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Implementation of CFA Adaptive Weighted Color
Interpolation Algorithm Using FPGA

Student: Bao-Fa Wang Advisor: Shih-Yen Huang

Institute of Electronic Engineering
National Chin-Yi University of Technology
Abstract

Modern digital cameras use a single-chip sensor structure. Sensors use

the Bayer pattern color filter array (CFA) to sample red, green, and blue

color (named these. three color as elementary color) arranged in an array,

and each pixel position is only sampling on'efco:lor."Since each pixel lacks

two elementary colors, these pixels make up an image with mosaic format.

Demosaicing, also known as color interpolation, the method estimate

the other two missing elementary colors for reconstruct a full-color image.
The green elementary color are the most in CFA, therefore, first to
reconstruct the missing green elementary color can obtain a good

reconstructed quality. In addition, to reconstruct the red or blue elementary

color, typically use high spectral correlation-based method.
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To improve quality, the traditional method use various interpolation
method according edge detect. For example, the adaptive sub-band
interpolation (ASCI) applied two-dimensional discrete wavelet transform to
detect horizontal and vertical edge, according these edges gradient to select

threshold and associate weight.

However, in hardware design, ASCI take a lot of hardware resource.
To reduce hardware computing resources,’ this thesis implemented a lower
computational method' to. defect .edge and 'se,_lected‘ ‘fewer numbers of
thresholds. Additional!y,.(design a full pipelined hafdware module for CFA
demosaicing using ﬁéldf p,rogra_mmable_ gate array (FPGA). This system,
video signal 1s a Streaming data, each clock cy:fple‘ can output one
reconstructed pixel. According a static timing analysis; the maximum clock
rate is 104.778m{z. Thc software simulation res‘ult‘s‘ ksh'o‘_wed that the peak
signal-to-noise ratio (PSNR) value is 40.72dB,'.c_ompare'd to ASCI’s PSNR
value 40.87dB is onlyO.lSdB less. The ﬁmctional simulation testing for
this hardware system, the CFA demosaic module’s PSNR value is 40.5dB,

only 0.22dB less than the software simulation.

Keywords : Color filter array (CFA), demosaicing, color interpolation, field

programmable gate array (FPGA)
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B @ TR A AR AR B X TR
AR RAMENHBATHBRAGARBIE R CFA B EE LM
metd o B EEAMEAROF RAREH  BRBARBGHKREA
B B 1R A7 A= 1% - A R A (testbench)3f A% £ + 69 B A
%ﬁ’%ﬁﬁﬁ%@@%%%&ﬁﬁ&%iﬂ%ﬂ%%iﬁm,%ﬁ
%G%%%%iﬁﬁﬁﬂ%mm%ﬁ$m%ﬁﬂ%@@®MD%%ﬂ

DR RSB HER - B 45 A CFAREFEARREF LS -

Virtual Camera | CFA Stream

(Continuous Line
Valid Mode)

' Read ' 1 Write

I

Bayerlmage.bin Colorlmage.bmp

CFA Demosaic RGB Stream

Module

Frame Buffer

B 4.5 ##t CFA ST AAREFREE
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4.4 FPGA ¥R &E X

4= Xilinx FPGA & K ¥ > Slice & — 85 k6977 2| & & 31 - Slice
P 284 LUTs(Look-Up Tables):A & % TR A B 4 BB TG FTHR &
HEWMBE T4 UARIREEFBENYEHFE M - @ SLICEM A ] 24
MW E R M A RS YT B Slice » % 4.1 AREELEA
4) FPGA 8 8 % R A1 j;ﬁ E#% - £ Line Buffer» R 4% Fl FPGA P 3f 8
TR UM RAMB1'6 E R } RAMBI6 1’%%4‘*%5':}}?:% 16Kbits > 1 1@
RAMBI16 T:]‘Lx%?fiﬁ%ﬁiﬁ“‘:&% 2048Bytes # Line Bufferob AHF % 64 Line
Buffer ﬁzﬂ%ﬁa 2.4@] RAMBI16 48 5% > 7T SURE K E & 4096 45 F LT 4
1% o i%*fﬁil"%iﬁifﬁé_ﬁ.f&da FPGA P4 #f# ,DS_P48 Slice FFE #. > —
18 DSP48 Slice qu%ﬁ 18x18 ey Tk EH - |

2 41 M5 R 5 AR T RA R R

Device Utilization Summary (XC4VSX35-FF668-10)

Logic Utilization Used Available Utilization
Number of BUFGs 1 32 3%
Number of DSP48s 2 192 1%

Number of RAMB16s 34 192 17%

Number of Slices 1803 15360 11%

Number of SLICEMs 106 7680 1%
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ARE R 58 48 2 3B 1 B Both 4 (place & route)th &) #F A& BF R 4 AT
(static timing analysis) » T £A 7% R # A TAE 850k 4 100MHz & T 4F A #A
50% T &4 B5 B 4 & (timing constraints) > 5 K TAE Bk & 104.778MHz -
4.6 % FPGA ¥ 3 CFA &pfE#E L 5 TRz - AP R14&
B R B a8 1F B FPGA B RtHR 8 CFA #4% % A8 A » 3 B4 & FPGA

MW ELEREREL VB R e RAREERTBET -

4.6 FPGA £ 3 CFA & 464 E B x T MR RIR
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4.5 PSNR o

HTHHEEREEAT ARG ERST LOEZE > FIAERE
1z % tb(peak signal-to-noise ratio, PSNRM&EE A #E TE a0 H 89464% °

PSNR & % &40 F :

- 55°
: PSNR:IO*lOg(LSE] (4-1)
FrameSize
> (q,-P)
MSE = —r=! | | (4-2)
FrameSize

F& 3k > MSE 7%.%’_'3 ﬁ%%éq’ﬁ(mean square errbr) ° 1, 2 B4 %A% % n @
BEE - P A TR BRI BRI Fanesize £ BTN HAE
Zz fe#% - PSNR(E 4 4 dB)/AM S KA K EMD -

AXIRHA 24 kA% Kodak #ALER A Ol AR E - B 4.7
PR IR BRI AN B TO8X512 - BERAAE S T B RIRBILEE

REXGIABRZBRALR > BEOBEEALNERREENEY
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PSNR 14 - X 42 A& M E R B4 EE%B W PSNR FHka
DF L ER MG H(Bilinear) ~ — M5 E L MIEHE(ACPD) - &% £ B4

#5(EBCD ~ A 2 B R Ao B BF L &5 £ B354 5 (HEID) ~ 8 & 1k 45
B AR RASCO A R A X AR M ey BB H BB L - B d
Matlab #x #2 F 5 3% Jl\fﬂ’rmz é #ﬁﬁ?ﬁ Ak Fr4E 8 89 PSNR & %
40.72dB g2 ASCI ,giv:;é.n‘;-éﬁ PSNR f# 40. 87dB 48 £ 0.15dB - A A
RF AR B EOHENE J&Hxﬁ ASCI /:‘:;’r/é:- AR SRR
s HEE EPT s%é'Jfﬁi ASCL® B ik ity & K 48 s&'éﬂo BR - ERMER
BT R B D BB AR - CFA . %%iif; ‘a8 FPGA 7 A it
,aﬁféﬁééiﬂj)dzéézéag?’aé%ﬁ{% R 49 it o ’%*(40 50dB) B 5 4.8 #1849 A

BAEAREE R BT -
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* 42 E#E 144 PSNR A (E 4 : dB)

Bilinear ACPI ECI HEID ASCI Proposed
«Image | Channel Proposed

2] [4] [3] [5] [7] e

R | 3563 | 40.54 | 41.98 | 41.96 | 42.52 | 42.60 | 41.28

1 G | 39.16 | 4458 | 44.96 | 4635 | 4720 | 46.97 | 46.40
B | 3526 | 4021 | 42.68 | 43.01 | 4338 | 43.61 | 42.65

R | 2771 | 32.62 | 3555 | 4022 | 41.00 | 40.29 | 40.00

2 G | 3211 | 37.34 | 3806 | 43.44 | 44.05 | 4329 | 43.09
B | 2788 | 3274 | 3511 | 3923 | 39.81 | 3930 | 39.01

R | 3362 | 38.85 | 41.33 | 4247 | 42.92 | 42.88 | 4240

3 G | 3748 | 4323 | 43.03 | 4433 | 46.04 | 45.89 | 45.49
B | 3321 | 38.16 | 39.85 | 40.87 | 4130 | 41.26 | 40.84

R | 2351 | 2865 | 30.94 | 36.01 | 36.63 | 36.56 | 36.42

4 G | 2836 | 3451 | 33.95 | 40.40 | 40.57 | 4033 | 40.19
B | 2346 | 2861 | 30.84 | 3675 | 37.11 | 36.98 | 36.80

R | 32.57 | 37.72 | 40.03 | 43.00 | 43.89 | 43.70 | 43.10

5 G | 3680 | 4274 | 4264 | 4617 | 47.14 | 4681 | 46.41
B | 3262 | 3778 | 39.87 | 4243 | 4317 | 43.01 | 4238

R | 2932 | 33.99 | 36.81 | 39.20 | 40.08 | 39.90 | 39.63

6 G | 33.32 | 3831 | 39.16 | 43.28 | 43.94 | 43.62 | 43.40
B | 2929 | 3408 | 3699 | 40.59 | 41.12 | 40.91 | 40.52

R | 3136 | 36.13 | 3855 | 43.40 | 44.16 | 4326 | 42.70

7 G | 3575 | 40.80 | 41.07 | 46.40 | 46.99 | 46.08 | 45.65
B | 3121 | 36.00 | 37.72 | 4224 | 42.89 | 4227 | 41.74

R | 2816 | 3342 | 3563 | 40.98 | 4131 | 41.34 | 40.74

8 G | 3287 | 39.40 | 3828 | 4427 | 44.07 | 4436 | 44.02
B | 2813 | 3339 | 3548 | 40.32 | 4039 | 40.60 | 39.88

R | 31.16 | 36.15 | 36.72 | 41.04 | 41.97 | 42.44 | 41.76

9 G | 3448 | 4036 | 40.60 | 43.95 | 44.27 | 45.16 | 44.70
B | 2937 | 33.86 | 3232 | 37.66 | 40.18 | 39.79 | 40.10
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Image | Channel Bilinear ACPI ECI HEID ASCI Proposed Proposed
[2] [4] [3] [5] [7] o
R | 2871 | 3334 | 3647 | 4029 | 40.58 | 40.51 | 40.06
10 G | 3259 | 37.39 | 3849 | 4342 | 4323 | 4324 | 42.99
B 2855 | 33.18 | 36.02 | 39.43 | 39.61 | 39.54 | 39.10
R | 3090 | 3525 | 37.60 | 38.66 | 3929 | 39.24 | 38.79
1 G | 3446 | 39.10 | 39.81 | 41.66 | 4239 | 4230 | 42.06
B 30.26 | 34.55 | 36.87 | 3821 | 38.80 | 38.81 | 3839
R | 2697 | 3125 | 3438 | 36.81 | 3690 | 3693 | 36.53
12 G | 30.17 | 3432 | 3643 | 39.68 | 3939 | 39.56 | 39.35
B 2620 | 29.93 | 33.26 | 3537 | 3529 | 3534 | 35.05
R | 27.36 | 31.82 | 3171 | 32.13 | 3533 | 35.15 | 3551
13 G 31.65 | 37.38 | 37.23 | 36.84 | 3991 | 39.97 | 39.99
B | 2806 | 3279 | 33.03 | 33.61 136.08 | 36.14 | 36.00
R | 2946 | 3327 | 3225 | 3482 | 3622 | 36.17 | 36.50
14 G 34.10 | 39.52 | 39.47 | 4129 | 4237 | 4277 | 42.62
B 29.67 | 34.34 | 3499 | 3924 | 40.15 | 40.38 | 40.10
R | 31.44 | 3623 | 3837 | 41.92 | 42.16 | 4220 | 41.50
15 G | 3457 | 39.56 | 4040 | 4434 | 4443 | 4434 | 43.99
B | 3077 | 3533 | 3822 | 4042 | 40.62 | 40.63 | 39.84
R | 27.17 | 31.38 | 3428 | 36.33 | 36.81 | 36.88 | 36.26
16 G 3044 | 34.63 | 36.13 | 3927 | 39.26 | 39.63 | 39.35
B 26.94 | 30.87 | 33.80 | 3550 | 35.82 | 35.96 | 35.54
R 24.97 | 29.62 | 31.10 | 36.10 | 37.41 | 37.16 | 37.44
17 G | 2938 | 34.82 | 3552 | 41.01 | 41.06 | 41.07 | 40.98
B 2491 | 29.78 | 32.63 | 37.86 | 38.05 | 38.03 | 37.85
R 30.27 | 34.00 | 32.80 | 34.30 | 37.34 | 3630 | 37.28
18 G 35.43 | 40.92 | 4021 | 40.62 | 43.72 | 42.89 | 43.50
B 3133 | 3592 | 35.56 | 38.46 | 41.47 | 40.73 | 41.05
R 31.19 | 35.64 | 33.90 | 37.82 | 41.35 | 40.41 | 41.55
19 G 36.10 | 4231 | 41.78 | 42.75 | 45.07 | 4528 | 45.10
B 3249 | 3724 | 3628 | 39.15 | 41.03 | 41.13 | 40.61
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Bilinear ACPI ECI HEID ASCI Proposed
Image | Channel Proposed
[2] [4] [3] [5] [7] ¢
R | 3090 | 3470 | 36.71 | 3543 | 37.72 | 37.06 | 37.95
20 G | 3575 | 4076 | 4124 | 4121 | 43.04 | 42.84 | 43.17
B | 3220 | 36.79 | 3422 | 4053 | 42.12 | 42.00 | 41.88
R | 2536 | 3075 | 32.00 | 3437 | 37.10 | 37.02 | 37.48
21 G | 29.18 | 36.01 | 3654 | 38.41 | 40.88 | 41.07 | 40.94
B | 2566 | 3128 | 33.40 | 34.79 | 36.63 | 36.78 | 36.44
R | 30.10 | 35.09 | 37.93 | 39.22 | 41.73 | 41.13 | 41.66
22 G | 3479 | 4146 | 41.74 | 4449 | 4550 | 45.66 | 4521
B | 3119 | 3634 | 34.05 | 4043 | 4121 | 4127 | 40.73
R | 3050 | 3515 | 3401 | 3876 | 42.12 | 40.87 | 41.39
23 G | 3581 | 4247 | 4198 | 44.69 | 46.59 | 46.18 | 45.60
B | 31.64 | 3660 | 3841 | 41.00 | 42.63 | 4231 | 41.71
R | 2288 | 27.05 | 29.96 | 35.01 | 35.15 | 34.85 | 35.07
24 G | 2648 | 30.80 | 32.66 | 3833 | 37.41 | 3727 | 37.19
B | 2299 | 27.08 | 3046 | 34.06 | 33.76 | 33.71 | 33.50
Ave. 30.64 | 35.59 | 36.73 | 39.83 | 40.87 | 40.72 | 40.50

1. A X CFA 5 bk @ ey ) e ki &5 R
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(g) Proposed (h) Proposed (Function

Simulation)

4.8 BFEmE R I F Eeyaisik R (Images)
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(g) Proposed (h) Proposed (Function

Simulation)

4.9 B FE/2 5K K F kv s g R (Image8)
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