Exposure and high dynamic range imaging
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Course announcements

A Homework 1 is out.
- Due September 13
- Make sure to sign up for a camera If you need one. 5 5
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A Any remainingvaitlistingissues?
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A Exposure control.
A Light metering.
A Our devices do not match the world.
A High dynamic range imaging.
A Radiometric calibration.
A Other aspects of HDR imaging.

A Tonemapping

A A few thoughts on HDR imaging aademapping
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Slide credits

Many of these slides were inspired or adapted from:

A James Hays (Georgia Tech).
A FredoDurand (MIT).

A GordonWetzstein(Stanford).
A MarcLevoy(Stanford, Google).
A Sylvain Paris (Adobe).

A SamHasinoff(Google).



Exposure control



What Is exposure?
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Exposure = Gain X lrradiance x Time

A Irradiance is controlled by the aperture.
A Time is controlled by the shutter speed.
A Gain is controlled by the 1SO.



Exposure controls brightness of image

Aperture

Exposure

Shutter



Exposure controls brightness of image

Aperture

Exposure




Shutter speed

Controls thelength oftime that shutter remains open.

Incoming
light

shutter I

sensor I I I I

closed shutter



Shutter speed

Controls thelength oftime that shutter remains open.

Incoming
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open shutter



Nikon D3s



Shutter speed

Controls theperiod oftime that shutter remains open.

Incoming
light

shutter I I

sensor I I I I

open shutter

What happens to the image as we increase shutter speed?



Sideeffects of shutter speed

Moving scene elements appear blurry.

Shutter speed: 1/8 Shutter speed: 1/50

Shutter speed; 1/100

Shutter speed: 1/250



Motion deblurring

Shah etal. Highquality Motion Deblurring from a Single Ima§E5GRAPH 2C



Exposure controls brightness of image

Exposure

Shutter



Aperture

controlsarea of lens that receives light

focal plane

(.




Aperture

controlsarea of lens that receives light

focal plane




Aperture

e unit: f-number N=f/D
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Circle of Confusion

|S _ Sl| aperture also determines the size of circle
c=M:-D- S of confusion for out of focus objects
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Circle of confusion

Aperture also controls size of circle of confusion for out of focus objects

Diaphragm

\ Point in focus

sensor  len Object with texture

Take off your glasses and squi
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Circle of Confusion
|S—S,| Canon 5D Mark lll: f=50mm, /2.8 (N=2.8),
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Depth of field




Depth of field
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Which of the two images was captured with the larger aperture?




Depth of field
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Depth of field

Form of bokeh is determined by shape of aperture
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A We can use the paraxial approximation to estimate a limitmmnfber equal to:
2 sin@
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A Lowest possible M airis f/ 0.5.



Fastest lenses commercially available

In consumer photography, fastest lenses are ((1/9.95.
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LeicaNoctilux50mm f/0.95 (Price tag:$10,000)

Fast lenses tend to be bulky and expensive.



Fastest lens made?

Zeiss 50 mm f/ 0.7 Planar lens

AhNAIAYIlIffeé RSOStE2LISR F2NI b! {1 Q& ! L2t f 2
A Stanley Kubrick somehow got to use the lens to shoot movies under only candlelight.




Fastest lens made?

Zeiss 50 mm f/ 0.7 Planar lens
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How can you simulate bokeh?



How can you simulate bokeh?

Infer perpixel depth, then blur with deptbependent kernel.
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Exposure controls brightness of image

Aperture

Exposure

Shutter



The (Incamera) image processing pipeline
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Al @ ___ analogfront| |
end _

RAW Image

(mosaiced

I it linear, 12bit)

. white
SEMOlEng | I demosaicing pbalance |€
final RGB
color tone : :

—_— —_ : ——> | compression ——> image (non
transforms reproduction r{ linear, 8bit)




Analog frontend

analog analog discrete discrete
voltage voltage signal signal
>
analog amplifier (gain) analogto-digital look-up table (LUT)
A gets voltage in range converter (ADC) A corrects nodinearitiesin
needed hy A/D canverter A depending on sensor, aSyazNQa NBAL
A accommodates 1SO settings. output has 1016 bits. (within proper exposure).

A accounts fovignetting A most often (?) 12 bits. A corrects defective pixels.



Sideeffects of increasing ISO

Image becomes very grainy because noise is amplified.




Note about the name ISO

ISO is not an acronym.
A It refers to thelnternationalOrganization foQandardization.

A ISO comes from the Greek word ,"which meangqual.
A It is pronounced (roughlgyezo, and should not be spelled out.



Camera modes

| LISNU dzZNB LINA2NRARGEé o0a! €0Y @é2dz aSiu I LIS NI dzN
A Pros: Direct depth of field control.
A Cons: Can require impossible shutter speed (e.g. with /1.4 for a bright scene).
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A Pros: Direct motion blur control.
A Cons: Can require impossible aperture (e.g. when requesting a 1/1000 speed for a darl
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A Pros: Very fast, requires no experience.
A Cons: No control. pra—

al ydzt £ 6daé 0y &2dz 480 SOSNE (KW
A Pros: Full control.

A Cons: Very slow, requires a lot of experience. generic camera mode dial



Camera modes
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Light metering



Light metering iIn modern cameras

A SLR cameras use a separate low
resolution sensor that is placed at the
focusing screen.
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Sensor pitch: 1005-pixel arrangement
Horizontal: 0.025mm Vertical: 0.075mm

1.125mm(15)



Light metering iIn modern cameras

A Measurements are averaged to produce a single intensity estimate, which is assumed
O2NNBALRYR (02 | &a0SyS 2F my:z2 NBFESOUGIl y

AQELI2adaNE A& aSid a2 GKIFIG GKA&A | @SN IS A
A Averaging can be done in many ways:
1. Centerweighed.
2. Spot.

3. Scenespecific preset
(portrait, landscape, horizon).

4. aLyaSttAaSyateég dzaray3a LI 1 NB I



Metering challenges: low resolution

Lowresolution can make it difficult to correctly meter the scene and set exposure.
A In which of these scenes is it OK to let the brightest pixels be overexposed?




Metering challenges: low resolution

Lowresolution can make it difficult to correctly meter the scene and set exposure.
A In which of these scenes is it OK to let the brightest pixels be overexposed?




Our devices do not match the world



The world has a high dynamic range
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The world has a high dynamic range

10° 10°

common reaworld scenes

adaptation range of our eyes




(Digital) sensors also have a low dynamic rang

Sensor

common reaworld scenes

adaptation range of our eyes




(Digital) Images have an even lower dynamic ra

low exposure

Image
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(Digital) Images have an even lower dynamic ra

high exposure

Image
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common reaworld scenes

adaptation range of our eyes




(Digital) Images have an even lower dynamic ra

Any guesses about the dynamic range of a standa&bOmage”?

pure black pure white



(Digital) Images have an even lower dynamic ra

Any guesses about the dynamic range of a standa&bOmage”?

about 50x
brighter

pure black pure white



(Digital) Images have an even lower dynamic ra

low exposure

Image
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adaptation range of our eyes




(Digital) Images have an even lower dynamic ra

high exposure

Image

\

common reaworld scenes

adaptation range of our eyes




Our devices do not match the real world

A 10:1 photographic print (higher for glossy paper)
A 20:1 artist's paints

A 200:1 slide film

A 500:1 negative film

A 1000:1  LCD display

A 2000:1  digital SLR (at 12 bits)

A 100000:1 real world

Two challenges:
1. HDR imagingwhich parts of the world do we include in thd 48 bits available to our device

2. Tonemapping; which parts of the world do we display in th&@l bits available to our device



High dynamic range imaging
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Key idea

1. Exposure bracketing: Capture multiple LDR images at different exposures




Key idea

1. Exposure bracketing: Capture multiple LDR images at different exposures




Ways to vary exposure

1. Shutter speed

2. Fstop (aperture, iris)

3. ISO

4. Neutral density (ND) filters

Pros and cons of each for HDR?




Ways to vary exposure

Shutter speed
¢ Range: about 30 sec to 1/4000 sec (6 orders of magnitude)
¢ Pros: repeatable, linear
¢ Cons: noise and motion blur for long exposure
Fstop (aperture, Iris)
¢ Range: about f/0.98 to /22 (3 orders of magnitude)
¢ Pros: fully optical, no noise
¢ Cons: changes depth of field
ISO
¢ Range: about 100 to 1600 (1.5 orders of magnitude)
¢ Pros: no movement at all
¢ Cons: noise
Neutral density (ND) filters
¢ Range: up to 6 densities (6 orders of magnitude)
¢ Pros: works with strobe/flash
¢ Cons: not perfectly neutral (color shift), extra glass (interreflections, aberrations
need to touch camera (shake)



Exposure bracketing with shutter speed

Note: shutter times usually obey a power segé&sl OK Gaid2L¥ A a |

1/4, 1/8, 1/15, 1/30, 1/60, 1/125, 1/250, 1/500, 1/1000 sec
usually really is

1/4, 1/8, 1/16, 1/32, 1/64, 1/128, 1/256, 1/512, 1/1024 sec

Questions:
1. How many exposures?
2. What exposures?



Exposure bracketing with shutter speed

Note: shutter times usually obey a power segé&sl OK Gaid2L¥ A a |

1/4, 1/8, 1/15, 1/30, 1/60, 1/125, 1/250, 1/500, 1/1000 sec
usually really is

1/4, 1/8, 1/16, 1/32, 1/64, 1/128, 1/256, 1/512, 1/1024 sec

Questions:
1. How many exposures?
2. What exposures?

Answer: Depends on the scene, but a good default is 5 exposures,
the metered exposure and-Z stops around that.



Key idea

1. Exposure bracketing: Capture multiple LDR images at different exposures




The image processing pipeline
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analog fromt| |
end .

RAW Image

(mosaiced

CEA - linear, 12bit)

- white
denoising | < demosaicing pbalance |
final RGB
color tone : :

—_— —_ : ——> | compression——> image (non
transforms reproduction r{ linear, 8bit)




The image processing pipeline
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RAW Images have a linear response curve

ColorcheckerGreat tool for linear RAW

radiometric and color calibration.

'.1 iorchecker EENEE "

known reflectance
\

' 0 64 128 196 55

\ v\ I\ 7\ / pixel value

Patches at bottom row have
reflectance that increases linearly.



Over/under exposure

In highlights we are
limited by clipping

b

\\ ‘Ah\
In shadows we are
limited by noise




RAW (linear) image formation model

Real scene radiance for image pixgh{ L(X,Y)

Exposure time:
1:5

gg -3 3

AN
What is an expression for the imagg. (x,y) as a function of kfy)?




RAW (linear) image formation model

Real scene radiance for image pixgh{ L(X, V)

Exposure time:
1:5
A =

"“\i
What is an expression for the imagg. (x,y) as a function of kfy)?
Ilineal(xiw = Clip[ti LQ(’” + noise ]

How would you merge these images into an HDR one?




Merging RAW (linear) exposure stacks

For each pixel:

_ o _ Implement steps R?
2. Weight valid pixel values appropriately

3. Form a new pixel value as the weighted average of valid pixel values
t1

t t, ty
-1 |




Merging RAW (linear) exposure stacks

For each pixel:

1. CAYR 4@l f ARé AYIl 3S€— (noise) 0.05 < pixel < 0.95 (clippir

noise
e valid

3. Form a new pixel value as the weighted average of valid pixel valuese clipped
ts t, t, t,

2. Weight valid pixel values appropriately




Merging RAW (linear) exposure stacks

For each pixel:
1. CAYR 4@l f ARé A Yl 3S€— (noise) 0.05 < pixel < 0.95 (clippir

2. Weight valid pixel values appropriately <—— (pixel value) t.

3. Form a new pixel value as the weighted average of valid pixel values
t1

t t, ty
-1 |




Merging result (aftetonemapping
W T




What If | cannot use raw?



Radiometric calibration



The image processing pipeline

A Can you foresee any problem when we switch from RAW to rendered images?

analog front | |
end .

RAW Image

(mosaiced

- " linear, 12bit)

- white
— | denoising | < demosaicing balance |€
final RGB
color tone s - > ]
> | transforms reproduction compressmr{— :mggre g(grllg(,)t;]




The image processing pipeline

A Can you foresee any problem when we switch from RAW to rendered images?
A How do we deal with the nonlinearities?

analog front | |
end .

RAW Image

(mosaiced

- " linear, 12bit)

- white
— | denoising | < demosaicing balance |€
final RGB
color tone s - > ]
> | transforms reproduction compressmr{— :mggre g(grllg(,)t;]




Radiometric calibration

¢CKS LINRPOSaa 2F YSFadz2NAy3a GKS OF YSNI Qa
A Take images of scenes with different irradiance while keeping exposure the same.
A Takes images under different exposures while keeping irradiance the same.

A Takes images of scenes with different irradiance and under different exposures.



Same camera exposure, varying scene irradiar
ColorcheckerGreat tool for e.g. JPEG

radiometric and color calibration.

olorchecker EEXES
‘ .*

known reflectance

nexrite

oy 0 64 128 196 255
\ \ '\ 7‘ / / pixel value
Patches at bottom row have Different values correspond to patches of

reflectance that increases linearly. Increasing reflected irradiance.



Same scene Irradiance, varying camera expos!

ColorcheckerGreat tool for white e.g. JPEG
balancing and radiometric calibration.

64 128 196 255
pixel value
All points on (the white part of) the Different values correspond to images

target have the same reflectance. taken under increasing camera exposure.



Varying both scene irradiance and camera expo

You can do this using the LDR exposure stack itself
A More information in Homework 2

Same scene irradiance, different camera exposure

Same scene irradiance, different camera exposure



Nonlinear image formation model

Real scene radiance for image pixgh{ L(X, Y)

Exposure time: t.
1 7/
7/
s
7/
b 7
5 v
is 7
& 7
Qo 7
o "4
o 7
7’
oo 7’
Y
-‘_
0 64 128 196 255
pixel value

Ilineat(X’Y) = CIip[ti L(X’” + noise ]
Inorrlineat(xiy) = f[llineat(X’Y) ]

How would you merge the ndmear images into an HDR one?



Nonlinear image formation model

Real scene radiance for image pixgh{ L(X, Y)

Exposure time: t.
1 7/
7/
s
7/
b 7
5 7
is 7
= 7
o 7
o 7’
[ sy
7’
oo 7’
Y
#_-
0 64 128 196 255
pixel value

Ilineat(xiy) = CIip[ti L(X’” + noise ]
Inorrlineat(xiy) = f[llineat(xiw ] Iesl(xiw = fl[ Inorrlinear(x1y) ]

Use inverse transform to estimate linear image, then proceed as before
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Merging nonlinear exposure stacks

1. Calibrate response curve
2. Linearize images
For each pixel:
3. CAYR @It ARé AYIl 3€%— (noise)0.05 < pixel < 0.95 (clippir

— 4. Weight valid pixel values appropriatelye—— (pixel value) t.

_5. Form a new pixel value as the weighted average of valid pixel values

> Same steps as in the RAW case.



What If | cannot measure the response curve’



You may find information in the image itself

'general ' Permissions ] Meta Info ] Preview

~ JPEG Exif
Comment:

Creation Date: 05-01-14

L -'F é 2 dZ (") I y y 2 l:l |v? 2 é I f 7\ (_) N\] CfeatiOﬁTime: 12:38:36am. f
EXIF data (if available). e

JPEG Quality: Unknown
. . . . Aperture: /3.3
Often contains information about tone reproduction Color Mode: Calor
Date/Time: 05-01-14 12:38:36 am
curve and color space. Flash Used: o
Focal Length: 6.3 mm
ISO Equiv.: 100
JPEG Process: Baseline
Camera Manufacturer: PENTAX Corporation
Metering Mode: Pattern
Camera Model: PENTAX Optio WP
Orientation: 1

\ OK \ Cancel



Tone reproduction curves

The exact tone reproduction curve depends on the camera.
A Often well approximated as, lfor different values of the powerd d 3 YY I € O ®

A A good defaultis=1/2.2.

7— Cannon Optura
Kodak DCS 315 Green

1°2_ sony DXxC-950

Kodak Ektachrome-100plus Green
Kodak Ektachrome-64 Green —]
Agfachrome CTPrecisal00 Green .|
Agfachrome RSX2 050 Blue —f
Agfacolor Futura 100 Green —

Agfacolor HDC 100 plus Green —}
Agfacolor Ultra 050 plus Green 1 A 05 2
Agfapan APX 025 —/ /777 7/ T
Agfa Scala 200x ~f//#/ 0.4 g5
Fuji F400 Green ~1/ 1)/ /] 4 Jo3 5
Fuji F125 Green /[[}// e 2

gamma curve, ¥ =0.6

Kodak KAI0372 CCD -D: gamma curve, Y =1.0
gamma curve, Y =1.4

Kodak KAF2001 CCD = o 0 =00 05 06 07 08 09 —T— gamma curve,y=18
Normalized Irradiance

Kodak Max Zoom 800 Green

before gamma  after gamma

If nothing else, take the square of your image to approximately remove effect of tone
reproduction curve.



Other facets of HDR imaging



Relative vs absolute radiance

Final fused HDR image gives radiance only up to a global scale
A If we know exact radiance at one point, we can convert relative HDR
Image to absolute radiance map

HDR image spotmeter(absolute absolute
(relative radiance) radiance at one point) radiance map



Basic HDR approach

1. Capture multiple LDR images at different exposures

2. Merge them into a single HDR image

Any problems with this approach?



Basic HDR approach

1. Capture multiple LDR images at different exposures

2. Merge them into a single HDR image

Problem: Very sensitive to movement
A Scene must be completely static

A Camera must not move

Most modern automatic HDR solutions include an alignment step before merging expos



How do we store HDR images?

A Most standard image formats store integebi8images
A Some image formats store integer-Qi2 or 16bit images
A HDR images are floating pointiBi2 or 64bit images



How do we store HDR images?

Use specialized image formats for HDR images

32 bits

[T T T T T TT]
portable float map pfm)
A very simple to implement

[T TTTTTT]

signh  exponent mantissa
Radiance formatidr) CTTTTTTT CTTTTTTT
A supported byMatlab
red green blue exponent

[T T T T T TT]
OpenEXRormat (exr)
A multiple extra features

[T TTTTTT]

sigh  exponent mantissa



Another type of HDR images

Light probes: place a chrome sphere in the scene and capture an HDR image
A Used to measure red 2 N R AffdzYAYlI GA2Y SYODANRBYY

Application: image
based relighting
(later lecture)




Another way to create HDR images

Physicdased renderers simulate radiance maps
(relative or absolute)

A Their outputs are very often HDR images



