New Methods in Bayer Demosaicking
Algorithms

Nick Dargahi
Vin Deshpande

March 20, 2007

Psychology 221 Applied Vision
& Image Systems Engineering



Table of Contents

1= 1] (=00 @0 1 =] 0| £ PP PRRPS 2
TADIE Of FIQUIES. ..ottt e et e e e e e ekttt eeee e e e e s s bbb e e e e e e s anbb e e e emenreeeeeaa 3
(IR T 1 0T [ o 1o o PRSPPI 5
[I. Demosaicking AlGOITNMS. ......coiiiiie e eeer e 6
I1. (@) Non-Adaptive AIGOItIMS ........ooiiiiii e e e 6

I1. (b) Adaptive AIGOITNMS ......eoiii e 8

II. (c) Bilateral Demosaicking AIGOMTNIM .........ooiiiiiiiiiii e 10
Bilateral Filtering OVEIVIEW .......cccceeiiiiii i eeee e re e s s s s st b e e eeesenensnssnnrenes 10

1= 0 F7= 124 o PR 13
Implementation of Bilateral Filter for Bayer DemMOSAICKING .........uuuuriiiiiiiieiieeicceeiieeeeeeeeeeeeeen, 15

=T (0 ST= ot (o T =1 o 16

lll. Motivation for New Bayer Demosaicking algorithms in the Frequency Domain...................... 17
Ill. a) Alternating Projections Demosaicking Algorithm.............cccccviiiimeer i 18
Corr elation of High Frequencies & Nyquist Exploitation of Green Channel's Greater Bandwidth
................................................................................................................................................ 19

Ill. b) S-CIELAB Error for Alternating Projections & Matlab Code.............ccoouiiiiiieaciiiniiis 25
Ill. @) Homogeneity Demosaicking AlQOItIML.........cooiiuiiiiiiiieen it reeee e 27
Ill. b) S-CIELAB Homogeneity Method Error & Matlab Code.............ccoooiiiiieeeiiiii e, 30
IV. Adaptive Bilateral AlGOrthM .........ooiiiii e 33
IV. a) SCIELAB Error Results For Adaptive Bilateral Filterl.............cooviiiiiiiieeee e 34
V. REPORT SUMMARY AND CONCLUSIONS........outtiiiiiiiiiiieeesieee s siiiieee e siiaeee e smnee s snnnneeae s 40

V. a) Error Comparison Results for Alternating Projections, Homogeneity, Bilateral, and Bilinear
Y o o 11 ] 1SN Lo
Appendix I. References & Bibliography............uuuieiiiiiii e 50
ApPendiX 1l Matlah COOE ..........uviiiiii e ere et 51
Appendix Ill. Project ReSPONSIDIlILIES..........veiiiiiiii s 51



Table of Figures

Figure 1: A Bayer Color Filter Array (CFA) requires demosaicking to reconstruct the missing color

pixel components for €ach COIOT PlANE..........ooii i e 5
Figure 2: Original Lighthouse and Bayer IMage.............cooiiiiiiiieeeiieee et eeeee e reee e 6
Figure 3: Bayer Mosaic (RGGB) for Bilinear Interpolation & Nearest Neighbat.................ccvveeeeeee. 7
Figure 4: Bayer Mosaic for Smooth Hue TranSition..............eoiiiiiimeeiiiiiee e 8
Figure 5: Bayer Mosaic for Adaptive Edges Sensing AIgOrithim............ccooiiiimeniie e 9
Figure 6: Gaussian Kernel for the Adaptive Bilateral Filter..............cooiiiimeriiiiiiieeee 11
Figure 7: Original photo (left) versus bilateral smoothed image (right)..........ccccvevvvvieeeiciivivninennn, 12
T [0 TS = T 1Y =T O - NSO 13
Figure 9: Masks for Adaptive Bilateral Demosaicking (Ramanath [11])..........ccccceevviiieccnneeeeeneennn, 14
LT T =0 O 15
Figure 11: Bilateral Demosaicking Implementation IMageS.........ccvvvvviviiiiiceciiieeeeeeeeeee e 17
Figure 12: Bicubic interpolation of Bayer Mosaic on tigitroduces errors into the picture (original on
=Y RSP 18

Figure 13: High frequency substitution from the green channel to the red and blue reduces colori#tifacts.
Figure 14: 2D Fourier transform of lighthouse image. Notice how the high frequencies are strongly
correlated in each Color ChaNNEL...........ooi i ee e e eenernereee 20
Figure 15: Redcolor plane minus green color plane leaves only low frequency data.................... 21
Figure 16: Fourier transform of Original, Red-Green, and BlueGreen color planes. Frequency

spectrum of the difference mages, shows that the high frequencies are highly cross correlated in the

red and green frequencies, as well as the blue and green frequencies...........ccccvvvvvviieeereeeeeivennnn. 21
Figure 17: Wavelet Decomposition: High frequacy components are stored in the wavelet coefficients
found in the horizontal, vertical and diagonal detail windows on the top right, bottom left, and

bottom right of the decomposition illustration. The low frequency content is found in the top left

1771 T [ 2P USURURRRR 22
Figure 18: Wavelet decomposition into high/low frequencies with vertical/horizontal/diagonal

LT 0] 0 F= 1 (o £ SRR 23
Figure 19: Flowchart showing how the Alternating Projections demosaicking works using wavelets.
....................................................................................................................................................... 24
Figure 20: Iteration allows Alternating Projections to converge to a solution for the interpolated
samples i the green and red ChanNEIS..............ouiiiiiii e 25
Figure 21: Histogram of errors for Alternating Projections...............ueeiiiiecciiiiin e e eeeeeeeeeivemee e 26
Figure 22: SCIELAB Errors for Aternating Projections. Green areas are errors greater than 10 in CIELAB
space. Red lines indicate edges, based on the original figure.............coovvieeer s 27
Figure 23: Red & Blue Channel Reconstruction for Hoemaity Algorithm...............ovvviiiiiniiicecinnnn. 29
Figure 24: Homogeneity refers to deciding which direction to interpolate the picture, either vertically or
horizontally, based on the shared chromaticity and luminosityesadf a pixel region............ccccceeeen. 30
Figure 25: Error Map for Homogeneity Method...........oouuuiiiiiiiene e 31
Figure 26: Histogram of Errors for Homogeneity Methad..............ccueiiiieaciiiiiceeeee 32
Figure 27: SCIELAB Edge Error Map. Green areas are where errors are greater than 10, while red lines
indicate edges from OrigiNal IMAGE..........uiiii it et eree e e e e e ane 33
Figure 28: Original (Left) and Bilateral Filtered (Right). No Bayer demosaicking was implemented for this
.07 o = 2R 34
Figure 29: SCIELAB Error Map for Bilateral Filtered Image..............uuuuiiiiiiiiieaeiiiiiiiiieiieeeeeee e 35
Figure 30: Histogram of Errors for Bilateral Filtered Image.............ooooiiiieee e 36
Figure 31: Bilateral Error Edge Map: Green areas are locatihase errors are greater than 10. Red lines
indicate edges from OFgINAl IMAGE.........u i i e enne e 37
Figure 32: Original (Left) Versus Bilateral Filtered (w=5 sigma =3 & Q.1).......cccvvevreriniinmninnnnnnn. 38
Figure 33: Error map for Bilateral Filtered Image: (w=5 sigma =3 & 0.1)........ccccvvvreriiiemmnnnnnnnnn. 39
Figure 34: Histogram of Errors for Bilateral Filtered Image: (w=5 sigma =B1&........cc.c.cecvrvrereerns 39
Figure 35: Edge Error Map for Bilateral Filtered Image: (w=5 sigma =3 & 0.1). Green areas indicate
errors greater than 10, while red lines show edges from original image.............ccveviieenceeniiinneeeens 40



Figure 36:

S CIELAB Comparison of Errors for Bilinear, Alternating Projections, and Homogeneity

Demosaicking Algorithms. Green areas are locations where errors are greater than 10. The red lines
indicate original IMAGE'S EUQES. ....uuuuriiiiiiiiiii et e e e e e e e e s e e e ree s e e s e annns 41

Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44
Figure 45:

Homogeneity versus Alternating ProjeCtionS...........c.ocvveeiiiiiiiiieniiieeee e eees 42
Bilinear versus Alternating ProjECHIONS. ........ccoiiiiiiiiieiiiiieeeiieeee e 43

Macbeth Color Chart COMPAIISONS. ......cccoiiiiiiiiie et a4
Frequency OrEntation TEST.........cuuiii ettt e s e e 44
SIaNted Bar TESE.....uiiiiiiiiiiiiiiiiiereiiiieiiee e e e et e e e e eeereeerreeeeeeeaaaeseeseesssmmeeeaaaeaeeeseenennnnn BD
Comparison of MSE (Data for this table includes data compiled from.[3]).................... 46
Computational Complexity (comparison made using Matlab's Tic/Toc time elapsed functions).
Computational Complexity (Normalized t0 BiliN€ar)............uuvveeviiiieeciiiiiiiieriieeeeeeeeeeeead 48
SCIELAB DE EFTOF ... .ottt e ettt eemeeeee et bbbt e e s e e e e e e e e ananeseaeaaaaeaanes 49



I. Introduction

Cost effective digital cameras use a siAghage sensor, applying alternating patterns of red, geseh,

blue color filters to each pixel location. The problem of reconstructing a full-talee representation of

color images by estimating the missing pixel components in each color plane is called demosaicking (see
Figurel).

In this report we will examine sae traditional methods ofednosaicking versus some new frequency
domaih methods. We wiltliscusghe Bilinear and Adaptive Bilaterallgorithms and then compare them
with two newer frequency domaitgarithms: the Homogeneity algorithm and thkernating Projections
algorithm

Figure 1: A Bayer Color Filter Array (CFA) requires demosaicking to reconstruct the missing color
pixel components for each color plane



