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Ideal Interpolation

Shannon Sampling Theorem:
When a “train of impulse” comb(x) is multiplied by f(x), it gives us a 
“sampled version” of f(x)

comb(x)f(x), in frequency domain, becomes convolution
Convolving with an impulse is shifting comb(s) * F(s) is 
replicating the spectrum F(s) at the different impulse locations

Color Interpolation Mirko Guarnera

Color Interpolation
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CFA

Bayer CFA

CFA image

Color Interpolation Mirko Guarnera

Single-Chip Digital Camera

Images suffer from color artifacts when the samples are not 
estimated correctly.

Original image
Bilinearly interpolated 
from CFA-filtered samples
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Color artifacts
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Zipper Effect

Bilinear interpolation Weighted interpolation
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Aliasing

mf 1f

2f

2f

1f

2f

1f

Green channel Red/Blue channel

Frequency spectrum of an image:

After CFA sampling:
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Implementation
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Models
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Processing
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SM = interchannel correlation

Color Interpolation Mirko Guarnera

Color correlation
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Color Correlation

Color Interpolation Mirko Guarnera

Color Correlation
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Color correlation

Color Interpolation Mirko Guarnera

Classification: Non adaptive vs adaptive
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Data adaptive
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Non adaptive schemes
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Color Interpolation - Nearest Neighbor Replication

Each interpolated output pixel is assigned the value of the nearest pixel 
in the input image

The nearest neighbor can be any one of the upper, lower, left and right 
pixels

For example, for a 3x3 block in green plane, we assume the left 
neighboring pixel value is used to fill the missing ones

Color Interpolation Mirko Guarnera

Local Neighbour area
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Color Interpolation - Bilinear Interpolation 

Interpolation of green pixels

The average of the upper, lower, left 
and right pixel values is assigned as 
the G value of the interpolated pixel

G8 = (G3+G7+G9+G13) / 4 

Interpolation of a red/blue pixel at a 
green position

The average of two adjacent pixel 
values in corresponding color is 
assigned to the interpolated pixel. 

B7 = (B6+B8) / 2 

R7 = (R2+R12) / 2 

Color Interpolation Mirko Guarnera

Color Interpolation - Bilinear Interpolation

Interpolation of a red/blue pixel at a 
blue/red position

The average of four adjacent diagonal 
pixel values is assigned to the 
interpolated pixel

R8 = (R2+R4+R12+R14) / 4 

B12 = (B6+B8+B16+B18) / 4 
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Bilinear
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Adaptive schemes
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Edge sensing mechanism (ESM)

Color Interpolation Mirko Guarnera

ESM
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ESM

Color Interpolation Mirko Guarnera

Edge Sensing
Interpolation of green pixels : 

First, define two gradients, one in horizontal direction, the other 
in vertical direction, for each blue/red position. For instance,
consider B8 : define two gradients as

Define some threshold value T 
The algorithm then can be described as:  

The choice of T depends on the images and can have defferent
optimum values from different neighborhoods. A particular 
choice of T is
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Demosaicking Approaches

Edge-Directed Interpolation: Based on the assumption that 
color channels have similar texture, various edge detectors 
can be used.

Edge-directed interpolation

1. Calculate horizontal gradient ∆H = | (R3 + R7)/2 – R5 |  
2. Calculate vertical gradient ∆V = | (R1 + R9)/2 – R5 |  
3. If ∆H > ∆V,

G5 = (G2 + G8)/2
Else if ∆H < ∆V, 

G5 = (G4 + G6)/2  
Else 

G5 = (G2 + G8 + G4 + G6)/4

1

2

4 5 6 7

8

9

3
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Edge-Directed Interpolation
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Edge-Directed Interpolation

example
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Edge-Directed Interpolation
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Demosaicking Approaches

Using Laplacian For Enhancement: Use the second-order 
gradients of red/blue channels to enhance green channel. 

1

2

4 5 6 7

8

9

3

1. Calculate horizontal gradient ∆H = |G4 – G6| + |R5 – R3 + R5 – R7|  
2. Calculate vertical gradient ∆V = |G2 – G8| + |R5 – R1 + R5 – R9|  
3. If ∆H > ∆V,

G5 = (G2 + G8)/2 + (R5 – R1 + R5 – R9)/4
Else if ∆H < ∆V, 

G5 = (G4 + G6)/2 + (R5 – R3 + R5 – R7)/4  
Else 

G5 = (G2 + G8 + G4 + G6)/4 + (R5 – R1 + R5 – R9 + R5 – R3 + R5 – R7)/8

Color Interpolation Mirko Guarnera

Adaptive interpolation

Using Laplacian For Enhancement: Use the second-order 
gradients of red/blue channels to enhance green channel. 
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Adaptive interpolation

Color Interpolation Mirko Guarnera

Demosaicking Approaches

Constant-Hue-Based Interpolation: Hue does not change 
abruptly within a small neighborhood. 

Interpolate green channel first.

Interpolate hue (defined as either color differences or color 
ratios).

Estimate the missing (red/blue) from the interpolated hue.

Red Interpolate
d Red

InterpolateGreen

Interpolate
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Constant Hue

we define blue "hue value" as : B/G. red "hue value" can be analogously 
defined. 
Considering the interpolation of blue pixel values : there are three different 
cases of blue pixel value interpolations.

Color Interpolation Mirko Guarnera

Vector SM
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Directional filtering

The idea behind…

Color Interpolation Mirko Guarnera

where

and        K is the Normalization Constant

Directional Filtering

� n different 5x5 filter kernels are used to 
follow gradient orientation
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DF

inputinput max dilatationmax dilatation

mode dilatationmode dilatation

� To find a more precise orientation the 
statistical weighted mode, on 3x3 
neighborhood of the point (x,y), is 
achieved.

� The max wrong values (underlined in 
red) have been removed.

(x,y)

Dilatation
Neighborhood
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DF: peaking

The enhancement step takes into account 
the colors correlation, adding a peaking 
term to the color channels to be estimated 
in a central pixel.

DF_LPFPeak GG−=∆

PeakDF_LPFHH ∆+=

The Directional Filtering on the know value has been used to obtain 
the color correlations. For instance, on a known central Green value :

Therefore, for the unknown H values (R/B):

G

G

R

GB

RG

GB

RG

G
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GB
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GB

R

G GB GB

Correlated Color 
Components Retrieval

Correlated Color 
Components Retrieval
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Peak – no Peak

The differences between 
the first release and the 
second release are 
drastically visible.

The main enhancements 
are introduced by the 
new full gradient and the 
weighted mode dilatation 
jointly to the unfiltered 
Bayer pattern values.

A further enhancement 
has been introduced by 
considering the cross-
correlation among the 
Bayer channels.

No peakNo peak peakpeak

Color Interpolation Mirko Guarnera

Block Scheme

Frame

Buffer
Filtering R,G,B

SobelX

SobelY

Mag

Dir
Moda

HF
Color Correlation

5x5 DF

Luts

Peaking
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Results

Comparison of Directional Color Interpolation and IGP 
(Recon) Color Interpolation (involving Color Interpolation + 
Antialiasing + Peaking)

Original ImageOriginal Image DF Color InterpolationDF Color Interpolation IGP IGP 

Color Interpolation Mirko Guarnera

Results (1/6)

D.F. Color InterpolationOriginal Edge Sensing
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Results (2/6)

D.F. Color InterpolationOriginal Edge Sensing

Color Interpolation Mirko Guarnera

Results (3/6)

D.F. Color InterpolationOriginal Edge Sensing
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Results (4/6)

D.F. Color InterpolationOriginal Edge Sensing

Color Interpolation Mirko Guarnera

Results (5/6)

D.F. Color InterpolationOriginal Edge Sensing
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Results (6/6)

D.F. Color InterpolationOriginal Edge Sensing

Color Interpolation Mirko Guarnera

Neighbor Analysis: variances

DIRECTIONAL FILTER /
3X3 Edge Sensing

DIRECTIONAL FILTER

5X5 LPF

HIGH 
THRESHOLD

LOW 
THRESHOLD

VARIANCE

VAR3X3

VAR5X5

FLAT 
REGION

EDGE OR 
HIGLY 

TEXTURED 
REGION
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Color-processing sideshows

Aliasing

Resolution of sensor 
< spatial frequency of scene

False color

Aliasing occurs only in one or two of the color planes

Moire patterns

Overlapped patterns with near frequency

Color Interpolation Mirko Guarnera

Post processing
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Post processing

Color Interpolation Mirko Guarnera

Aliasing
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Aliasing Cancelling

Color Interpolation Mirko Guarnera Alias Cancellation

Alias Cancellation Results

Standard Interpolation
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Alias Cancellation Results

Alias CancellationStandard Interpolation

Color Interpolation Mirko Guarnera

Alias Cancellation Results

Alias CancellationStandard Interpolation
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Aliasing

Color interpolation can provide images with objectionable 
aliasing artifacts, such as “color fringes” near sharp edges.
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COLOR FRINGE 
ARTIFACT

Distribution of light intensity 
incident to an image sensing array

Illumination incident to the image 
sensing array in which alternate 

pixels are overlapped by different 
colored filters

Distribution of linearly interpolated 
color light intensity values for the 
pixels of the image sensing array

Color Interpolation Mirko Guarnera

Inter-channel differences

Because of inter-channel correlation, the difference between two 
colors in a neighborhood is nearly constant;

The difference between two colors rapidly increases and 
decreases in the area of sharp grey edges, where color 
interpolation has introduced false colors;

COLOR 
ACOLOR 
B
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Information signal corresponding 
to colors A and B
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1
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1
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1
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1
6

Difference between colors A and B 
for each pixel
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Median filter

Median filter, over a given support (e.g. 3x3 mask), operates to 
remove sharp spikes and valleys, leaving sharp monotonically 
increasing or decreasing edges intact;

1 2 3 4 5 6 7 8 9 1
0

1
1

1
2

1
3

1
4

1
5

1
6

Color A minus color B, median filtered with a 
support of 5 pixels

( ){ }
( ){ }

filtermediantheofsupporttheiswhere

,|

,|

ℜ

ℜ∈−=

ℜ∈−=

jiGBmedianv

jiGRmedianv

ijijBG

ijijRG

SHARP 
SPIKE 

REMOVED

Color Interpolation Mirko Guarnera

Color reconstruction with anti-aliasing

The median values are appropriately subtracted or added to the 
color received by each pixel to obtain the other two:
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� Pixels which 
receive only Red
light:

� Pixels which receive 
only Green light:

� Pixels which 
receive only Blue
light:
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-
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vRG

vBG

R
G
B

R - G

R

G*

B*

R*

G

B*

R*

G*

B

B - G

Pixels which 
receive only 

Red light

Pixels which 
receive only 
Green light

Pixels which 
receive only 

Blue light

MEDIAN
FILTER

MEDIAN
FILTER

INTERPO
LATOR

IMAGE
SENSOR

The rules presented in the previous slide are schematically 
represented by the block diagram below:

Block diagram representing our anti-aliasing algorithm

Block scheme

Color Interpolation Mirko Guarnera

Initial color interpolated image and post-processed 
image

Original DF Color Interpolated Post-processed with our method
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Variance of inter-channel differences

The variance of inter-channel differences can be used 
mainly for two purposes:

1. To discriminate whether the antialiasing should be 
performed or not;

2. To achieve the color correction by using more the flatter 
color difference domain than the other one.

Color Interpolation Mirko Guarnera

Local Statistics Computation

The local statistics are computed by the weighted 
sample mean and the variance from a running 
square window   , whose central value is    :h
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In the color difference domain, a flat color difference
neighborhood is characterized by:

1. Expectation value close to the central value

2. Low Variance value

Flat color differences region
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Homogeneous vs Inhomogeneous regions

According to the Expectation value and to the Variance, a map 
of homogeneous (black) vs. inhomogeneous (white) regions can 
be achieved

Processed imageProcessed image Map of homogeneous vs. 
inhomogeneous regions

Map of homogeneous vs. 
inhomogeneous regions
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Variance Antialiasing:
adaptive application

Homogeneous regions (black) 
can be left unchanged or can be 
low pass filtered;

Inhomogeneous regions (white) 
are processed by the color 
correction algorithm.

Color Interpolation Mirko Guarnera

Adaptive application with two thresholds for 
variance

Two different thresholds for the variance allow us to identify 
three regions (black, grey, white) and three different 
behaviors: 

1. Low pass filter; 2. Nothing; 3. Color correction algorithm.

Map of variance with 
one threshold

Map of variance with 
one threshold

Map of variance with 
two thresholds

Map of variance with 
two thresholds
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First Step: Two updated values for the green channel are 
calculated using each color difference domain:

Where

is the support of the 3x3 local windows

Variance Antialiasing:
Color Correction algorithm (1/3)
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Second Step: The updated value is determined by the 
weighted sum of the two updated values, computed in 
the first step, and the initially interpolated value     .

The weight a is expressed as: 

Variance Antialiasing:
Color Correction algorithm (2/3)

Variance Antialiasing:
Color Correction algorithm (2/3)

( ) ( ){ }B
ij

R
ijijij GaGaGG ⋅+⋅−⋅+⋅−= 11ˆ ββ

ijG

ijĜ
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Third Step: Red and Blue channels are updated according to 
the updated Green channel and the medians of inter-channel 
differences.

The updated    ,     and     will be involved in filtering the 
following pixels.

Variance Antialiasing:
Color Correction algorithm (3/3)

Variance Antialiasing:
Color Correction algorithm (3/3)
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Results (1/2)

Interpolated 
image

Interpolated 
image

Map of varianceMap of variance

Variance 
Antialiasing

Variance 
Antialiasing

Our previous 
Antialiasing

Our previous 
Antialiasing
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Results (2/2)

Interpolated 
image

Interpolated 
image

Map of varianceMap of variance

Variance 
Antialiasing

Variance 
Antialiasing

Our previous 
Antialiasing

Our previous 
Antialiasing
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Quality evaluation

Color Interpolation Mirko Guarnera

Metrics
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Metrics

Higher values (expressed in decibel) of the PSNR generally imply
better quality. 

∆E
ab
wich measures the eucledian distance between the origina

image and the interpolated one in the CIELAB. greater than 2.3 
indicates that the differences are visible, mean differences greater 
than 10 mean that differences between the two images are so 
hight that the comparison is not worthwhile.
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