallels

* You get the focus plane for a given scene plane

— All rays coming from points on a plane parallel to the lens
are focused on another plane parallel to the lens




Focusing 220

* To focus closer than infinity
— Move the sensor/film further than the focal length




Thin lens formula iz




Thin lens formula iz

Similar triangles everywhere!




Thin lens formula iz

Similar triangles everywhere! y’/ Y = D’/D




Thin lens formula iz

Similar triangles everywhere! y,/ Y = D’/D
y'/ly =(D’-1)/D




Thin lens formula iz

DD D f




Minimum focusing distance 2

* By symmetry, an object at the focal length requires
the film to be at infinity.

film

Rays from infinity

Rays from




Extensions tubes 22

* Allow us to put sensor/film farther

—> focus closer



Field of view & focusing 220

* What happens to the field of view when one focuses closer?
— It's reduced

. . *
film film o**
focused focused ““
close  at o**

infinity




Questions?

* http://www.pinhole.cz/en/pinholecameras/dirkon_01.

-

1l TR ARy il
I
G 0
{tenaflim
) e |
UNICHEM
2
B)4

II]\Uj WWWR

OO ]

oosnare. DIRKON

Kdo b i Jsth sto
on - iy ;.\'Aah Dnes si 5 i mbiete po»u koot ok kdysi, obrazovals’
o stegoy, jon flm budats mit soucasny. Je at film 56 mm i, vany
kmulm v kareti. Fing vyhovuja Fim FOMA 21 “DIN. Wyl cifirast umofn hritkau expo

i) sepan 3 dobrin poschnt ameysiteLzeh  imem o sevého i o
nobledu 26tadul. Vytahnite pruh fim asi 68 em a zalobte jeho konec do civky # kazety
Snive — pedadd. Satmoets | v kaldh latsaboratoh sarissl. Phavite bnafihem nad
prazdnou bazetou [ 15), & Lo sk, aby 2natka na knofliks op + 185 = th
wilobréthy, Exponujte zavirou (10) odkrylim otvaru v objektivu". Expozici je nuno vy
zhouiet. Film FOMA 21 asi | sec. pii pind slunwéasm dou. Jg samozlejme, s hamenu jo
it postavit na pavnou padiaik u nesmi 8 i 891 HOShu pORNOUL pi pric 9 Tavir
ukou drfet kubus, druhou exponavat) Anyni k viastaimy slepen kamery
o s Kncoiska sponks b paiy (25 o, s prorl
ve vietu plochy dily W provedte vileay v diech 1, 2, 7, 11, 13 (zde nen vyiez
sy 55 N hursveny di 1 rewtt e orsu paehou i1+ ocd . 0
ot pieikem b | sestaie, piperle o b iy .3, o e 3

i Kubusy paslaudi [ak dil 12 8 piipojite k dil
ok o 32 b5, .0 sstawte hori napedobeninu nled

sadite i félo |
@ “Dbjektiv”: k el 7 phpaiite vigisek kytu 8, wnm&q wylepite dilem % a celek piilepite
k el 11, Caly objektiv” piipavnite na kaman. POZOR! Lapte jen batnl, spodni a horni
chiogné 3 dhefe na o, aby se uaivirka mohls pohybaval » rostory et kamerou a beln
maskeu 3 objehtivem”. Pied konenym osazenim mazky thontrolute pewost poje pir
tantiou
@ Podis navodowt ety st copthy. £ 01 16,1, 188 15, 10, 20 mapocosenny
o 1

knofliki (nejsou funkéni). osadte e na 2. Upravenoy s g
143 ey ddem 15 el nasuts 13 ppae i 1 Ta b i s i
filmu. Doplfte jej sklbdancy tianici lemelou 22, zasouvanou nad kazetu pro film. Kl vsut
10 shora, pies lamelu do zadezu v civce na film.

Zadeni SNéii 23 ACiive Sestavte prennutim krajd (xesileny lem). Vnitni plochu stémy

polepts gernim tenkim samelem naba pioulky Came sametky (2 teel. galantanal. Samat
pisabi jako svitlotés rm. pn \lcuy prvek 4 jo nazbytr Stinu Iz ajiut d nedadou-

piek celé: tila kamery.

Nyni POZORI i]u\zhu nmnrr e zaledi na plesnostil Odsunete zavidku doldl a odkryje
58 vam kroules 1, 4 tatkou uprostied, Jehlow o plum?fu 04 mm (nutng dodriatl)
¢ misté Tadky ol ity pich. ey o secqihoat G ot ans o

gt bude obwaz V aouzi mista pialepte zovnt] lepenica
eich spate & pak i patkeits s sluncs. Misste 1 Tokogratacat Samorleymd, 1
Poute staické predindy ve vetilaoodt oo § e do nehanetns.
Douré suétio a snimky (kterd avam bucou mit mikéi kresgu) vim peji sutcii
MARTIN PILNY, MIREK KOLAR
& RICHARD ¥YSKOVSKY

OEE®®®




Focal length in practice

24mm
5 . 500 mm

[} L]
4 ]

180 135 mm




Perspective vs. viewpc

* Telephoto makes it easier to select
background (a small change in
viewpoint is a big change in el
background. ok

Longue focale 135 mm




Perspective vs. viewpoint a2,

« Martin Scorcese, Good Fellas
 Moves camera as you zoom in
* Better known as the Hitchcock Vertigo effect




Perspective vs. viewpoint a2,

* Portrait: distortion with wide angle
* Why?

Wide angle Standard Telephoto



Focal length & sensor 2208

What happens when the film is half the size?
* Application:
— Real film 1s 36x24mm
— On the 20D, the sensor 1s 22.5 x 15.0 mm
— Conversion factor on the 20D?
— On the SD500, it1s 1/1.8 " (7.18 x 5.32 mm)
— What is the 7.7-23.1mm zoom on the SD500?

f d
< > < >
A
st || |
Film/ v
Sensor
scene

pinhole



Sensor size

* Similar to cropping

EOS-1Ds : 35.8 x 23.8mm

EOS-1D:28.7 x 19.1mm EOS 10D : 22.7 x 15.1mm

35mm full size and digital shooting range image size (picture dimensions) and lens selection
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— EOS-1Ds / — EOS-1D/ — EOS 10D

source: canon red book

EOS 10D
(The EOS Kiss Digital/ECS DIGITAL Rebel/EOS 300D
DIGITAL SLR camera has the same image size as the
EQS 10D.)



http://www.photozone.de/3Technology/digital_1.htm-s

CSAIL

4mm (35mm format)

a.1mm (EOS 10} =1 nagnification factor

APS-C sized sensors (EOS 10D, Nikon D100, Pentax *ist D, elg) = 1.5x - 1.6x

18x13.5mm (4/3" system - Olympus E-1)

8. 8x6.6mm (23" P&S)

7.2x5.3mm (1/1.8") 5.3x4mm (1/2.7")




Recap S8

* Pinhole is the simplest model of image formation
* Lenses gather more light
— But get only one plane focused
— Focus by moving sensor/film
— Cannot focus infinitely close
* Focal length determines field of view
— From wide angle to telephoto
— Depends on sensor size
More in the lens lecture



Questions?




Exposure 20

* Get the right amount of light to sensor/film
 Two main parameters:
— Shutter speed

— Aperture (area of lens)



Shutter speed A28

* Controls how long the film/sensor is exposed
* Pretty much linear effect on exposure
e Usually in fraction of a second:

— 1/30, 1/60, 1/125, 1/250, 1/500

— Get the pattern ?

 On a normal lens, normal humans can hand-hold
down to 1/60

— In general, the rule of thumb says that the limit 1s the
inverse of focal length, e.g. 1/500 for a 500mm



Main effect of shutter speed a2

e Motion blur

Slow shutter speed Fast shutter speed




Effect of shutter speed 42,

* Freezing motion

Walking people Running people Car Fast train

1/250 1/500 1/1000



Shutter

CSAIL

* Various technologies
* Goal: achieve uniform exposure across image

SAAAAAIAIARAAAIIARS |
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RELAXED

OPENING BLADE-SET
COCKED

CLOSING
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OPENING BLADE-SET
RELAXED

FiG. 2.8 Two-blade guillotine shutter.

FiG. 2.12 Copal square.



CSAIL

Figure 6-6. Jacques Henri Lartigue,
Grand Prix of the Automobile
Club of France, 1912. This classic
photograph provides an exaggerated
example of the distortion that can
be caused by a focal-plane shutter.
The oval shape of the automobile
tire is caused by the motion of the
car between the time the bottom of
the tire was exposed and the top.
(Remember-the image is upside-
down on the negative.] The same
principle caused the leaning ap-
pearance of the spectators. Lartigue
turned the camera to follow the
automobile (panning), and thus the
image of the spectators moved at
the film plane during the exposure.
(Courtesy International Museum
of Photography at George Eastman
House.)




Flash synch speed?

* Fastest shutter speed for which the
shutter opens completely at some instant.

* For faster speeds, it opens and closes at
the same time and exposes a slit.

 Modern high-speed flash synch uses
multiple flash bursts

Figure 2-16  Electronic-flash illumination used with a focal-plane-
shutter at shutter speeds of 1/60, 1/125, and 1/250 second (top to bottom).
At the higher speeds the second curtain begins to cover the film before the
first curtain has completely uncovered it. The highest shutter speeds that
can be used with electronic flash have increased dramatically with newer
single-lens-reflex cameras and flash units.




Your best friend a2

* Use a tripod! It will always enhance sharpness

— Avoid camera shake

— More about shake & stabilization in lens lecture



Aperture A28

* Diameter of the lens opening (controlled by diaphragm)
* Expressed as a fraction of focal length, in f-number

— 1/2.0 on a 50mm means that the aperture 1s 25mm

— 1/2.0 on a 100mm means that the aperture 1s 50mm
* Disconcerting: small f number = big aperture

 What happens to the area of the aperture when going from
1/2.0 to 1/4.0?

 Typical f numbers are
/2.0, 1/2.8, t/4, 1/5.6, 1/8, t/11, t/16, 1/22, 1/32

— See the pattern?

Full aperture Medium aperture Stopped down



Aperture & physical lens size  “%i.

* On telephoto, the lens size is directly dictated by the
max (that is min) f number

* Other lenses, not always clear

* The aperture can be internal or not

Figure 2-1  When a diaphragm is lpcated in |
front of a lens, the effective aperture is the same . ' .
as the aperture or diaphragm opening, Figure 2-2 A diaphragm will transmit more

light when located behind the lens than in front

e Zoom lenses usually have a variable maximal
aperture

— Why?
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Main effect of aperture

* Depth of field

Small aperture open

Large aperture opening




Depth of field S

Point 1in focus

sensor  lens Object with texture



Depth of field S

* We allow for some tolerance

Depth of field
—p

\

oint in focus

sensor  lens Object with texture

Depth

of
Max focuﬂ
acceptable
circle of .

, oint 1n focus

confusion

sensor  lens Object with texture
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Depth of field S

* What happens when we close the aperture by two
stop?
— Aperture diameter 1s divided by two
— Depth of field 1s doubled

Diaphragm

Point in focus

sensor  lenS Object with texture



Depth of field

LESS DEPTH OF FIELD MORE DEPTH OF FIELD

Wider aperture f/2




Depth of field & focusing distance “Z},

* What happens when we divide focusing distance by two?
— Similar triangles => divided by two as well

Half depth Half depth

AN of field of field
——>
-

sensor lens




Depth of field & focusing distance “Z7,

* What happens when we divide focusing distance by two?

— Similar triangles => divided by two as well

Closer to subject Farther from subject




SLR viewfinder & aperture 2

* By default, an SLR always shows you the biggest
aperture

* Brighter image
* Shallow depth of field help judge focus
* Depth of field preview button:

— Stops down to the aperture you have chosen
— Darker 1mage

— Larger depth of field



Questions?




Questions?




Exposure

 Two main parameters:

— Aperture (in f stop)

— Shutter speed (in fraction of a second)
* Reciprocity

The same exposure is obtained wit an
exposure twice as long and an
aperture area half as big

— Hence square root of two progression of
f stops vs. power of two progression of
shutter speed

— Reciprocity can fail for very long
eXposures




Reciprocity 2

* Assume we know how much light we need
* We have the choice of an infinity of shutter

speed/aperture pairs sm a5 29 2% A~ 7
peediaperturepais S @ Q Q O O O

A A - A A TR
20000230

What will guide our choice of a shutter speed?

— Freeze motion vs. motion blur, camera shake

What will guide our choice of an aperture?

— Depth of field, diffraction limit

e Often we must compromise
— Open more to enable faster speed (but shallow DoF)



CSAIL

M N Ne oo A
A ¥ ) () )
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/15 /30 /60 1/250 L5008
sec. Sec. SEC. Sec. SEC. SEc.

-

Small aperture (deep depth of field), slow shutter speed (motion blurred). Ini
scene, a small aperture (f/16) produced great depth of jield; the nearest paving
stones as well as the farthest trees are sharp. But to admit enough light, a slow
shutter speed (1/8 sec) was needed, it was too slow to show moving pigeans shi
It also meant that a tripod had to be used to hold the camera steady.
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f1 /8 /5.6 f/4 f/2.8 f/2

— I

iedium aperture (moderate depth of field), medium shutter speed (some motion
t_sharp). A medium aperture (f/4) and shutter speed (1/125 sec) sacrifice some
background detail to produce recognizable images of the birds. But ihe exposure is
{siill too long to show the motion of the birds’ wings sharply.
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a3
w

f16

/8

SEC.

Large aperture (shallow depth of field), fast shutter speed (motion sharp). A fa
shutter speed (1/500 sec) stops the motion of the pigeons so completely that the

flapping wings are frozen. But the wide aperture (f/2) needed gives so little depti
of field that the background is now out of focus.

Q0

N
f11 18 1/5.6 f/a

/15 /30 /60
sec. Sec. SEC. Sec.

N\

N\
(
ff2.

4

1/250

SEeC.

/ \l
‘\. /
12

SEc.

—



Questions?




Metering 220

 Photosensitive sensors measure scene luminance

* Usually TTL (through the lens)
* Simple version: center-weighted average

* Assumption? Failure cases?
— Usually assumes that a scene 1s 18% gray
— Problem with dark and bright scenes



White polar bear given exposure White polar bear given 2 stops more
suggested by meter exposure

Gray elephant given exposure
suggested by meter

Black gorilla given exposure Black gorilla given 2 stops less
suggested by meter exposure

CSAIL




Metering 220

* Centered average

Choice on Nikon

* Spot

* Smart metering
— Nikon 3D matrix
— Canon evaluative | T —
 Incident e
— Measure mncoming light

From the luminous landscape



Nikon 3D Color Matrix a2

http://www.mir.com.my/rb/photography/hardwares/classics/NikonF5/metering/

* Learning from database of
30,000 photos

* Multiple captors (segments)

* Exposure depends on

1.675mm(67)

— Brightness from each segments G s

- Color S

— Contrast T T T T A TR T LU LT

L R L R R R LR LT L

1.125mm(15)

- Distance S

Sensor pitch : 1005-pixel arrangement

— Focus (Where iS the SUbj eCt) Horizontal: 0.025mm  Vertical: 0.075mm



Exposure & metering S5,

 The camera metering system measures how bright the scene
is

* In Aperture priority mode, the photographer sets the
aperture, the camera sets the shutter speed

* In Shutter-speed priority mode, the photographers sets the
shutter speed and the camera deduces the aperture

— In both cases, reciprocity 1s exploited

* In Program mode, the camera decides both exposure and
shutter speed (middle value more or less)

 In Manual, the user decides everything (but can get
feedback)



Pros and cons of various modes ..

* Aperture priority (My favorite, I use it 90% of the time)
— Direct depth of field control

— Cons: can require impossible shutter speed (e.g. with /1.4
for a bright scene)

* Shutter speed priority
— Direct motion blur control

— Cons: can require 1impossible aperture (e.g. when requesting
a 1/1000 speed for a dark scene)

* Note that aperture 1s somewhat more restricted
* Program

— Almost no control, but no need for neurons
e Manual

— Full control, but takes more time and thinking



Recap: Metering 220

 Measure scene brightness

* Some advanced modes that take multiple sources of
information

 Still an open problem



Questions?




Sensitivity (ISO) 2

* Third variable for exposure
* Linear effect (200 ISO needs half the light as 100 ISO)
* Film photography: trade sensitivity for grain

S TR

Kodachrome 25 ASA Ektachrome 64 ASA Fujichrome 100 ASA Ektachrome 200 ASA

* Digital photography: trade sensitivity for noise

Mikon D2¥% Nikon D2X Nikon D2X Nikon D2 Nikon D2X Mikon D2X
IS0 100 IS0 200 IS0 400 IS0 800 IS0 1600 150 3200




Questions?




VIEW CAMERA MOVEMENTS
Side View

Jill

Rise and fall move the front or back of
the camera in a flat plane, like opening or
closing an ordinary window. Rise moves
the front or back up; fall moves the front
or back down.

Top View

Shift (like rise and fall) also moves
the front or back of the camera in a flat
plane, but from side to side in a motion
like moving a sliding door.

Side View
N P

Tilt tips the front or back of the camera
forward or backward around a horizental
axis. Nodding your head yes is a tilt of
your face.

Top View
N s

Il

L S/ | 2 g

Swing twists the front or back of the
camera around a vertical axis to the |eft
or right. Shaking your head no is a swing
of your face,

CSAIL




CONTROLLING CONVERGING LINES: THE KEY.

CSAIL

Standing at street level and shooting straight at
a building produces too much street and too little
building. Sometimes it is possible to move back far
enough to show the entire building while keeping the
camera level, but this adds even more foreground and
usually something gets in the way.



CONTROLLING CONVERGING LINES: THE KEYSTONE EFFECT

Standing at street level and shooting straight at Tilting the whole camera up shows the entire
a building produces too much street and too little  building but distorts its shape. Since the top is

building. Sometimes it is possible to move back far farther from the camera than the bottom, it appears
enough to show the entire building while keeping the smaller; the vertical lines of the building seem to be
camera level, but this adds even more foreground and coming closer together, or converging, near the top. This
usually something gets in the way. is named the keystone effect, after the wedge-shaped

stone at the top of an arch. This convergence gives the
illusion that the building is falling backward—an effect
particularly noticeable when only one side of the building
is visible.

CSAIL




CONTROLLING CONVERGING LINES: THE KEYSTONE EFFECT

Standing at street level and shooting straight at Tilting the whole camera up shows the entire
a building produces too much street and too little  building but distorts its shape. Since the top is

building. Sometimes it is possible to move back far farther from the camera than the bottom, it appears
enough to show the entire building while keeping the smaller; the vertical lines of the building seem to be
camera level, but this adds even more foreground and coming closer together, or converging, near the top. This
usually something gets in the way. is named the keystone effect, after the wedge-shaped

stone at the top of an arch. This convergence gives the
illusion that the building is falling backward—an effect
particularly noticeable when only one side of the building
is visible.

To straighten up the converging vertical lines,
:aep the camera back parallel to the face of the
Hildlng‘ To keep the face of the building in focus, make
szE ?ht? ens is parallel to the camera back. One way to
fO this is 10 level the camera and then use the rising
font or falling back movements or both.
heAtnother solutic_m_is to point the camera upward toward
. :’P of the building, then use the tilting movements—
the sr? tilt the back To_a vertical position (which squares
Dara||eﬁe of the building), then.to tilt the lens so it is
o 0 the camera back (which brings the face of the
P g into foculs)‘ The lens and film will end up in the
Positions with both methods.



ADIUSTING THE PLANE OF FOCUS TO MAKE THE ENTIRE SCENE SHARP

Subject plane

The book is partly out
of focus because the
lens plane and the film
plane are not parallel
to the subject plane.
Instead of a regular
accordion bellows, the
diagrams show a bag
bellows that can bring
camera front and back
closer together for use
with a short focal-length
lens.

Subject plane

Tilting the front of the
camera forward brings
the entire page into sharp
focus. The camera
diagram illustrates the
Scheimpflug principle,
explained at right.
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e Useful for
landscape
to get
depth of
field from
foreground
to infinity




ADJUSTING THE PLANE OF FOCUS TO MAKE ONLY PART OF THE SCENE SHARP

Top view

Here the photographer
wanted just the spilled
beans sharp, not those
in the foreground and
background jars.

A swing of the camera
front to the right moves
the plane of focus to angle
along the receding pile of
beans. The photographer
opened up the lens to its
maximum of /5.6, which
throws the other jars out
of focus and directs
attention to the beans.
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JAN GROOVER Untitled, 1985

Swinging the camera front to the left or right manipulates the plane of focus.
In this austere still life, the plane of focus is almost at a right angle to the film
plane. The objects are commonplace, but the scene is subject to interpretation.



Tilt-shift lens dz

e 35Smm SLR version

Snapshot-Perspective-Speed, aperture-Filter-Lighting-Processing & Print-Make up-Retouching



Next time: color




Appendix {E@%




Equation of projection




Equation of projection 2

e (Cartesian coordinates:

— We have, by similar triangles, that
(x,v,2z) 2 (fx/z, fy/z, -)

— Ignore the third coordinate, and get
(xy,2) 2 (fx/z, fy/z)




Effect of projection 20

* Points go to points
* Lines go to lines
* Planes go to a half plane
* Parallel lines go to converging lines
* Polygons go to polygons
* Degenerate cases:
— Line through the pinhole go to points
— Planes through the pinhole go to a line
— Parallels parallel to the image plane stay parallel
— Planes parallel to the image plane goes to full planes



Next time: color





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


