2. Digital images

2.1 Image formation
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magnification : 
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A normal lens is a lens that generates an image that presents a ‘natural perspective’. It is roughly equivalent to the diagonal of the image size. This roughly approximates the perceived field of view of the human eye. In the 135 film format, the image size is 24x36mm, the normal lens is therefore 50mm.
The field of view (or angle of view) is the amount of a given scene shown on an image. The focal lens and the film size define the field of view. Typical sensor sizes for modern cameras are:
· 1/4 in. (2.4mm x 3.2mm)

· 1/3 in. (3.6mm x 4.8mm)

· 1/2 in. (4.8mm x 6.4mm)

· 2/3 in. (6.6mm x 8.8mm)

· 1 in. (9.6mm x 12.8mm)

The aperture defines the size of the opening in the lens, it can be adjusted to control the amount of light reaching the film or digital sensor. The iris diaphragm, behind the lens, controls the lens opening. Measured in f-stops: 
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The aperture also controls the depth of field which is the distance in front and behind the subject that appears to be in focus. The smaller the aperture, the larger the depth of field. All image elements of a pin-hole camera are in focus.

The shutter speed defines the exposure to light. Shutter speed and aperture regulate the degree of exposure to light.
Optical distortions: caused by lens shape.
· Barrel distortion: associated with wide angle lens, the image is ‘spherised’. It curves straight lines on the edge of the image.
· Pincushion distortions: associated to telephoto lenses, has the opposite effect. 
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Vignetting is another type of defect in an optical system in which the amount of incoming light at the edges of an image is reduced.

2.2 Image Capture

Radiance: the total amount of energy that flows from a light source (W)

Luminance: the amount of energy an observer receive from a source (lm)

Brightness: subjective descriptor of light perception

Reflectance: the fraction of radiant energy that is reflected from a surface
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To capture an image, luminance must be converted in voltage (and vice-versa for display). 

An image is a 2D signal and an image sequence is a 3D signal. When serializing and image (for transmission or storage), this one is read line-by-line. For a constant reading speed, one can:

· Increase the number of lines (image resolution) which reduce the frame rate (and cause temporal aliasing).
· Increase the frame rate which reduce the number of line per frame (vertical aliasing).

The tradeoff solution is to read the image in two passes, even lines first, then odd lines after: interlaced scanning. This is what is done under the NTSC television standard (in North America). 
1 frame = 1 odd field + 1 even field
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from: http://zone.ni.com/devzone/conceptd.nsf/webmain/BA741C90A118EA778625685E00805643?opendocument&node=201713_us
The 3D video signal becomes then a 1D electrical signal.

The difficulty with such decomposition is that the image must be write (on a display device) the same way it has been read (by a camera): a synchronization signal must be added.

Composite signal = luminance + synch.

Horizontal synchronization (18% of the total signal, 2.3µs each)

Vertical synchronization (8% of the total signal, 27.1µs each) 
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from: http://zone.ni.com/devzone/devzoneweb.nsf/Opendoc?openagent&BB087524D4052C9E8625685E0080301B

In order to be read by a computer, such signal must be sampled and digitized.

Sampling: obtaining a sequence of instantaneous values that are read at regular intervals. NTSC already samples 2 of the 3 dimensions of a video signal.

Digitization: converting a continuous range of values to a finite number of symbols. Usually a monochrome image is digitized using 256 levels (8 bits). 

NTSC (1941):

· Total number of lines: 525

· Number of active lines: 483

· Aspect ratio: 4:3

· Line frequency: 15.75KHz

· Field frequency: 59.94Hz

· Bandwidth (monochrome): 4.2MHz

CCIR601 (1986): 

· Number of pixels per line: 720

· 525 lines

· YUV 4:2:2

· Transmission rate (color): 216Mb/s
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from: http://dictionary.zdnet.com/definition/chroma+subsampling.html

HDTV: 
· Aspect ratio: 16:9

· Number of pixels per line: 1920

· Number of lines: 1080

· 1.4 Mpixels

H.261 CIF (Common Intermediate format):

· 352x288

SIF (Source input format) :
· 320x240

· 4SIF: 640x480

Two alternative technologies for digital cameras:
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from: http://www.kodak.com/US/en/corp/researchDevelopment/technologyFeatures/cmos.shtml

CCD (charged-coupled device) camera 

· An array of discrete imaging elements (photosite)

· Each photosite is composed of a photodiode and an adjacent charge transfer region arranged in columns

· The photodiode accumulates an electric charge proportional to illumination (number of received photons) time (and also to temperature…). 2 photons produce ~1 electron.

· Linear response to light intensity

· Uses an electronic shutter. If the light intensity is too low for a given exposure, it is possible to adjust the gain (when generating the output signal)

· To read an image, the accumulated charges are shifted down (in parallel) and the first row of data is transfer to a separate transfer to a separate horizontal charge transfer register. This row is then read out serially by an output amplifier. This process is repeated sequentially until all rows have been read. 

· In a full frame CCD, the sensor is shuttered during the readout process. In an interline-transfer CCD, every second columns are covered during each reading operation. A frame-transfer CCD uses a second array to store the image such that reading can occur while a new image is captured.

· Complex (e.g. several synch signals) but mature technology (25 years) 

· Optimized to improve image quality (therefore choice in application where image quality is the primary requirement, e.g. 16-bit images) 
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Interline transfer CCDs


Full frame transfer CCDs

From: http://zone.ni.com/devzone/conceptd.nsf/webmain/BA741C90A118EA778625685E00805643?opendocument&node=201713_us

CMOS (complementary metal oxide semiconductor) camera

· Each photosite contains a photodiode, a resistor, an amplifier that changes electric charges to voltage and a select transistor

· Overlaying the entire pixel array is a grid of metal interconnects, which applies timing and readout signals

· Each pixel can be read individually

· CMOS sensors are produced using the same manufacturing process as microprocessors

· Low-cost

· Faster image data transfer rate

· Consume little power (20-50mW vs 2-5W for CCDs)

· Low sensitivity to light

· More noisy
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                   CCD (linear integration)                     CMOS (non-linear integration)

Solid-state cameras now replace the older technology of electronic image tube cameras 

CRT (cathode ray tube) and LCD (liquid crystal device) remain the main technologies used for image display

Digital camera interfaces:

· IEEE1394: developed by Apple under the name FireWire, adopted by Sony that calls it iLINK. To connect machines to external periphericals. It is an hardware and software specification. Hot pluggable, support daisy chaining. Data rate of 100, 200 and 400Mbps. Non-proprietary, licensing is open. 
· USB 2.0: standard for PC I/O. Can run at up to 480Mbps (compared to 12Mbps for USB1.1). Multiple devices are connected through hub.

· CameraLink: standard developed by camera and frame grabber manufacturers. It is a system application of the ChannelLink standard developed by National Semiconductor and that can run at 2.38Gbps over a distance of 10m. Multiple cameras can be connected, easy synchronization. Require complex specialized hardware.
· GigE vision: standard developed by the Automated Imaging Association and is based on the GigE communication protocol (which has a maximum data rate of 1Gbps). It is an interface standard that is now widely supported in the industrial imaging industry and that capable of handling streaming image data and providing reliable transmission of image data from high performance machine vision cameras. The GenICam command structure establishes a common camera control interface so that third party software can communicate with cameras from various manufacturers. It allows uncompromised data transfer up to 100 meters in length  with single/multiple camera connection to single/multiple computers and uses low cost cables (CAT5e or CAT6) and standard connectors. 
A digital image is both sampled and quantized
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The pin-hole camera model
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The image of a point 
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2.3 Color representation

What is a color? It is a spectral power distribution (inside the visible spectrum) of the light reflected or transmitted by an object. A function
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· Many different spectral power distributions may form the same color.

· A pure color is a color composed of only one wavelength (the colors of the rainbow); also called monochromatic color.
· A color has a given hue, a given saturation and a given brightness.

Metamer: either of two colors of different spectral composition that appear identical to the eye of a single observer under some lighting conditions.

For a human observer, it is possible to find a metamer for any color by variation of only three primaries. 
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Three techniques:

· By subtraction (painting) [RBY]
· By addition (photography) [RGB]
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· Hybrid (color printing): printing inks cannot mix; only one color of ink can be allowed to be on a particular point of the picture. [CMYK]
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halftone screening      [image: image33.jpg]


stochastic screening
Normally, the selected primaries are normalized to add up to white when added in equal amounts.

CIE (Comission Internationale de l’Eclairage) is the primary organization that defines color metric standards.

One possible choice for the (monochromatic) primaries (CIE RGB):

· Red (700nm)

· Green (546.1nm)

· Blue (435.8 nm)

Gamut: the entire range of colors that a system can reproduce.

Chromaticity coordinates: ratio of each tristimulus value to their sum.
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[image: image37]1R + 1G + 1B = White
Tristimulus values: are the amounts of the three primaries required to match a given pure (monochromatic) color.
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Color Matching Functions: the graph of the tristimulus values as a function of wavelength. 
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from: http://en.wikipedia.org/wiki/CIE_1931_color_space
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To reproduce a given color
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In 1931, the CIE proposed a new set of primaries: XYZ

· Negative coefficients were eliminated

· The primaries are not real colors

· Y corresponds to the luminous efficiency functions giving the relative eye sensitivity to energy at different wavelength (luminance).

· Also specified as Yxy

· Used to specify colors
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from: http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html
NTSC RGB (1953): 

· red= (x=0.670, y=0.330); green=(x=0.210,y=0.710); blue=(x=0.140,y=0.880)

· Reference white: xn=0.310063 yn=0.316158 zn=0.373779

· Conversion from XYZ to RNTSC GNTSC BNTSC:

    X = 0.607*R + 0.174*G + 0.200*B  R = 1.910*X - 0.532*Y - 0.288*Z
    Y = 0.299*R + 0.587*G + 0.114*B  G =-0.985*X + 1.999*Y - 0.028*Z
    Z = 0.000*R + 0.066*G + 1.116*B  B = 0.058*X - 0.118*Y + 0.898*Z
The new NTSC standard is now SMPTE-C (1979)
 X = 0.3935*R + 0.3653*G + 0.1916*B  R = 3.5058*X - 1.7397*Y - 0.5440*Z

 Y = 0.2124*R + 0.7011*G + 0.0866*B  G =-1.0690*X + 1.9778*Y + 0.0352*Z

 Z = 0.0187*R + 0.1119*G + 0.9582*B  B = 0.0563*X - 0.1970*Y + 1.0501*Z

 Reference white (D65): xn= 0.3127 yn= 0.3290

[image: image47]
ITU-R Rec. BT. 709 or CCIR Rec709 or sRGB (most 8-bit digital images)
   [ R ]   [  3.240479 -1.537150 -0.498535 ]   [ X ]
   [ G ] = [ -0.969256  1.875992  0.041556 ] * [ Y ]
   [ B ]   [  0.055648 -0.204043  1.057311 ]   [ Z ]
   [ X ]   [  0.412453  0.357580  0.180423 ]   [ R ] 
   [ Y ] = [  0.212671  0.715160  0.072169 ] * [ G ]
   [ Z ]   [  0.019334  0.119193  0.950227 ]   [ B ]
Reference white (D65): xn= 0.3127 yn= 0.3290
Color Spaces

YUV or YCrCb CCIR 601 for digital color television 
(to convert any RGB to YCrCb; mainly used for coding)  

· The Y signal corresponds to the B&W television signal:

· Y= 0.299R+0.587G+0.114B

· U (Cb) and V (Cr) subtract the luminance values from R and B (can be negative)

· Cr=  0.5R-0.4187G-0.0813B (red to yellow)

· Cb= -0.1687R-0.3313G+0.5B (blue to yellow)

· 8-bit representation:

· Y8= 219Y+16

· Cr= 112(R-Y)/0.701 + 128

· Cb= 112(B-Y)/0.886 + 128

HSB: (Hue, Saturation, Brightness) or HSI (Intensity) or HSV (Value)
· Saturation is a measure of how vivid the color is (purity, colorfulness).

· Hue: defines the color type (express as an angle)

· Brightness: is a visual sensation of the color intensity

· Lightness: perceptual response to luminance= (max(R,G,B)+min(R,G,B))/2
· Intensity= (R+G+B)/3
· Value= max(R,G,B)
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Brightness vs luminance
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 SHAPE  \* MERGEFORMAT 
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Luminance scale
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Brightness scale
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Computing HS using the RGB cube
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from: http://fourier.eng.hmc.edu/e161/lectures/color_processing/node2.html
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if B>G then H= 360-H
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S= 1-min(R,G,B) or S= (max(R,G,B)-min(R,G,B))/max(R,G,B)

A fully saturated color (S=1) is one on the edges of the triangle shown in figure above.

Perceptually uniform color space: 

The perceptual difference between two colors is not proportional to their distance in the x-y color space.


[image: image57]
The color space can be made perceptually uniform through one of the following transformations:

L*u*v*

L* = 116*((Y/Yn)^(1/3)) whether Y/Yn>0.008856

L* = 903.3*Y/Yn whether Y/Yn<=0.008856

u* = 13*(L*)*(u'-u'n)

v* = 13*(L*)*(v'-v'n)

    where u'=4*X/(X+15*Y*+3*Z) and v'=9*Y/(X+15*Y+3*Z)

L*a*b*
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· Xo, Yo, Zo is the reference white.

· a* corresponds to a red-green axis.

· b* corresponds to a yellow-blue axis.

· In this case, the JND (just noticeable difference) is 2.3

· The norm of (a*,b*) is the chroma

· The angular position of (a*,b*) is the hue.


[image: image59]
Color space conversion applet: http://www.cs.rit.edu/~ncs/color/a_spaces.html
Color Cameras:

· use 3 sensors (beam filter + color filters)
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· use 1 sensor and a Bayer filter pattern (color filter mosaic array)
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from: http://www.siliconimaging.com/
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Color Interpolation from Bayer patterns (demosaicing):
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· Each color component can be linearly interpolated from its two (or four) nearest neighbors.
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Original image




Bayer pattern of the image
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Linear interpolation (color artifacts are introduced)
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