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Recap of the previous lesson



From the satellite
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Medical
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Forensics

Digital Images



For cultural heritage
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A monochromatic digital image is a matrix I = f(x,y) of discrete values of light
intensity (gray levels), consisting of M*N pixels (picture elements,
sometimes called pel), each of which has a value belonging to the interval [0,
L-1] L being the possible levels of intensity (or gray levels).

What is a digital image?
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All the operations that can be done on matrices can be done on an

image

Pixel (PICTURE ELEMENT)

Definizione
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Comparison

Digital Images

Raster

Pro

Photorealism

Web-based standards

Cons:

No semantic description.

Large size

Vector

Pro

Transformations on the plane 
are simple (Zooming, 
Scaling, Rotating)

Cons:

Not photorealistic

Proprietary vector formats



Vettoriale 

Raster 
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Un esempio concreto di scalabilità

Raster 

(140x170)

Vector

(140x170)
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Raster 2x
Vector 2x
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Types of images - Black and white

▪ 1 bit per pixel

▪ At position (i,j) there will be

either value 0 or value 1
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Types of images - Greyscale

▪ 8 bit per pixel

▪At position (i,j) there will be a
value between [0, 255]
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Types of images – Color (e.g. RGB)

▪ 8 bit per canale. Since there are 3
channels I will have 24 bit

▪At position (i,j) there will be a triplet of
the type (x, y, z) with x, y, z taking
values between [0, 255]
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RGB images: actually ...
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Operations on Images and Matrices

▪ A raster digital image can be represented by a matrix;

▪ All the operations that can be done on matrices can be done on an image.

▪ Such operations do not necessarily make logical sense. For example, what
does it mean to multiply two images from a visual point of view?

▪What is the range of values after such operations?
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Product 

▪WARNING: The row-by-column product rule applies to matrices, whereas in
image processing it is used to do the dot product between two matrices, that
is, the point-to-point product of the corresponding elements.
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Neighborhood Np

▪ The 4 connected neighbors of a given pixel are those to its
left and right and those above and below it.

▪Neighbors 8 connected are those 4 connected to which the
4 diagonal pixels are added.
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Affine 
operations
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Unassigned values

▪ In the course of the transformations, there may be pixel values that are never
identified by the formulas.

▪ An interpolation process is applied for them.
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Interpolation

▪ In general, interpolation is the process that starting from real data estimates the unknown
data.

▪ Interpolation does not result in an improvement in image quality as if it "regains" the
missing values but only makes an estimate of the unknown values.
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After placing the already known values, it is necessary 

to estimate the values in the empty areas.

Zooming in (2x )
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Various types of interpolation

There are several types of interpolation:

▪Nearest neighbor (or replication)

▪ Bilinear

▪ Bicubic

▪Others ...
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Replication Interpolation 
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Bilinear Interpolation 
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Bicubic Interpolation 
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Replication, Bilinear and Bicubic - Example
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The problem
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Consider only the central areas of the image.

▪ In this case, the values at the edges are not calculated
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After doing the calculations replicate 
the last rows and columns

▪ In this case to do the calculations we replicate the values in the "isolated"
rows and columns

Digital Images

1 2 3

4 5 6

7 8 9

input

output

1 2 3

6

987

4

3

6

5

4

7

3.5

4.5 5.5

6.5

7.5 8.5

7.5

4.5

2.51.5

2.5

5.5

3

6

9

7.5

4.5

7 987.5 8.5 9



Zooming out

▪ If zooming is done with a number less than 1, you get an image smaller than
the original.

▪ If I reduce an image, I have a process called "decimation."

▪Given an mxn image with a zooming out of 0.5 you will get an m/2 × n/2
image.
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Decimation: method 1

▪ Every four pixels one is chosen.
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Decimation: method 2

▪Of four pixels, the average value is calculated.
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Estimating the quality of an algorithm

▪ MSE: (Mean Square Error) this parameter is used to estimate the mean square error
between two images; the lower this index is, the smaller the difference between the
images.

▪ PSNR: (Peak Signal to NoiseRatio) parameter to measure the quality of a compressed image
compared to the original, it depends on the difference between the encoded image and the
original image. The higher its value, the greater the "similarity" to the original.
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Digital image acquisition



Digital image acquisition

▪When light hits an object, part of it is absorbed and part of it is reflected.

▪ That which is reflected gives rise to the perceived color.

▪ To create a digital image, it is essential that such reflected light be captured
by a sensor and processed.
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How to capture an image

Digital Images

▪ When light hits an object, part of it is
absorbed and part of it is reflected.

▪ That which is reflected gives rise to the
perceived color.

▪ To create a digital image, it is essential
that such reflected light be captured by a
sensor and processed.



Sensor

▪ Energy striking the sensor is converted into an electrical pulse by the sensor,
which is made of an especially light-sensitive material. This electrical pulse is
subsequently digitized.
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Single sensor

▪ Scanners use a single sensor that is moved along the source to be digitized.
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2D array sensors

▪ In digital cameras, the sensors are arranged in an array.

▪ It is not necessary to move the sensor, as in previous cases, to scan.

▪ The most common sensors of this type are CCDs
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CCD: Charged Coupled Device

▪ These are electronic devices that when hit by photons take on a positive
charge.

▪ CCD cells cannot charge beyond a certain limit-they are buckets of water that
cannot fill beyond their capacity (over-saturation phenomenon).

▪ The number of cells per exposure area is a camera quality parameter
measured in MEGAPIXELs
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CCD: the measurement scheme

After charges have been acquired from an array of cells they must be
transferred to a digital memory. The scanning is done in C phases,
one phase for each column of the matrix.

At each stage the first column of the matrix is transferred to
memory, at the same time all elements (from the second column
onward) are transferred from their column to the previous one.

Horizontal 

transfer to the 

first column

Vertical transfer 

of the first 

column to 

memory
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December 1975, Steven Sasson, an
electrical engineer at Eastman Kodak Co.,
in Rochester, N.Y., became the first person
to pick up a digital camera and take a
picture.
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Prototype Digital Camera of 1975

▪Weight of 4 Kg

▪ Resolution of 0.01 megapixels

▪ Images of 100 x 100 pixels

▪ Storage on cassette

▪ Storage time of one shot on
cassette: 23 seconds.
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▪ The final test was in December 1975: Sasson convinced one of his assistants
to pose for him. The machine took 23 seconds to record the image on the
audio cassette and another 23 seconds to be displayed on a regular
television. The result? Only the silhouette of hair could be glimpsed but, after
a little calibration to the electronics, the assistant's face was immediately
visible.
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This is considered the first official photo taken with the 
"Kodak."
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CFA: Color Filter Array 

▪ Since each cell will store only one color at a time and
not a triad, it is necessary to choose what is the
optimal storage pattern (CFA).

▪ The two missing colors to complete the triad will be
obtained by interpolation from neighboring pixels
(Color Interpolation).

▪ The degree of accuracy of the result depends on how
sophisticated the interpolation method is.

Digital Images



Possible models of CFA
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Possible models of CFA
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Possible models of CFA
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Which one is the best? The Bayer Pattern

▪ The most widely used scheme is the BAYER PATTERN. It was
proposed in 1976 by Byce Bayer and used since 1980 in all
electronic devices.

▪ It has a 1:2:1 ratio for R:G:B, where the green pixels are arranged
on "diagonals.“

▪ It favors measurements in the green channel because it is the most
important for human perception.

▪ A Bayer Pattern image is stored in the "raw" format.
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Bayer Pattern

If for each pixel, only one color component is stored, all others will have to be
obtained by interpolation from neighboring pixels.

The R and B value for this pixel are obtained by 
"interpolation" from neighboring values

The G and B value for this pixel are obtained by 
"interpolation" from neighboring values

Il valore R e G per questo pixel sono ottenuti per 
“interpolazione” dai valori vicini
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In more detail
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Other CFA models being tested (from a scientific paper)
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We have a problem to solve...

Digital Images

How do we get these images?



Color Interpolation

▪ The array of data released by the sensor can be displayed as an

image. In this case a grayscale image would be seen.

▪ Retaining only one component of the color triad results in viewing the image as if it were composed of a
mosaic.

▪ To obtain a color image, one must proceed with a color interpolation algorithm that derives the missing
values for each individual triad from the surrounding data.

▪ Because the mosaic effect disappears from the color image, the color interpolation algorithm is also called a
"demosaicking" algorithm.
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Bayer pattern 
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Color interpolation: replication

▪ For each individual pixel, the missing elements of the triad are copied from
the surroundings.

▪ This technique is also called "Nearest-neighbor interpolation."

Digital Images



Color interpolation: bilinear
about the information of R and missing G and B

▪ In the matrix of R, nothing needs to be done.

▪ In G it is necessary to derive data from a neighborhood by selecting the 4 values released by the
sensor.

▪ In B it is necessary to derive data from a neighborhood by selecting the 4 values released by the
sensor.
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Color interpolation: bilinear
about the information of G and missing R and B

Digital Images

◼ In the matrix of G nothing has to be done.

◼ In R it is necessary to derive data from a neighborhood by selecting the 2 values released by the
sensor.

◼ In B it is necessary to derive data from a neighborhood by selecting the 2 values released by the
sensor.



Color interpolation: bilinear
about the information of B and missing R and G
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◼ In the matrix of B, nothing needs to be done.

◼ In R it is necessary to derive data from a neighborhood by selecting the 4 values released by the
sensor.

◼ In G one needs to derive data from a neighborhood by selecting the 4 values released by the
sensor.



Bilinear

▪ In bilinear interpolation, the four nearest pixels are used to estimate the intensity to be assigned to each
new position. Suppose that (x, y) are the coordinates of the position to be assigned an intensity value and
that v(x, y) equals the intensity value. For bilinear interpolation, the assigned value is obtained by the
equation

v(x, y) = ax + by + cxy + d

 Where the four coefficients are determined from the four equations in the four unknowns obtainable using
the four pixels closest to the point (x, y).

▪ Bilinear interpolation produces better results than replication with a modest increase in computational
complexity.
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Bicubic

▪ Bicubic interpolation uses the sixteen pixels closest to the point. The intensity value assigned to the point (x,
y) is obtained through the equation

▪ Where the sixteen coefficients are determined from sixteen equations in sixteen unknowns that can be
written using the sixteen points closest to (x, y).

▪ Generally, bicubic interpolation preserves details better than bilinear interpolation. Bicubic interpolation is
the standard technique used in commercial editing programs such as Adobe Photoshop and Corel
Photopaint.
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Results obtained using different color interpolation
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Spatial Resolution

Spatial resolution refers to the specific number of information points (pixels - Picture

Element) in an 'image.

Definition
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Resolution in detail

▪Definition: resolution is defined as the number of pixels per unit of
measurement.

▪ It can be measured in pixels per centimeter, or in dots per inch (dpi).

▪ It can also be expressed as the number of pixels over the entire image (e.g.,
16- Megapixels).



Resolution

▪ Resolution indicates the degree of quality of an image

▪ A computer screen cannot show lines or drawings, only dots; if these are
small enough, such that they are smaller than the resolution perceived by the
human eye, the observer has the impression of seeing lines instead of aligned
dots, and drawings instead of clusters of distinct dots.



Spatial Resolution
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Resolution
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Resolution
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▪ Images born with a certain resolution must be displayed with the same
resolution for maximum rendering.

▪ The main standard sizes and their names are given in the following image
(wikipedia).





Digital Images



Digital Images



Digital Images

Resolution
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