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Reciprocity

Open the shutter 2x longer &d 2x more light
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Nonlinearity

2x more light © 2x bigger number in JPG



Recoverinc

ABSTRACT

We present a method of r
maps from photographs t
ment. In our method, mul
with different amounts of
ferently exposed photograp
1maging process, up to fact
procity. With the known 1y
the multiple photographs 11
map whose pixel values arg
in the scene. We demonstr
both photochemical and digital imaging processes. We discuss how
this work 1s applicable in many areas of computer graphics involv-
ing digitized photographs, including image-based modeling, image
compositing, and image processing. Lastly, we demonstrate a few
applications of having high dynamic range radiance maps, such as
synthesizing realistic motion blur and simulating the response of the
human visual system.
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gnotographs

the scene. For example, if
1s unlikely that it observed
S|y an unknown, nonlinear
n the scene becomes pixel

w beforehand because it 1s
inear mappings that occur
tional camera (see Fig. 1),
a latent image. The film 1s
ge 1nto variations in trans-
can then be digitized using
: = Bugh the film onto an elec-
tronic hght—sensmve array, converting the image to electrical volt-
ages. These voltages are digitized, and then manipulated before fi-
nally being written to the storage medium. If prints of the film are
scanned rather than the film itself, then the printing process can also
introduce nonlinear mappings.

In the first stage of the - process, the ﬁlm response to Varlatlons
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digital number

log(amount of light)




=)

digital number = f(brightness « shutter open time)

7 = f(E - At)

f~HZ)=FE- At
flip 1t!

g(Z)=FE - At



Axx=Db

Very Big Matrix™






MatheAss

One of the most popular Shareware Math Programs in
Germany

Pseudo Inverse Matrix

If the columns of a matrix A are linearly independent, so A”- A is
invertible and we obtaln W|th the followmg formula the pseudo inverse:

- ’ 4- .'

-

p . :
o . ‘
. ’ L4

(AT A) 1. AT

(

Here A" is a Ieft inverse of A what means: AT-A=F.
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Home Insert Page Layout Formulas Data Review View &t Share v
R1C1 s fx 164 v
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1| 1641 153 149 152 155 161 160 169 148 109 116 139 128 98 106 132 119 130 113
2 166 149 150 157 163 169 158 161 162 128 121 141 125 122 121 137 114 131 114
3 133 125 132 146 153 152 154 154 165 152 128 130 134 136 119 133 114 125 113
4 131 128 125 125 132 137 144 151 161 155 139 134 143 142 119 135 117 127 125
5 116 122 123 126 126 122 128 132 143 141 136 142 143 146 126 127 114 121 135
6 127 123 119 120 116 119 118 120 119 123 124 137 146 150 138 115 116 115 123
7 118 115 119 126 125 124 116 117 114 118 118 120 126 131 131 121 127 128 122
8 112 113 115 121 123 120 124 122 111 118 115 120 117 116 116 118 121 131 136
9 119 120 117 121 115 110 115 122 123 127 126 116 112 118 116 116 115 116 125
10 137 137 136 135 122 117 115 118 119 119 124 120 122 126 119 119 117 118 118
11 133 128 133 141 144 140 129 130 117 120 116 114 117 116 118 120 115 119 120
12 136 139 133 132 128 134 144 146 133 123 122 119 113 110 115 119 116 116 116
13 132 151 143 144 146 143 139 133 134 137 141 139 124 120 116 115 111 112 113
14 143 151 148 163 153 142 146 138 133 127 129 136 147 137 131 122 115 112 112
15 148 157 159 156 154 145 146 132 140 149 130 131 124 127 139 145 142 126 122
16 155 153 152 164 160 149 150 134 148 151 155 165 147 142 127 125 139 150 147
17 167 158 151 153 165 165 163 148 152 150 161 148 144 154 148 136 125 127 136
18 141 163 156 161 166 164 177 167 156 162 155 147 143 138 150 147 149 132 123
19 123 128 127 155 160 171 178 171 158 146 146 147 143 138 144 153 157 156 153
20 160 139 126 125 123 139 157 153 166 156 148 156 154 144 143 157 159 163 169
21 147 166 163 135 125 125 119 126 145 144 163 170 176 173 169 157 170 167 137
2 148 161 154 151 147 141 132 152 132 115 134 138 155 174 166 157 148 150 142
23 155 148 147 155 158 130 134 152 151 133 120 113 117 134 141 171 166 154 161
24 149 143 158 159 161 137 134 145 160 158 134 124 118 107 115 141 152 173 179
25 156 160 169 151 162 143 148 163 150 147 148 152 137 124 148 129 116 140 153
26 144 156 164 160 162 162 155 149 143 146 155 162 131 124 145 150 143 132 121
27 111 124 135 144 156 161 155 158 154 163 154 168 144 144 152 160 159 145 127
28 106 108 103 107 124 137 143 160 162 164 149 163 155 156 160 146 151 161 152
29 112 111 110 102 100 100 100 125 138 160 163 165 169 162 148 134 153 166 157
30 110 106 107 106 106 100 93 94 104 113 137 147 165 162 164 157 166 166 164
31 107 105 103 102 100 103 102 101 101 97 98 108 129 134 143 161 155 164 161
32 100 102 102 101 103 104 104 103 103 104 102 101 93 96 109 144 152 158 172
33 90 90 96 96 101 106 105 105 105 105 107 107 103 96 93 103 110 133 156
34 100 97 98 90 88 91 97 103 105 107 108 107 106 103 100 99 89 96 120
35 99 100 101 100 97 94 92 90 97 105 109 107 104 102 100 101 100 92 92
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Activity Monitor (All Processes)

Q Search

PID Process Name dz Rorts User
21725 XH Microsoft Excel = "_" i‘eyin
0 kernel_task 0 by i 0 oo
21782 https://courseworks2.columbia.edu 1.52 GB L 54.3 MB 276 Kevin
57 CrashPlanService 1.06 GB : ‘_" 9 GB 142.4 MB 255 root
161 WindowServer 7941 MB 1. ‘7“.3 489.6 MB 7 1,045 _windowsery
24698 4\ MATLAB 94.5 MB  949.0 NWE, 1.05GB 90 468 Kevin
838 Terminal 607.9MB 616.6 MB W40 MB 6 399 Kevin
3281 23 Preview 5403 MB 6122 MB 1 A‘\,MB 5 533 Kevin
24163 https://drive.google.com, ... 453.1 MB 607.8 MB 219. gk . 9 266 Kevin
25087 . Safari Web Content (Not Responding) 101.5 MB 569.6 MB 566.5 283 Kevin
836 @@ Safari 237.1MB 559.1MB  415.6 MB ‘¥% 1,176 Kevin
24104 A Slack Helper 112.0 MB 288.3 MB 213.6 MB 164 Kevin
20930 https://www.messenger.com 20.2 MB 263.6 MB 357.6 MB | x 276 Kevin
846 [k Finder 1321 MB  216.3MB  146.3 MB 12 362 Kevin
256 mds_stores 108.2 MB 209.1 MB 348.7 MB 3 "'*..ot
21315 @ Messages 127.1MB 206.9MB  140.7 MB 16 537 in
21347 @ Malil 106.2 MB  200.6 MB  148.9 MB 9 1,103 KeVighs
24889 | http://www.nytimes.com 41.7MB 188.2MB  210.7 MB 11 297 R
1468 Adobe Desktop Service 121.7 MB 157.4 MB 64.7 MB 19 579
24543 . https://apps.itunes.apple.com 38.3MB 155.0 MB 138.0 MB 7 187
21685 \1 GoodNotes 116.6 MB 150.8 MB 51.2 MB 74 310
811 iconservicesaaent 1440 MB__148.9 MB 13.6 MB 2 88 Kevin
MEMORY PRESSURE Physical Memory: 16.00 GB
Memory Used: 1247 GB < A‘?p Memory: 2:390 BB
Wired Memory:  3.54 GB
- ) Cached Files: 3.09 GB Compressed: 574.0 MB
- || Swap Used: 9.20 GB
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R3C4 v fx v
il 2 3 4 5 6 7 8 9
1 3.4657359 32 This sheet is a list of log exposure time for all images
2 2.0794415 8
3 | 0.6931472 2 _
4 -0.693147 0.5
5 -2.0794415 0.125
6 -3.4657359 0.03125
7  -4.8520303 0.0078125
8 | -6.2383246 0.0019531
9
10
11
12
13
14
15
16

4 > z1 z2 z3 z4 Z z6 z7 z8 exp w pixels Wij Zij A b X +

B - CE— E— 4= 205%

Select destination and press ENTER or choose Paste
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R2C16 & fx v
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 (i row col ___ This helper sheet calculates the pixel coordinates that we will use in recovering g(Z). There are a total of 49 values that form a 7x7 grid. . |
2 l 0 36 36 . num tile row 7 ] I l
3 1 36 107 ;n simage dimen 500
4 2 36 179 2. )
5 3 36 250
6 4 36 321
7 5 36 393
8 6 36 464
9 7 107 36
10 8 107 107
1) 9 107 179
12 10 107 250
13 11 107 321 ik a = s. 4 " ST ; " - B _, ' == .4’
14 12 107 393 | ST TSI ol e Caies
15 13 107 464
B— ‘ Th|s helper sheet calculates the
17 15 179 107 = |
8 a6 am » pixel coordinates that we will use m,-
20 18 179 321 [ of . h |
w| [ me| s ¥ recovering g(Z). There are a total #
22 20 179 464 <4 . b, |
5w om0 v of 49 values that form a 7x7 grid. &
24 22 250 107 S ., '
5c 23 250 179 ,,,' ,,,1, -..,: ,{ "' r" ' .,--o ‘ MR '\; ¢ EXN : ekt - g N9
26 24 250 250 ' ' T ‘
27 25 250 321
28 26 250 393
29 27 250 464
30 28 321 36
2 | 29 321 107
32 30 321 179
33 31 321 250
34 32 321 321
35 33 321 393
4 )

z1 z2 z3 z4 Z z6 z7 z8 exp w pixels Wij Zij A b X +

B = CEE——  E— I 100%
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‘J‘ El D gl @ v Xov ﬁ Store Bing Maps l/:v i : v :W\ v

PivotTable Recommended Table Pictures Shapes fv .‘ My Add-ins ¥ E People Graph Recommended ¥ CR Ol ML '"l.v Sparklines Slicer Hyperlink

PivotTables Charts
R2C16 & fx
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 (i row col This helper sheet calculates the pixel coordinates that we will use in recovering g(Z). There are a total of 49 values that form a 7x7 grid.
2 | 0 36 36 num tile row 7
3 1 36 107 image dimen 500
4 2 36 179
5 3 36 250
6 4 36 321
7 5 36 393
8 6 36 464
9 7 107 36
10 8 107 107
14 9 107 179
12 10 107 250
13 11 107 321
14 12 107 393
15 13 107 464
16 14 179 36
17 15 179 107
18 16 179 179
19 17 179 250
20 18 179 321
21 19 179 393
22 20 179 464
23 21 250 36
24 22 250 107
25 23 250 179
26 24 250 250
27 25 250 321
28 26 250 393
29 27 250 464
30 28 321 36
4 > z1 z2 z3 z4 ZS z6 z7 z8 exp w pixels Wij Zij A b X +

B - —_— 4= 100%

Ready  Calculate
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Home Insert Page Layout Formulas Data Review View
R2C16 fx
il 2 3 4 5 6 7 8 9
1 (i row col This helper sheet calculates the pixel coordinates that we will use |
2 l 0 36 36 num tile row 7
3 1 36 107 image dimen 500
4 2 36 179
5 3 36 250
6 4 36 321 I
7 5 36 393
8 6 36 464 ' ’
9 7 107 36 . @
10 8 107 107 et
11 9 107 179 1
12 10 107 250
13 11 107 321
14 12 107 393
15 13 107 464
16 14 179 36
i L7 15 179 107 — - | |
= = This helper sheet
19 17 179 250 ‘ p ' |
20 18 179 321
21 19 179 393 -
= =4 coordmates that we W\
23 21 250 36 | ~ -
24 22 250 107
25 23 250 179 . - e .
A = w/ 7] P A R S A A o tAL At Y VATLRS That
5% 5 5o 59 i~y ﬂ.v-r;s(n‘ e -~ & LA (-‘htf IV VS e YR
29 27 250 464
30 28 321 36 7{44, fhd_’i_‘-’ ‘ii‘o" ) fi_‘fﬁ* ot 835 .\it—\‘r\i-_i—ﬂ ‘_‘-\j—i‘
Al 29 321 107 : | |
32 30 321 179 .f- ’J -He o TRT SUNIssS
33 31 321 250
34 32 321 321
35 33 321 393
4 > z1 z2 z3 z4 ZS z6 z7 z8 exp w pixels Wij A b X +
Ready El o CE—— — + 100%
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Home Insert Page Layout Formulas Data Review View &t Share A

v 1 = v — v TaAN /:\ =) —]_\ v v
J iz [ |l [8 M store Bing Maps 17 I = WA - (2 T ] A° T
PivotTable Rec;ommended Table Pictures Shapes fééjv “ My Add-ins ¥ Epeople Graph Recommended o Lo '“l.v Sparklines Slicer Hyperlink New Text Header & @ Q
PivotTables Charts Comment Box Footer
R2C8 o fx  =z8IR[1]C506 v
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 157 18 19
1 240 156 78 39 20 16 16 16
2 | 247 202 107 50 23 16 16| 18]
3 218 i b di 62 29 17 16 15 17
4 131 66 31 19 16 15 17 16
5 185 102 51 23 17 17 16 16
6 151 80 39 21 17 17 17 17
7 150 81 39 20 16 18 17 18
8 52 26 18 17 16 16 16 17
9 204 109 54 26 17 16 16 17
10 212 114 58 28 16 17 16 16
11 177 94 44 24 17 15 15 15
12 174 100 50 26 18 17 15 16
13 132 67 32 19 16 16 16 16
14 144 76 38 21 18 18 17 17
15 55 27 18 16 16 16 16 18
16 202 110 52 27 18 16 15 15
17 130 60 32 22 15 16 15 16
18 226 176 96 41 21 16 16 15
19 245 196 112 54 26 16 17 17
20 114 59 30 18 18 18 16 16
211 213 118 61 28 17 17 18 18
22 188 92 44 23 16 16 16 16
23 164 85 41 22 16 16 16 17
24 244 204 121 50 25 16 16 16
25 177 89 44 24 17 16 15 16
26 166 89 44 26 17 16 16 16
27 255 255 255 253 235 203 111 47
28 196 103 51 26 18 17 16 17
29 249 197 101 41 21 16 17 16
30 245 209 128 65 31 18 16 17
4 > z1 z2 z3 z4 Z z6 z7 z8 exp w pixels Wij Zij A b X +

Ready Calculate ; I| E - e——eee—— + 100%
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R161C276 fx  =IF(COLUMN() - 256 = b!RC2, -1 * INDEX(wij!R1C1:R49C8, b!RC2, b!RC3), 0) v

PRY'R

Ay A mheam

|}
-I‘Hq."lll.

"N Nan

!

4 » z1 z2 z3 z4 z5 z6 z7 z8 exp w pixels wij Zjj A b X g E ==

Ready = I —— + 10%
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Home Insert Pac = Layoul Forhuias Uala Reiew ViSW =t Share v

INDEX 5 X+ f8# =MMULT( MMULT( MINVERSE(MMULT(TRANSPOSE(A), A)), TRANSPOSE(A)), b)

1 2 , ,—, ‘. % - ,. ,, .,'. ‘-o. -- .-.’ - -",'" - - . ’, ‘.-‘ - = t. .', ,; - ~‘ Rz a

1 |A)), b)
2 | -11.557381
3 |=12.222177
4 | -10.886972 s
5 | -10.551767
6 | -10.216563
7 | -9.8813576
8 | -9.5461525
9 | 9.2100472 One of the most popular Shareware Math Programs in
10| -8.8757422 Germa ny
11| -8.5405369
12 | -8.2053316
13| -7.8701263 5
14 | -7.5349209 $ 50
15| -7.1997155
16| -6.86451 P
17 | -6.5293046
181 -6.1947912
19| -5.8644336 4
20| -5.5436868
21| -5.2369134
22| -4.9469873 -6
23| -4.6753615
24| -4.4221891
25| -4.1873334 8
26| -3.9702255
27 | -3.7701979
28 | -3.5865433 -10
29| -3.4182791
30| -3.2643371
31| -3.123602 12
32| -2.9949015
33 -2.877115
34| -2.7691917 14
35 | =2°6701545]| ' - ; - - - - - - - - - !

4 > z1 z2 z3 z4 ZS z6 z7 z8 exp w pixels wij Zij A b X +

Edit Average: -0.996583252  Count: 305  Sum: -303.9578919 - c—— 100%
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Home Insert Page Layout Formulas Data R View at Share v
R1C2 > fx g(2) ’
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1|Z g(2) g"(Z/2)
2 0 -11.89|N/A
3 1 1156 0.00 'r\
4 2 -11.22 0.00 | \ ) ¢
5 3 -10.89 0.00
6 4 -10.55 0.00 r \
7 5 -10.22 0.00 ) J.) I ‘
8 6 -9.88 0.00 - /) ‘ h T4 \ J g \ J\
9 7 9.55 0.00
10 8 9.21 0.00 - :
11 9 -8.88 0.00 8(2)
12 10 -8.54 0.00 .
13 11 8.21 0.00
14 12 7.87 0.00
15 13 s 000 %
16 14 -7.20 0.00
17 15 -6.86 0.00 0:00
0 50 150 200 250 300
18 16 6,53 0.00
19 17 6.19 000 = -2.00
20 18 5.86 0.01
21 19 -5.54 -0.01 -4.00
22 20 -5.24 0.02 £ 0 o o
= TR The function g(Z) maps digital
24 22 4.68 -0.02 e
25 23 -4.42 -0.02 : g p g
26 24 4.19 002 | 208
27 25 3.97 :0.02 $ 6
28 26 3.77 0.02|  -100 ¢
sl bl s om NUMOCTS 10 OIIZNINCSS VaIUCs.
30 28 3.42 0.01 | -1200®
31 29 3.26 0.01
32 30 3.12 0i01] | .sais
33 31 -2.99 0.01
34 32 -2.88 0.01
35 33 977 -0.01
4 > z5 z6 z7 z8 exp w pixels Wij Zij A b X g E ==

Ready Calculate Average: -0.77 Count: 257 Sum: -196.35 | ML | El -

— o 100%




@ O untitled UNREGISTERED

¢ untitled
1 =( : ".": L B e . .‘f,-.; — o/ ,‘,-::.' ' o~
2 INDEX(w, z1!R1C1:R500C500) & (INDEX(g, z1!'R1C1:R500C500) — INDEX(exp, 1)) + ;
3 INDEX(w, z2!R1C1:R500C500) & (INDEX(g, z2!R1C1:R500C500) - INDEX(exp, 2)) + |
4 INDEX(w, z3!R1C1:R500C500) g (INDEX(g, z3!'R1C1:R500C500) - INDEX(exp, 3)) + |
5 INDEX(w, z4'R1C1:R5AACSAN) 15 (TNDFX(a. 74'R1C1:R5AAC5AA) — TNDFX(exn. 4)) +
6 INDEX(w, z5!R1 5)) + |
7 INDEX(w, z6!R1 6)) + 3
8 INDEX(w, z7!'R1 Hello! Thanks for trying out Sublime Text. ) + %
9 INDEX(w, z8!R1 / < \ 8)) ¥
16 )} This is an unregistered evaluation version, R
11 INDEX(w, z1!R1 and although the trial is untimed, a license .
12 INDEX(w, z2!R1 must be purchased for continued use. tenSIty
13 INDEX(w, z3!R1
ig %mgg((m: ;g:gi Would you like to purchase a license now?
16 INDEX(w, z6!R1 Cancel
17 INDEX(w, z7!R1

19 )

Line 18, Column 31 Spaces: 4
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R1C1 2 fx A

4 o z6 z7 z8 exp ) pixels wij Zlj A b X g E -+
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C++ + 19 ‘?' Endorsed by Jonathan Barrios and 2 others who are highly skilled at
- 4 this
R,

p Endorsed by 2 of Kevin’s colleagues at Columbia University in the City
e of New York
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