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ABSTRACT

DESIGN AND IMPLEMENTATION OF AN ON-LINE CFA

DEMOSAICKING CORE

The thesis introduces a low-cost algorithm for improving the demosaicking pro-

cess in the texture areas such as one-pixel patterns. The algorithm first detects difficult

texture regions. After the detection process is completed, the algorithm demosaicks

the texture areas using special demosaicking operations whereas non-texture regions

are restored using some of the existing demosaicking approaches. In this way, the

quality of the texture areas in demosaicked images can be improved up to 70% while

the computational complexity of the original demosaicking solution is increased only

slightly.

The new algorithm is implemented as a core by using VHDL (Very High Speed

Integrated Circuit Hardware Description Language) language. The operational ver-

ification of the VHDL implementation is performed on FPGA (Field Programmable

Gate Array). The Virtex-II XC2V500 device is selected in the implementation. The

core is capable of processing 1000 × 1000 pixels real-time digital video and 1000 × n

pixels digital still images. The system operates at 25 MHz frequency and can process

25 images per second which is a sufficient speed for video processing.
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ÖZET

RENK FİLTRESİ DİZİLERİNİN GERÇEK ZAMANLI

YONGA ÜSTÜ MOZAİKLEMEME İŞLEMİ İÇİN

ÇEKİRDEK TASARIMI

Bu tezde, Bayer Filtresinden yüksek kalitede görüntü elde etmek ve kayıp renk-

lerin hesaplanması işleminin performansını geliştirmek için filtrede bir piksel genişliğe

kadar düşen desenlerde eksik renk değerlerini hesaplayan bir algoritma sunulmaktadır.

Algoritma öncelikle bir piksele kadar düşebilen ve eksik renk değerlerinin doğru hesa-

planması zor olan bölgeleri tespit eder. Problemli ve eksik değerlerin hesaplanmasının

zor olduğu bölgelerde, özel bir ara değer hesaplama yöntemi seçilmiştir. Problemsiz

ve kenarların az olduğu bölgelerde ise mevcut olan algoritmalar kullanılmaktadır. Bu

metotla, eksik değerlerin hesaplanmasının zor olduğu, bölgelerde mevcut algoritmaların

hesaplama karmaşıklığı kabul edilebilir bir miktarda aşılarak %70’e varan bir görüntü

kalitesi artışı yakalanmıştır.

Geliştirilen algoritma çekirdek olarak VHDL dili kullanılarak gerçeklenmiştir. Al-

goritmanın Alan Programlamalı Kapı Dizileri (APKD) üzerinde işlevsel doğrulaması

yapılmıştır. Gerçekleme esnasında APKD olarak Virtex-II XC2V500 yongası kul-

lanılmıştır. Geliştirilen çekirdek 1000 × 1000 boyutlarındaki gerçek zamanlı video

işleme ve 1000×n boyutlarındaki durağan görüntü işleme işlemlerini gerçekleştirebilir.

Gerçeklenen sistem 25 MHz frekansta çalışmaktadır ve saniyede 25 tane resim işleyebilir.

Ulaşılan bu hız ise video işleme için yeterli imkanı sağlamaktadır.
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1. INTRODUCTION

Single chip image sensors are widely used in digital imaging devices such as digital

still cameras, video camcorders, PC cameras and even cellular phones. In a cost-

effective device, a monochrome image sensor is covered with a color filter array (CFA).

The CFA consists of filters, each of which allows only one color to be measured at each

pixel. The image obtained at the output of a CFA is mosaic-like. Therefore, a process

called ”demosaicking” is required in order to have a full color image.

The choice of color for each filter and the arrangement of these filters in a CFA

differ depending on the camera manufacturers. Mostly, CFAs with three primary colors,

namely red (R), green (G) and blue (B) are used since images are stored in RGB color

format in computers and the complexity of demosaicking process is comparably low

[1]. Several patterns exist for the arrangement of color filters due to different objectives

of the manufacturers [2]. The most common CFA is the Bayer array [3], as shown in

Figure 1.1. The green filters appear twice more than red and blue ones because the

peak sensitivity of human visual system for luminance occurs at around the frequency

of green light.

Figure 1.1. A Bayer array pattern

In demosaicking, missing color values of each pixel are estimated. If a mosaicked-

image is decomposed into three single-color images, then the missing colors can be

estimated by using interpolation. However, typical interpolation algorithms do not
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produce good results in demosaicking [4, 5]. Observed artifacts are zipper effect, alias-

ing and false colors. These artifacts are due to the fact that color channels are not

independent from each other. For RGB images, cross correlation between channels

has already been found to vary between 0.25 and 0.99 [6]. Based on this fact, two

basic color models for handling color correlation have been proposed in the literature.

In color ratio model, it is assumed that the ratio of color channels is constant in the

interior part of an object [7]. Division is a nonlinear operation. Hence, it is usually

the most time, area and power consuming operation among the four basic arithmetic

operations. In color difference model, it is assumed that the difference between color

channels is constant in the interior part of an object [8, 9]. As its name implies, this

model does not suffer from division operation. Another advantage of this model is that

it perfectly fits linear interpolation model which is the simplest interpolation method

[10]. Hence, computation cost of an algorithm based on color difference and linear

interpolation models is lower than that of an algorithm based on color division and

appropriate interpolation models.

In the literature both color difference [8],[10]-[19] and color ratio [7],[20]-[25] have

been extensively used. Based on these models, interpolation methods for demosaicking

have been developed. In non-adaptive interpolation, bilinear interpolation is the most

preferred approach [8, 10]. In edge-adaptive interpolation, the interpolation is done

along the edges detected by edge classifiers [7, 9], [14]-[20], [26]-[28]. After inital interpo-

lation, some methods try to refine the high frequency components of interpolated color

values so as to reduce aliasing effect [22, 31]. In post processing methods, the demo-

saicked image is subject to false color-correction and sharpening processes [19, 29, 30].

Some of these methods use the original uncorrupted Bayer CFA data.There are also

some methods like pattern matching and template fitting so as to obtain sharper con-

tours and better textured regions [6, 11]. Demosaicked image quality can be improved

by denoising [32] or enhancing luminance [33] and contrast [34]. There are also prepro-

cessing methods: Since mosaicking is a linear shift-variant process, CFA samples are

subject to scaling and linear shifting operations in a recent work so that they will be

normalized at the input of the interpolator [21].
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All of the methods proposed in the literature can be used for ”off-line” demosaick-

ing, i.e. a host computer is used to demosaick the image data acquired by the camera.

However, it cannot be claimed that all of them are suitable for ”on-line” demosaicking

where the camera directly produces the demosaicked image, because the computa-

tional resources and storage units must be small enough to fit in a digital imaging

device. Another important issue is the time that is spent during demosaicking. This

is an important issue during real-time demosaicking in devices like video camcorders.

Power consumption is another challenging problem that should be handled carefully in

portable imaging devices since all of them rely on batteries for operation. In order to

meet all of these constraints, one can consider choosing an algorithm that requires a

few operations per pixel and small storage. Therefore iterative methods like successive

approximation [10] are not favorable for on-line demosaicking, because the number of

operations per pixel is dependent on the number of iterations. Post processing im-

proves the image quality but also increases computational cost. Some post processing

algorithms like median filtering [29] can be included to the demosaicking system with

very little overhead. On the other hand, some sophisticated algorithms [20, 22, 23] use

complex computational steps. Algorithms of this sort are good for off-line demosaick-

ing.

Similarly, memory requirements for on-line demosaicking has to be low. In demo-

saicking, each missing color of a pixel is estimated with estimated or measured color

values of the current and neighboring pixels. Therefore, neighborhood of a pixel has

to be available in the window of computation prior to demosaicking. The dimension

of this window varies depending on different algorithms. It can be as small as a 3× 3

pixels [7] or as big as the picture itself 1 [10] or even bigger 2 [22, 23]. It can be fixed

like most algorithms or variable as it is in [20]. Neighborhood size can be treated as

a measure for estimating storage cost. As a result, the algorithms that require big

neighborhood should be avoided.

1In iterative algorithms like [10], the neighborhood can be as big as the picture itself because
changes in a pixel causes neighboring pixels to change at each iteration.

2In these algorithms, full-color images and full-color sub-images are produced and used in demo-
saicking
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This thesis focuses on finding a cost-effective solution to the on-line demosaicking

problem. The proposed method, which is called ECI+OP, finds one-pixel patterns in a

mosaicked image. In this way, textured patterns are restored better than other low-cost

solutions in the literature. Moreover, its computational cost and storage requirements

are lower than algorithms that produce similar results. It is a gradient-based method

and uses both measured and estimated color values for detecting the direction of an

edge. The proposed method differs from the others in computing the gradient and

processing the edge information: Edge-detector tries to decide whether a pixel is in a

difficult texture region or in a smooth region. If it is in a difficult texture region, then

the directional interpolation of ECI+OP (ECI plus one pixel pattern) is done. If it is

in a smooth region, effective color interpolation algorithm (ECI [8]) is used. ECI is a

low-cost and memory-efficient algorithm that produces very good results in the smooth

interior parts of the objects. Therefore, it is a good candidate for on-chip demosaicking.

On the other hand, it has problems in demosaicking the highly-textured regions [8].

Some methods have already been proposed in the literature so as to improve drawbacks

of ECI [10, 23, 34]. However, they are either expensive or inefficient.

It is also expected that ECI+OP edge-detection and edge-adaptive interpolation

methods to be safely used with other methods in the literature even though it has

not been tried yet. If desired, post processing methods can be applied to improve the

quality of the image produced by the proposed method. Experimentally, ECI+OP

method outperforms other low-cost algorithms [8, 9, 34].

A core for the ECI+OP algorithm has been implemented by using the VHDL

language. The verification of the core is done on a medium-scale general purpose

FPGA, Virtex-II XC2V500. The memory requirement of the algorithm has been low

as expected. Four line memories are used inside the FPGA device. The core can

process the size of 1000 × n still images. There is a constraint on the image width

in the design. Since the line memories used in the design can hold 1024 pixel values,

there is an upper bound on the width of the image. This constraint can be relaxed by

combining more than one line memories together. On the other hand, there is no limit

on the height of the images. The line memories are used in rotation in order to hold
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the pixel values in an image row. For video processing, the core can process at most

1000 × 1000 pixels of real-time video input. The core processes at a frequency of 25

MHz. At this frequency, 25 images can be processed per second which is enough for

video processing purposes.

The thesis is organized as follows: In Chapter 2, ECI algorithm will be summa-

rized. In Chapter 3, the proposed solution is presented with its abilities and limitations.

Its computational cost and comparisons with other existing methods are discussed with

experiments. In Chapter 4, the details of the core implementation are described. The

FPGA implementation of the core is also presented. Chapter 5 concludes the work.
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2. EFFECTIVE COLOR INTERPOLATION (ECI)

ECI is based on color difference model. It assumes that R and B values are

correlated with the G values in the neighborhood of a pixel which is a 5 × 5 window

(Figure 2.1(a)). Based on this model, KR and KB are defined as:

KR = G−R (2.1)

KB = G−B (2.2)

7 8

11

3

1210

4

6

2

5 9

13

1

R7 G8

G11

G3

B12B10

B4

G6

B2

R5 R9

R13

R1

R3 G4

G7

G1

B8B6

G2

G5 G9

R11 G12G10

G13

(a) (b) (c)

Figure 2.1. (a) 5× 5 interpolation window for ECI. Reference CFA samples in the

window when central sample is (b) red, and (c) green.

ECI is a two pass algorithm. Firstly, all missing green values are calculated.

Referencing Figure 2.1(b), estimation of the G value at R7 pixel is done by averaging

KR3, KR6, KR8 and KR11:

G7 = R7 + 0.25 (KR3 +KR6 +KR8 +KR11) (2.3)

Since R7 is not surrounded by R values, KR values are obtained by estimating the R

values from the two adjacent R samples. For example, calculation of KR3 needs G3

and R3 color values. However, that pixel has only the green value, G3. Estimation of
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R3 can be done by averaging R values surrounding G3:

KR3 = G3 −R3 = G3 − 0.5 (R1 +R7) (2.4)

After green plane interpolation, red and blue channel interpolations are done. In Figure

2.1(b), blue is the other missing color. Its value is calculated by using KB’s of the blue

values at the neighbourhood.:

B7 = G7 − 0.25 (KB2 +KB4 +KB10 +KB12) (2.5)

In this way, all color values are completed for a red or blue CFA sample.

Now let us consider another case shown in Figure 2.1(c). Here, CFA sample of

the central pixel provides us green color value. Since there are only two neighbors for

each missing color, they can be estimated as follows:

R7 = G7 − 0.5 (KR3 +KR11) (2.6)

B7 = G7 − 0.5 (KB6 +KB8) (2.7)
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3. INTERPOLATION IN TEXTURED REGIONS

Performance of the ECI algorithm is quite low at extremely high frequencies [8].

This drawback can be reduced by using the edge-directed interpolation method that

is described in the following section. It can also be used with other methods in the

literature. However, this method cannot be regarded as a post-processing algorithm

because edge-directed interpolation of one pixel affects the interpolation of neighboring

pixels.

(0,0) (0,1)(0,-1)(0,-2) (0,2)

(-2,0)(-2,1)(-2,-
1)

(-2,-
2) (-2,2)

(2,0) (2,1)(2,-1)(2,-2) (2,2)

(0,0) (0,1)(0,-1)(0,-2) (0,2)

(-2,0)(-2,1)(-2,-
1)

(-2,-
2) (-2,2)

(2,0) (2,1)(2,-1)(2,-2) (2,2)

R=0
G=255
B=0

R=0
G=0
B=255

R=0
G=0
B=0

R=255
G=255
B=255

Figure 3.1. A one-pixel pattern and its corresponding mosaicked image. R, G and B

values are given for colors.

The proposed algorithm successfully detects edges which are apart from each

other by just one pixel, as observed in Figure 3.1. Green plane is used for both detection

and interpolation. The pixel neighborhood for edge detection is a 3× 3 window which

is located at the center part of the 5× 5 window of the ECI (Figure 3.2).
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In this chapter, we introduce the improved algorithm called ECI+OP and it is

explained in detail in Section 3.1. The discussion of the algorithm is made in Sec-

tion 3.2. The computational cost of the algorithm and the comparisons between the

ECI+OP and the previous algorithms in terms of computational cost are presented in

Section 3.3. Finally, experimental results are given in Section 3.4.

3.1. The ECI+OP Algorithm

Let IH and IV be the horizontal and vertical interpolators for the pixel at the

center. Regardless of the CFA color sample, the interpolators for central pixel are

defined as:

IH = 0.5 (G6 +G8) (3.1)

IV = 0.5 (G3 +G11) (3.2)

7 8

11

3

1210

4

6

2

5 9

13

1

Figure 3.2. Edge-detector and edge-directed interpolator window on ECI window

Decision on the existence of an edge is given by interpreting D which is the

difference between two interpolators.

D = |IH − IV | (3.3)
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False edge detection can be avoided by checking whether D is greater than a

threshold value α. This threshold can be set by the camera manufacturer. If D is

smaller than α, then it is assumed that the pixel is in the smooth region and all of its

missing colors can be estimated with ECI. Otherwise, it is assumed that it is on an

edge and an edge directed interpolation has to be carried out.

The direction of the edge is estimated by using the G value of the pixel at the

center. In this operation, it is assumed that if G value is closer to IH , then it is more

likely that the edge is horizontal. Hence, two classifiers δH and δV are defined for

vertical and horizontal edge classifiers:

δH = |G7 − IH | (3.4)

δV = |G7 − IV | (3.5)

In other words, if δH < δV , then the edge is horizontal. Obviously, only half of the

CFA samples are green. Therefore G value for each red or blue CFA sample has to

be estimated by the ECI algorithm prior to edge direction detection. Depending on

the color of the CFA sample for the central pixel, there are two cases in the proposed

method:

R3

G7 B8B6

R11

R3

G7 B8B6

R11

(a) (b)

Figure 3.3. Edge-directed interpolation for the green CFA sample at the centre:

(a)X=Blue and Y=Red, (b) X=Red and Y=Blue
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3.1.1. CFA Sample for the Central Pixel is Green

In this case, blue and red values are missing in the central pixel. However if one

missing color X exists in the horizontal neighboring CFA samples, the other missing

color Y appears in the vertical neighboring CFA samples as shown in Figure 3.3. Edge

directed interpolation allows interpolation in one direction. For example, if the central

pixel is on a horizontal edge, then the missing X color value is calculated with the

linear interpolation of X samples in the horizontal direction:

X7 = 0.5 (X6 +X8) (3.6)

However, there is not enough information for making a good edge-directed estimation

for Y color value in a horizontal edge. Therefore, this value is computed with the ECI

algorithm. Interpolation along a vertical edge is carried out in a similar manner.

R7 G8

G11

G3

B12B10

B4

G6

B2

R7 G8

G11

G3

B12B10

B4

G6

B2

(a) (b)

Figure 3.4. Edge-directed interpolation for a blue or red CFA sample at the center:

(a)Central CFA sample is Red and C=Blue, (b) Central CFA sample is Blue and

C=Red

3.1.2. CFA Sample for the Central Pixel is Red or Blue

In this case, one missing color is green. Let the other missing color be denoted

by C. Green CFA samples surround the central pixel in the horizontal and vertical

directions. The CFA samples of C appear in the diagonal directions. This placement

is shown in Figure 3.4. Whenever there is an edge, the green color value of the central

pixel is the same with the directional interpolator. For example, if there is an horizontal
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edge, then

G7 = IH (3.7)

Calculation of other missing color is not as straightforward as green value estimation.

Diagonal CFA samples cannot be used directly because the distance between each C

pixel is two pixels. Therefore estimated C values for green CFA samples on the edge

are used. For example, if the edge is horizontal, then

C7 = 0.5 (C6 + C8) (3.8)

Interpolation along a vertical edge is done similarly.

R=197
G=56
B=183
R=197
G=56
B=0

R=197
G=0
B=0
R=0
G=56
B=0
R=0
G=0
B=183

Figure 3.5. The Bayer array may produce the same mosaicked image in the images

where either R or B color values are allowed to vary.
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3.2. Discussion

The proposed algorithm is effective in detection of one-pixel patterns when the

color information varies in G color values, but it does not give correct results when the

information varies only in R and B values in one-pixel patterns whereas G values are

uniform. However this limitation is valid for every algorithm developed for a Bayer

array because the problem lies in the placement of the color cells. This can be illustrated

with an example: Consider the synthetic images shown at the upper row of Figure 3.5.

In these images, G and R values are constant. Blue values are also held constant in the

first one, but allowed to vary in the others. After the Bayer array, all of these images

have the same mosaicked image.

R=250
G=56
B=150
R=197
G=56
B=0

R=197
G=0
B=0
R=0
G=56
B=0
R=0
G=0
B=183

Figure 3.6. Texture may not be estimated correctly in the images where G color

values are held constant while R and B color values vary simultaneously.

Another example is shown in Figure 3.6 where R and B values are allowed to

change simultaneously, but G is held constant. It is impossible to extract the correct
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patterns in these examples and similar images when green channel is not effected with

one-pixel patterns. The solution to this problem can be found by either changing the

type of the CFA array.

Original =30 =45 =60 =75 =200

Figure 3.7. Effect of α in demosaicking. The best threshold value for this image is

α = 75

The edge-detector of ECI+OP detects each variation in G values. However,

identification of a variation as an edge is completely dependent on the value of the

threshold α. Similarly, detection of one-pixel patterns with gradual edges depends on

α which is a parameter to be determined by the camera manufacturer. Undesirable

results can be obtained if α is not chosen appropriately (Figure 3.7).

(a) (b)

Figure 3.8. A one-pixel wide diagonal pattern (left), and its corresponding mosaicked

image (right).

The algorithm can also extract many diagonal patterns. Several examples for

diagonal patterns have been presented in Section 3.4. However, when the pixel separa-

tion between two diagonal lines is one pixel, then it might not generate correct results

due to lack of green samples. In Figure 3.8, the CFA sample at the center (identified

with a pink border) has no green CFA samples at the diagonal neighbors. Hence if it is
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tried to make an interpolation in the diagonal direction, the estimated green values at

the diagonal pixels obtained from ECI can be used. However, ECI produces the same

green values for the pixel at the center and its northwest and southeast neighbors.

So the interpolation effort in the diagonal direction will be redundant. Actually, the

edge-directed algorithm does not even operate at such patterns. It leaves interpolation

to ECI.

Even though the proposed algorithm has been combined with ECI, it can also be

used with other spatial algorithms that are based on color difference and color ratio

model. It can be used for replacement of an existing edge-detection and edge-adaptive

interpolation mechanism. If the output of the proposed solution is post processed in

the way that it is proposed in [19], then the results will be improved.
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3.3. Computational Cost

Computational costs of the ECI+OP algorithm and other selected algorithms

from the literature are presented in Table 3.1. These costs are computed by counting

the operations that needed to estimate each missing color value for every CFA sample.

OG, OB and OR are defined as the number of operations that are used in the calculations

of R and B values for G samples, R and G values for B samples and B and G values

for R samples respectively. Since green CFA samples are two times more than B or R

samples, then the average demosaicking cost for a pixel is

OAV E = 0.5 ∗OG + 0.25 (OB +OR) (3.9)

The varible i is used in successive approximation method because number of operations

per pixel depends on the number of iterations. Computational cost of optimal recovery

cannot be calculated by using the approach in other algorithms, because the green plane

interpolation requires a training set and an optimization problem is solved. Green plane

interpolation is done in two passes and the authors estimate each pass to take 1200

operations per pixel [20].

Table 3.1 shows that the proposed algorithm (ECI+OP) is quite inexpensive

compared to other methods in the literature. Obviously it is more expensive than

ECI, because it uses ECI as a subroutine. However, this overhead in computational

resources occupies at most 15% of the smallest Virtex-II FPGA.

The ECI algorithm realizes the color plane interpolations in a 5×5 window. The

proposed algorithm makes edge detection in a 3 × 3 window whose center coincides

with the center of 5× 5 window as shown in Figure 3.2. It uses a subset of pixels that

are used by the ECI. Therefore it does not cause an additional on-chip memory cost.
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Table 3.1. Computational cost per pixel (i: number of iterations)

ADDs MULTs SHIFTs ABSs COMPs DIVs Total

ECI [8] 9 0 4.5 0 0 0 13.5

ECI+Luminance [34] 101 43 15 0 5 11 175

Color Filtering and

a posteriori

Decision [19] 33 0 5.5 6 0.5 0 45

Successive

Approximation [10] 34i 0 16.5i 0 0 0 50.5i

Variance of Color

Differences [15] 263.5 18 56.5 40 2 22 402

(ACPI) [9] 24 0 19.5 2 1 0 46.5

Primary Consistent

Soft Decision [14] 258 4 6 0 3 0 271

Optimal Recovery

(except green plane

interpolation) [20] 149 0 3 0 0 14 166

Proposed algorithm

(ECI+OP) 15.5 0 8 2 2 0 27.5
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3.4. Experimental Results

The color images shown in Figure 3.9 have been used to evaluate the demosaicking

performance of the proposed solution. A problematic region in each image is also iden-

tified and the proposed solution is compared with other computationally inexpensive

solutions (Figures 3.10-3.19). Visual comparison reveals that the proposed algorithm

performs better than other low-cost solutions even though it has lower computational

cost than all of them but the ECI. It is interesting to see that the algorithm presented

in [34] might enhance contrast in images but their performance in problematic regions

is worse than regular ECI.

For objective comparisons, three well-known metrics are used: CIELAB (∆E∗
ab),

mean square error (MSE) and mean absolute error (MAE). However, CIELAB is con-

sidered as a more important metric than others because it is designed to approximate

human vision [35]. The performance of the proposed algorithm in complete images and

in problematic parts is presented in Tables 3.2-3.7. If CIELAB results are examined

for evaluating the performance of the proposed algorithm at problematic regions, it

can be easily observed that the proposed algorithm outperfoms the others. MAE and

MSE results for cropped parts are also much better than the others except one case

which is Figure 3.17. In complete pictures, the performance of ECI+OP is better than

the others in most cases. The average-case, worst-case and best-case performance of

the ECI+OP algorithm compared to other ones are also presented. The average case

performance of ECI+OP algorithm is the best in all three metrics. However, it can also

be seen that there are some cases where the proposed algorithm is not very successful.

In these cases, the worst-case error is at most -5%. However, there is one single case

where the error is about -15% in MSE metric. This is the complete Eiffel1 image.

When a detailed analysis is made, it can be seen that the problem is at almost-black

regions where texture is quite dense. ECI gives the best MSE result for this image

because it treats this region as if it is the interior side of an object and demosaicks it

into a smooth almost-black region.
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Figure 3.9. Test Images: Barbara, Eiffel1, Tower1, Monkey, Lighthouse, Tower3,

Eiffel2, Zebra1, Zebra2, Tower2 (from left to right and top to bottom).

Figure 3.10. Cropped region of Barbara image: Original, ECI+Luminance [34], ECI

[8], ACPI [9], and ECI+OP (From left to right).
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Figure 3.11. Cropped region of Eiffel1 image: Original, ECI+Luminance [34], ECI [8],

ACPI [9], and ECI+OP (From left to right).

Figure 3.12. Cropped region of Eiffel2 image: Original, ECI+Luminance [34], ECI [8],

ACPI [9], and ECI+OP (From left to right).

Figure 3.13. Cropped region of Lighthouse image: Original, ECI+Luminance [34],

ECI [8], ACPI [9], and ECI+OP (From left to right).
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Figure 3.14. Cropped region of Monkey image: Original, ECI+Luminance [34], ECI

[8], ACPI [9], and ECI+OP (From left to right).

Figure 3.15. Cropped region of Tower1 image: Original, ECI+Luminance [34], ECI

[8], ACPI [9], and ECI+OP (From left to right, top to bottom).
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Figure 3.16. Cropped region of Tower2 image: Original, ECI+Luminance [34], ECI

[8], ACPI [9], and ECI+OP (From left to right).

Figure 3.17. Cropped region of Tower3 image: Original, ECI+Luminance [34], ECI

[8], ACPI [9], and ECI+OP (From left to right).

Figure 3.18. Cropped region of Zebra1 image: Original, ECI+Luminance [34], ECI

[8], ACPI [9], and ECI+OP (From left to right).
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Figure 3.19. Cropped region of Zebra2 image: Original, ECI+Luminance [34], ECI

[8], ACPI [9], and ECI+OP (From left to right).

Table 3.2. ∆E∗
ab results for cropped images given in Figures 3.10-3.19

Percent Improvement of

ECI+OP over

ECI ECI+L ACPI ECI+OP ECI ECI+L ACPI

Barbara 25,87 38,39 32,49 22,16 14,35 42,27 31,80

Eiffel1 10,34 10,82 10,80 10,13 2,04 6,38 6,28

Eiffel2 395,21 421,34 323,20 320,92 18,80 23,83 0,70

Lighthouse 60,50 83,10 40,30 18,25 69,84 78,04 54,72

Monkey 39,51 40,22 42,68 37,05 6,24 7,88 13,20

Tower1 192,87 199,53 244,69 175,66 8,92 11,96 28,21

Tower2 77,61 81,08 71,42 65,74 15,29 18,92 7,96

Tower3 21,69 24,48 21,29 19,33 10,89 21,04 9,23

Zebra1 30,33 33,70 34,71 30,10 0,75 10,67 13,29

Zebra2 127,82 147,00 122,63 122,01 4,55 17,00 0,51

min 0,75 6,38 0,51

max 69,84 78,04 54,72

ave 15,17 23,80 16,59
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Table 3.3. ∆E∗
ab results for complete test images given in Fig. 3.9

Percent Improvement of

ECI+OP over

ECI ECI+L ACPI ECI+OP ECI ECI+L ACPI

Barbara 14,71 19,28 17,67 14,42 2,01 25,23 18,44

Eiffel1 18,29 19,92 18,21 18,45 -0,87 7,40 -1,32

Eiffel2 39,36 42,43 38,50 39,41 -0,15 7,10 -2,38

Lighthouse 10,98 11,97 10,81 9,89 9,93 17,38 8,50

Monkey 55,46 56,92 57,90 55,51 -0,09 2,48 4,13

Tower1 17,10 18,31 17,36 16,04 6,19 12,39 7,63

Tower2 34,96 36,81 33,98 31,31 10,44 14,94 7,84

Tower3 44,34 49,85 46,47 42,97 3,09 13,79 7,53

Zebra1 40,38 44,77 42,82 40,34 0,10 9,91 5,80

Zebra2 70,84 81,16 75,08 69,60 1,75 14,24 7,30

min -0,87 2,48 -2,38

max 10,44 25,23 18,44

ave 3,24 12,49 6,35
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Table 3.4. MSE results for cropped test images given in Figures 3.10-3.19

Percent Improvement of

ECI+OP over

ECI ECI+L ACPI ECI+OP ECI ECI+L ACPI

Barbara 323,10 572,55 302,28 139,14 56,94 75,70 53,97

Eiffel1 26,91 35,47 25,76 21,24 21,08 40,12 17,55

Eiffel2 615,55 697,52 345,85 315,35 48,77 54,79 8,82

Lighthouse 423,42 1117,90 177,39 28,56 93,25 97,44 83,90

Monkey 405,84 525,36 415,21 303,07 25,32 42,31 27,01

Tower1 214,83 235,66 334,43 167,22 22,16 29,04 50,00

Tower2 704,96 826,11 507,20 384,81 45,41 53,42 24,13

Tower3 154,68 231,47 69,76 72,83 52,92 68,54 -4,39

Zebra1 214,88 302,05 283,63 206,29 4,00 31,70 27,27

Zebra2 917,46 1170,20 644,88 588,32 35,88 49,72 8,77

min 4,00 29,04 -4,39

max 93,25 97,44 83,90

ave 40,57 54,28 29,70
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Table 3.5. MSE results for complete test images given in Fig. 3.9

Percent Improvement of

ECI+OP over

ECI ECI+L ACPI ECI+OP ECI ECI+L ACPI

Barbara 31,83 75,42 40,88 22,45 29,47 70,23 45,08

Eiffel1 33,40 50,28 42,00 38,53 -15,36 23,36 8,25

Eiffel2 114,02 141,32 104,75 105,22 7,71 25,55 -0,46

Lighthouse 36,99 61,61 23,87 20,05 45,79 67,46 16,02

Monkey 195,65 270,99 198,28 188,04 3,89 30,61 5,17

Tower1 62,27 81,44 57,42 46,54 25,27 42,85 18,96

Tower2 321,31 351,79 285,14 214,24 33,32 39,10 24,86

Tower3 87,16 119,39 68,18 65,56 24,78 45,08 3,84

Zebra1 46,23 66,32 58,80 46,06 0,38 30,55 21,67

Zebra2 124,05 200,39 125,57 112,20 9,55 44,01 10,64

min -15,36 23,36 -0,46

max 45,79 70,23 45,08

ave 16,48 41,88 15,40
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Table 3.6. MAE results for cropped test images given in Figures 3.10-3.19

Percent Improvement of

ECI+OP over

ECI ECI+L ACPI ECI+OP ECI ECI+L ACPI

Barbara 9,60 13,21 8,89 7,06 26,39 46,52 20,52

Eiffel1 2,96 3,34 2,98 2,79 5,89 16,70 6,38

Eiffel2 14,19 15,50 9,61 9,47 33,27 38,88 1,41

Lighthouse 12,23 21,16 6,67 3,00 75,48 85,83 55,06

Monkey 13,28 15,27 13,26 11,42 14,01 25,23 13,86

Tower1 9,47 9,80 10,79 7,79 17,81 20,54 27,85

Tower2 14,61 15,94 10,71 10,18 30,31 36,15 4,96

Tower3 7,01 9,08 4,82 4,91 30,00 45,95 -1,81

Zebra1 8,56 9,92 9,59 8,39 1,95 15,42 12,53

Zebra2 17,33 20,01 13,47 13,31 23,21 33,48 1,15

min 1,95 15,42 -1,81

max 75,48 85,83 55,06

ave 25,83 36,47 14,19
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Table 3.7. MAE results for complete test images given in Fig. 3.9

Percent Improvement of

ECI+OP over

ECI ECI+L ACPI ECI+OP ECI ECI+L ACPI

Barbara 2,43 3,50 2,58 2,29 5,54 34,39 11,15

Eiffel1 2,16 2,55 2,19 2,22 -2,69 12,88 -1,20

Eiffel2 4,32 4,90 3,90 4,08 5,65 16,78 -4,50

Lighthouse 2,73 3,37 2,37 2,31 15,40 31,41 2,34

Monkey 8,84 10,28 8,76 8,68 1,77 15,58 0,98

Tower1 3,51 4,07 3,08 3,11 11,25 23,59 -1,00

Tower2 8,50 9,00 6,88 6,92 18,56 23,11 -0,60

Tower3 4,98 5,90 4,43 4,46 10,51 24,53 -0,53

Zebra1 3,10 3,59 3,29 3,06 1,09 14,78 6,90

Zebra2 5,57 6,93 5,77 5,37 3,65 22,50 6,90

min -2,69 12,88 -4,50

max 18,56 34,39 11,15

ave 7,07 21,96 2,04
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4. IMPLEMENTATION

The ECI+OP algorithm is implemented as a core by using the VHDL language.

The VHDL implementation is also verified by mapping it onto the FPGA, Virtex-II

XC2V500. The main implementation concern is the convenience of the algorithm for

”on-line” demosaicking. The computational resources and storage units should be small

to fit the implementation in digital imaging device. The time spent for demosaicking

should be short for real-time demosaicking. Low power consumption is preferred for

portable devices.

The green interpolation is done first in most studies, since the Bayer Array in-

cludes twice more green data than red and blue data.Then the red and blue interpola-

tions are performed. This approach is mostly used in ”off-line” demosaicking. However,

in implementation part it has some disadvantages. Performing the whole green inter-

polation at first means storing the whole image for the red and blue interpolations. In

order to store the green-interpolated image, the size of the memory must be at least as

big as the size of image and the memory size increases when the image size increases.

In this thesis, instead of carrying out the green, red and blue interpolations sepa-

rately, they are combined and performed together. Disrupting the order of the interpo-

lations is not logical, since the abundance of green data results in better demosaicking

results when the green interpolation is performed at first. In the implementation, the

order of interpolations is kept unchanged for a 7× 7 window. The green interpolation

is performed first and then the red and blue interpolations are carried out in a 7 × 7

window. When the whole image is considered, the 7× 7 window traces the image and

the green, red and blue interpolations seem to be fulfilled at the same time.

Combining the interpolations in a 7× 7 window results in small memory require-

ments when compared to perform interpolations in order for the full image. Since

the three interpolations are performed in the same window, the calculated R,G and B

values do not need to be stored in memory and can be given from the output ports of



30

the core. After the image is started to be read to the demosaicking core, the interpo-

lations for R, G and B values starts without waiting for the completion of the image.

A demosaicked image pixel is produced from the outputs of the core as soon as the

operations on that pixel is finished. Therefore, total time required to process an image

is decreased for successive image processing operations.

4.1. Combining Interpolations

As shown in Figure 4.1 and Figure 4.2, the combination of interpolations are

performed in order to find the missing values R and B at location (3,3). In this figure,

Cl and Cr represent the R (or B) values on the left and right neighbors of the central

pixel. Cu and Cd represent the B (or R) values on the up and down neighbors of the

central pixel. As discussed in Chapter 2, the G values for Cl, Cr, Cu and Cd have to

be calculated for the calculation of R and B values for location (3,3).
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Figure 4.1. The 5× 5 blocks to calculate neighboring G values

As shown in Figure 2.1(b), in a 5 × 5 window, where the central pixel is a C

pixel (red or blue), the green value of the center pixel can be calculated. This 5 × 5

window is used to calculate the G values for Cl, Cr, Cu and Cd. The reason for using

a 7× 7 window is the fact that combination of four 5× 5 windows constitutes a 7× 7
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window. The 5× 5 blocks to calculate the G values are shown in Figure 4.1. In Figure

4.1(a), the values needed to calculate the G values for Cl and Cr are shown by grey

and striped pixels, respectively. The values needed to calculate the G values for Cu

and Cd are shown in Figure 4.1(b). The combination of the Figure 4.1(a) and Figure

4.1(b) is shown in Figure 4.2 which corresponds to a 7 × 7 window. The grey pixels

are needed to calculate G values for Cl and Cr and the striped pixels are needed to

calculate G values for Cu and Cd.

0

1

2

3

4

5

6

0 1 2 3 4 5 6

Cd

G

Cu

Cl Cr

Figure 4.2. The 7× 7 block construction

The 7 × 7 window which is called Big Window is shown in Figure 4.3. In Big

Window BW, the three interpolations are done separately, and the BW traces the whole

image file. In diamond shape BW, the main aim is to calculate the B and R values

of the central pixel which is located at (3,3) (row and column index, respectively). In

BW, while calculating the R and B values of the central pixel, the G values of the

(2,3), (3,2), (3,4) and (4,3) are also calculated.

In Figure 4.3, there is also a Small Window which is a 3 × 3 window and used

to calculate the R values on B pixels and the B values on R pixels. BW traces the

rows of the image and calculates all missing G values and R and B values on G pixels.

In Figure 4.3, it can be observed that the calculated values and the original values
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Figure 4.3. Big Window BW (7× 7), the operation window after combining the

interpolations together

of the Bayer Array. The uppercase letters are original Bayer Array values and the

lowercase letters are the calculated values by the BW and SW (i.e. Gbr means G

from original Bayer Array and the R and B values are calculated). By referencing the

Figure 4.3, after the BW block performs its own calculations, the SW block follows

it and completes the missing interpolations so as to obtain the full-color image. The

reason for the operating distance of 2 rows between the SW and BW blocks is that the

values calculated by BW is used by the SW and it waits the needed values to be ready.

In BW, the four G values of the neighboring R and B pixels are calculated first.

In each calculation, the update operation for the calculated G values is also performed.

When the four neighboring G values are ready, the R and B value calculation of the

central pixel is performed by referencing the Figure 2.1(c). In order to calculate the

central R and B values, the equation 2.6 and the equation 2.7 are used, respectively.

In SW, R values on B pixels or B values on R pixels are computed. In order to

perform the mentioned operations, a 3 × 3 window is needed for both the calculation

and the update operations. By referencing the Figure 2.1(b) and the equation 2.5, R
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and B values can be calculated on B and R pixels, respectively. Now, it is more easy

to see that the SW has to follow the BW at least 2 rows before since the SW block

needs the central G value in 3× 3 window and the C values at the corner points of the

3× 3 window to calculate the KR or KB values.

When the BW and the SW blocks are considered, the R, G and B interpolations

are combined together. As mentioned above, by using the given 7 × 7 window, the

interpolations are made in order (not together) but the interpolations seem to be

performed together after the BW and SW pass a particular part of the image.

4.2. The Design Overview

The input and output configuration of the core is shown in Figure 4.4.

ECI+OP Demosaicking Core

din0 (7:0)

din1 (7:0)

din2 (7:0)

din3 (7:0)

din4 (7:0)

din5 (7:0)

din6 (7:0)

EOL

orderInfo (1:0)

CLK

R (7:0)

G (7:0)

B (7:0)

EOL

Figure 4.4. The input and output configuration of the full design

In Figure 4.4, the lines of mosaicked image are read by the wire through dini

ports. The EOL input informs the system that an end of line is met. These inputs are

explained in detail in Section 4.3. The orderInfo signal is a 2-bit input and shows the

type of the first two pixels of the first line of the Bayer Array. If the orderInfo signal is

00, the first line of the Bayer Array starts with RG configuration. The first line of the
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Bayer Array starts with BG, GR and GB configuration when the orderInfo signal is

01, 10 and 11, respectively. The Bayer Array samples and the corresponding orderInfo

inputs are shown in Figure 4.5. The R, G and B outputs of the core represent the red,

green and blue values of a pixel.

(a) (b) (c) (d)

Figure 4.5. The Bayer Array patterns and corresponding orderInfo signals. (a) 00 (b)

01 (c) 10 (d) 11

The modules of the core are shown in Figure 4.6. After the image input is taken,

it is put into a buffer which consists of register blocks. The buffer size is 7× 7 (and an

extension of 3 × 3 window) and the data needed for the BW block are kept ready in

the buffer. The details about the buffer are explained in Section 4.3.

Input Buffer

BW Line Memory

Memory 
Control 
Units

SW

Output Data 
Synchronization 

and Output 
Selection

Data 
Synchronization

Input Output

G on R
G on B
B on G
R on G

B on R
R on B

Figure 4.6. The design overview implemented by VHDL
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BW block in the design is responsible for finding G in all R and B pixels and

finding R and B values on G pixels as discussed in Section 4.1. The input for the BW

block is provided from the input buffer. Since the data in the buffer is always moving,

BW calculates the missing colors and sends the data to the memory. The detailed

explanation for the BW will be given in Section 4.4.

In memory module of the Figure 4.6, four lines of the whole image is stored.

These four rows are the operating row of the BW, which is the row that the central

pixel belongs to in BW, and the first three rows above the operating row of the BW

block. Keeping those four lines in the memory is important in order not to lose the

data calculated by BW and transmit them to the SW. Since SW follows BW after two

rows, the data calculated by BW have to be collected in memory. In Section 4.5, the

memory organization and the read-write procedures will be described in detail.

In data synchronization module after the memory unit, the data needed for the

SW block are taken from the memory and combined with the data coming from the

input buffer. The data coming from the memory are the values calculated by the

BW unit. On the other hand, the SW block also needs the original mosaicked image

values which are taken from the input buffer. Data Synchronization part is discussed

in Section 4.6 and the details of the SW block is explained in Section 4.7.

At the end of the design in Figure 4.6, another module is present for output data

synchronization and output selection. They combine and synchronize the outputs of

the SW block, BW block and the data in the input buffer so as to produce demosaicked

image data. The outputs of the design are the R, G and B values of an image pixel.

These modules are explained in Section 4.8.

4.3. Buffer

The buffer part of the core in Figure 4.6 is designed to feed the BW block. The

mosaicked image data travels along the input buffer and they are passed to BW from

the buffer. The internal structure of the buffer is shown in detail in Figure 4.7.



36
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Figure 4.7. The internal structure of the 7× 7 input buffer

Input buffer takes seven inputs from din0 to din6. They are 8-bit inputs (since R,

G and B values ranges from 0 to 255) and each of them is either a green or a blue or a

red due to the pixel composition of the Bayer Array. At the beginning of the process,

first seven rows of the mosaicked image is fed to the buffer. In other words, first seven

color values in the first column of the image is fed to the buffer in the first clock signal,

then the first seven color values in the second column of the image is fed and so on.

At each clock cycle, first seven color values (corresponds to the first seven rows in one

column, 1 × 7 matrix) of one column of the image are fed to the buffer, from inputs

din0 to din6 in order. This process takes n clock cycles if the width of the image is n.

After feeding the first seven rows of the Bayer Array to the buffer in n cycles, the rows

between 2-8 are fed to the buffer between the cycles n and 2n. When switching from

1st-7th rows to the 2nd-8th rows, an end-of-line (EOL) signal is given to the system in

order to understand feeding the 1st-7th rows is over and switching to another 7 rows

is performed.

Each node in the buffer is a 8-bit register and at each clock cycle it transmits

the data from left to right (Figure 4.7). By using this strategy, 7 × 7 mosaicked data

can be provided at the outputs of the registers. As shown in Figure 4.3, BW block

needs a diamond shape data group as input and the buffer can provide this group of

data once in two cycles. In Figure 4.7, there exists a G data at the center node (3,3)
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R G

(a) (b)

Figure 4.8. (a) The invalid input configuration for BW (b) The valid input

configuration for BW.

at the current cycle. Now the data at the outputs of the flip-flops can be given to

the BW block. In the next cycle, a R data will be shifted to the node (3,3) and this

configuration (Figure 4.8(a)) will be invalid for the BW block since it operates when a

G pixel is located on (3,3). After one cycle, the configuration again will be convenient

for the BW block (Figure 4.8(b)).

While feeding the buffer with the 1st-7th rows, the BW takes the Bayer Array

data from the buffer and starts to find the R and B values on G pixels and G values on

R (or B) pixels in the 4th row. BW calculates the missing color values at the 4th row,

since it operates on the central node (3,3) of 7× 7 group of data in Figure 4.7. When

an EOL signal is introduced to the system, BW block starts to calculate the missing

color values at 5th row since the 2nd-8th rows of the image is fed to the buffer.

Finally, there exists a 3 × 3 window of orange pij values at the right-top of the

buffer in Figure 4.7. It is extended from the first three rows of the buffer and it provides

inputs to the SW block in Figure 4.6. The data in line memory and corresponding 3×3

window of pij data are used together by SW block to generate valid R values on B pixels

and B values on R pixels.
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4.4. Big Window

As discussed in Section 4.1, Big Window (BW) is used to calculate the R and B

values of the central pixel G33 (Green at (3,3) location in buffer) of the buffer in Figure

4.7, and used to calculate the G values of the neighboring pixels B32, B34, R23 and R43

of the central pixel.

Find_Kr
Gup
C1,1
C1,2

Krup

Find_Kr
Gleft
C2,1
C2,2

Krleft

Find_Kr
Gright
C3,1
C3,2

Krright

Find_Kr
Gdown
C4,1
C4,2

Krdown

Average_Kr Avg Kr

Ccenter Add Gcalculated

Update Green
Gup
Gleft
Gright
Gdown

Gupdated

Figure 4.9. The Neighbor Green (NG) part of the BW block

In Figure 4.9, the Neighbor Green (NG) block is introduced as a part of the

BW block. NG block is used to calculate the G value of one of four neighbor cells of

the central pixel (3,3) in Figure 4.7 (B32, B34, R23 or R43). Operation of NG can be

illustrated with an example: The input connections for the NG unit to calculate the

G value of the pixel (4,3) in Figure 4.7 is as follows:

• Gup→ G42, C1,1 → R41, C1,2 → R43

• Gleft→ G53, C2,1 → R63, C2,2 → R43

• Gright→ G33, C3,1 → R43, C3,2 → R23

• Gdown→ G44, C4,1 → R43, C4,2 → R45

By using this input configuration for the NG unit, the KR values for the (4,2),
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(5,3), (3,3) and (4,4) pixels are produced as Krup, Krleft, Krright and Krdown from

Find Kr units, respectively. Then an average taker unit finds the average of four KR

values and adds to the R value at (4,3) location. By performing these operations, the

G value at (4,3) is calculated without an update operation. By using the G values at

(4,2), (5,3), (3,3) and (4,4) pixels, the updated G43 value is calculated according to

Section 3.1.

By using a similar strategy, the G values on B32, B34, R23 and R43 is calculated.

In the BW block, there are four NG units, each for calculating one neighbor G value

of the central pixel G33 in Figure 4.7.

In BW block, calculateC block is formed by combining two of four NG units.

Two NG blocks which are used to calculate the G values at B32 and B34 locations are

combined and called horizontal calculateC block. The other two NG blocks which used

to calculate the G values at R23 and R43 locations are also combined and called vertical

calculateC block. The design of a calculateC block is shown in Figure 4.10. The left,

right, up and down phrases are used to explain the relative locations with respect to

the central pixel G33 in Figure 4.7.

neighborGreen
for left or up

neighborGreen
for right or down

Find_KrCleft or Cup

Find_Kr
Cright or Cdown

Average Subtraction

GCenter

Gleft or Gup

Gright or Gdown

R or B center

Figure 4.10. The calculateC part of the BW block

There are two calculateC units in the BW block, one of which is responsible for

R value calculation of the central pixel and the other one for B value calculation. In
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Figure 4.7, horizontal calculateC calculates the R value on the central G33 pixel, since

R values are located on the left and right of the G33 pixel. In addition, the G values of

the pixels on the left and right of the G33 pixel are calculated. The vertical calculateC

block calculates the B value and the G values of the pixels on the upside and downside

of the G33 pixel on the other hand. The outputs of the calculateC block is shown in

red color in the Figure 4.10.

The whole BW block design can be given in Figure 4.11. BW block is composed

of two calculateC blocks and one of them used to calculate the G values on horizontal

neighbors and one C value at the center, the other one is used to calculate the G values

on vertical neighbors and the other C value at the center.

Find GLeft, 
GRight and the 

first C value

Find GUp, 
GDown and the 
other C value

calculateC horizontal

calculateC vertical

Update C1 
Value

Update C2 
Value

GLeft,Gright,C1

GUp,Gdown,C2

GCenter
Neighbor C1,1
Neighbor C1,2

GCenter
Neighbor C2,1
Neighbor C2,2

Updated C1

Updated C2

GLeft

Inputs from 
buffer

Inputs from 
buffer

Figure 4.11. The Big Window BW block design

If C1 in Figure 4.11 is assumed to be the R value on the central pixel G33 in Figure

4.7, C1,1 and C1,2 corresponds to the R values neighboring to central pixel. Similarly, if

C2 is the B value of the central pixel, C2,1 and C2,2 are the B values of the neighboring

B pixels.

As can be seen in Figure 4.11, the C1 and C2 values that corresponds to R and B

values of the central pixel are calculated and updated in BW block. These values are
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the final values and will be written to the memory. The reason to write the values to

the memory is that they will be needed in SW block calculations. The signals written

in red in Figure 4.11 (Gleft, C1 and C2) are the outputs of the BW block. Since BW

block generates valid data once in 2 cycles as discussed in Section 4.3, the outputs

of the BW block have 2 cycles to be written into memory. In the first cycle Gleft is

written to the memory, and in the second cycle C1 and C2 values are written to the

memory. For example, the data generated for the left neighbor R43 of the central pixel

G33 in Figure 4.7 are written in the first cycle, and the C1 and C2 values of the G33

pixel are written in the second cycle.

4.5. Memory Organization

The memory unit takes two types of inputs as discussed in the previous section.

One of them is the G value at (4,3) and the other one is the B and R values of the

central pixel of the BW block in Figure 4.7. In one cycle, the memory takes G43 input,

and in the next cycle memory takes the R33 and B33 inputs. The data coming to the

memory is written sequentially in order not to lose the order of data in an image row.

The detailed hardware design of the memory block is given is Figure 4.12.

Four block RAMs are used in memory and all of them are dual-port RAMB16 S18

S18 which can store 1024 16-bit words of data. Therefore, in order to store 16-bit data

to the RAMs, the G value of the left neighbor of the central pixel is concatenated with

eight zeros and expanded to 16-bit, represented as 0G in the Figure 4.12. Similarly,

the B and R value of the central pixel is also concatenated and represented as BR in

the figure. In memory, BR data is taken by one cycle delay, in order to get 0G first to

the memory.

The Select Data block is a simple multiplexer and selects between the 0G and

delayed BR inputs. The select signal of the Select Data unit is generated from the

Sequence Generator block. Select Data selects one of the two data inputs in turn (i.e.

order signal like 010101). Sequence Generator takes two inputs as EOL and orderInfo.

orderInfo is the signal that shows the first color in each Bayer Array row. If a row
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Figure 4.12. The memory block of the design
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is starting with a G value the orderInfo signal is 1, otherwise it is 0. This is used to

determine when to select the 0G or BR inputs. If orderInfo is 1, the Sequence Generator

starts with selecting the 0G input (generates a sequence like 010101), otherwise it starts

the sequence by selecting the BR input first (generates a sequence like 101010). The

orderInfo signal is a chip input signal. EOL signal is used to reset the sequence. When

the EOL signal is introduced to the Sequence Generator unit, it checks the orderInfo

signal and restarts the sequence. Due to the characteristic of the Bayer Array, if

orderInfo signal is 0 in a row, it has to be 1 in the next row. In other words, it

toggles when an EOL signal is introduced. As a result, the output of the Select Data

multiplexer is the data that should be written to the memory and it is connected to

the data input ports of the block RAMs.

As discussed in Section 4.2, only four rows of the input image is written to the

memory. The four rows of the image are the first four rows of the Figure 4.7. In other

words, the operating row of the BW block and the three rows above the operating row

are present in the memory. In Figure 4.12, there exists four block RAMs and each of

them is responsible for one of the rows that must be written into memory. While BW

block is operating on a row, the data is written to one memory and the other three

RAMs are emitting the data. The RAM read-write procedure is shown in Figure 4.13.

As shown in Figure 4.13(a), the contents of the 1st, 2nd and 3rd rows of the

image is read from memory and sent to SW block. At the same time, the BW block

is calculating the missing values for the 4th row and writes to 4th RAM. When the

BW block finishes the calculations of missing values for the 4th row, the 1st row will

be obsolete and the data for 5th row is written to RAM1 in which the data for the 1st

row is stored in Figure 4.13(b). In Figure 4.13(c), the 6th row is introduced and the

data for 6th row is written to RAM2 where row2 data is stored.

In Figure 4.12, the RAM Select unit is used to generate the write enable signals

for the RAMs. RAM Select unit is a 2 bit counter and counts up when an EOL signal

is introduced. The 2-bit output of the counter is connected to a decoder and the write

enable signals are created. Every time an EOL signal is activated, the next RAM is
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used for write operations.

RAM1

RAM2

RAM3

RAM4

Read row1

Read row2

Read row3

Write row4

RAM1

RAM2

RAM3

RAM4

Write row5

Read row2

Read row3

Read row4

RAM1

RAM2

RAM3

RAM4

Read row5

Write row6

Read row3

Read row4

(a) (b) (c)

Figure 4.13. (a) Initial RAM contents. RAM4 is used for write and the others are

used for read operations. (b) The RAM contents after the first EOL signal. (c) The

RAM contents after second EOL signal

The Line Counter unit is used to generate the 10-bit memory address. At each

clock cycle the address is incremented by one since the data of one pixel are written to

memory at each cycle. When an EOL signal is introduced, the counter is reset to zero

in order to perform the write operation from the beginning of the RAM.

As mentioned before, all block RAMs in the memory are dual-port RAMs. Both

ports of all RAMs always enabled and A ports are always used for read operations (all

WEA inputs are connected to 0). B port of the RAM in which the operating row data

is written is used for write operations and the B ports of the remaining block RAMs

are used again for read operations.

In order to explain how the read operations from the memory is performed, the

two states of the memory has to be understood carefully. These two states can be

named as 0G-write state in which the 0G input is written and BR-write state in which

the BR data are written.
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4.5.1. 0G-write State

When the 0G input of the memory block is written to block RAMs, the contents

of the block RAMs are shown in Figure 4.14, where it is assumed that the output data

of BW are written into RAM4.

In RAM4, the 0G input for the R pixel is being written. At the same time, the

3 × 3 operation window of SW block is shown as SW Input. The only missing colors

are R values on B regions and the B values on R regions. This interpolation will be

performed by SW block. In 3× 3 SW Input, the data on corner points (0G data on B

region) will not be used in SW block. The center of the 3× 3 block and the neighbors

on left,right,up and down will be needed in SW block calculations (corresponds to the

locations b,x,y,a and c in Figure 4.14, respectively).

0G BR 0G BR 0G BR 0G BR 0G BR

0GBR 0GBR 0GBR 0GBR 0GBR

0G BR 0G BR 0G 00 00 00 00

0GBR 0GBR 0GBR 0GBR 0GBR

00

RAM1

RAM2

RAM3

RAM4

a

b

c

Get a

Get b

Get c

SW Input

x y

Currently written 
pixel

Figure 4.14. Inner sight of the RAMs at 0G-write State
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In 0G-write State, the a,b and c values in Figure 4.14 are given to the output

ports of the block RAMs. Since the system toggles between 0G-write State and BR-

write State, the values at a,b and c locations are emitted from RAM1, RAM2 and

RAM3 once per two cycles.

4.5.2. BR-write State

The second state of the memory block is the BR-write State. The contents of the

RAMs are shown in BR-write State in Figure 4.15.

In BR-write State, the values at x and y locations are emitted. By using this

strategy, the inputs for the SW block are ready after a 0G-write State and a BR-write

State. In BR-write State, the B and R values of a G pixel is written into RAM4 as

shown in Figure 4.15.

In BR-write State, both x and y values are given from the port A of the same

RAM. Since there are two pixels distance between the x and y pixels, the x pixel value

can be gathered by adding a two unit delay at port A. When the y value is gathered

from port A, the x value can be taken from the signal which is connected to port A by

two unit delays in the same clock cycle. The unit delays to take x value are shown in

Figure 4.16. The DOA inputs of the figure are the outputs of the RAMs in memory.

For each RAM, the DOA output corresponds to y value and the output with two unit

delays corresponds to x value.

4.6. Data Synchronization

The data synchronization part of the design in Figure 4.6 is responsible for pro-

viding the correct data transmission to the SW block. Since the block RAMs emit data

at each cycle, the invalid data should not be sent to the SW. The 3 × 3 SW Input in

Figure 4.14 has a C value at the center of the window. If the 3× 3 SW Input is shifted

right by one pixel, the central pixel will be G and the data sent to SW block will be

invalid. In the next cycle, the data sent will be again valid. The main purpose of the
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Figure 4.15. Inner sight of the RAMs at BR-write State

data synchronization part is sending data at correct cycles to SW block and separating

the 16-bit RAM output data into 8-bit color values (i.e. separate 16-bit BR value into

B and R values).

The first part of the data synchronization part is shown in Figure 4.16. The

input shown by DOAi is the output of the A port of the RAMi where i shows the

RAM number from 1 to 4. As discussed in Section 4.5.2, the output from the A port

of a RAM is used both without delay and with 2 cycle delay. The value of the signal

yi in Figure 4.16 corresponds to the y value in Figure 4.15. Similarly, the value of the

signal xi corresponds to x value.

In Figure 4.16, there exist zi signals in addition to xi and yi signals. The zi

signals are formed by concatenating the xi and yi signals in order to be selected in the
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Figure 4.16. Synchronization of block RAM outputs
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same multiplexer MUX3. Instead of using one 32-bit MUX3, two 16-bit MUXs could

be used. The inputs come from block RAMs for the SW block as shown in Figure

4.17(a). The MUXi blocks in Figure 4.16 are used to select the five pixel values in

Figure 4.17(a) from the memory. MUX1 block selects a, MUX2 block selects c values

and finally the MUX3 block selects x, b and y values. In one cycle, the MUX1,MUX3

and MUX2 select a,b and c inputs, respectively. In the next cycle, MUX3 selects z

signal to generate x and y values. In Figure 4.17(b), the 8-bit inputs for the SW is

shown. The a,b,c,x and y values is converted to Bu,Gc,Bd,Bl and Br respectively.

- Bu -

Bl Gc Br

- Bd -

- a -

x b y

- c -

(a) (b)

Figure 4.17. (a) Outputs of memory for SW block (b) The inputs of the SW block

The inputs of the multiplexers in Figure 4.16 are organized to select the SW block

inputs from the appropriate RAMs. To explain the operation of multiplexers with an

example, assume that the operating row of the BW block is written to RAM4 at a

current state of the system. Therefore, the inputs for the SW block have to be taken

from RAM1, RAM2 and RAM3. The RAM Select signal shows the number of the

block RAM that is used for write operation. Since RAM4 is used for write operation

at the current state, the RAM Select signal has the value 3. MUX1 will use the y1

value from RAM1 to generate a value in Figure 4.17(a) and MUX2 will use the y3

value from RAM3 to generate c value. In a similar way, MUX3 will use the z2 value

from RAM2 to generate x, b and y values.

At the output of MUX3 in Figure 4.16, the 32-bit signal is decomposed back as

out2up and out2down. Actually, these values corresponds to y and x values in Figure

4.15 and will be used to calculate Br and Bl values in Figure 4.17, respectively. out2up

output will also be used for Gc value calculation. The out2up, out2down, out1 and
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out3 outputs of multiplexers in Figure 4.16 are connected to latches in Figure 4.18.
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Figure 4.18. Input Generation for Small Window SW block

In Figure 4.18, there are five latches and these are used to transmit the values

generated from 0G-write and BR-write states to SW block at correct cycles. The up,

center and down outputs are the data produced at 0G-write state and the left and right

outputs are the data given to synchronization unit at BR-write state. The order signal

connected to enable input of the latches shows the state in which the data, connected

to data input of latches, are generated in block RAMs. If the order signal is 1, the

data are generated at BR-write state. Otherwise, the data are generated at 0G-write

state. Therefore the latches sends the correct values to the SW block. After latches

send the up, center and down values in one cycle, the left and right values are sent

in the next cycle. However, the up, center and down are still valid in the next cycle

and the SW block can get five color values together. At each two cycles, the SW unit

takes 5 values from synchronization unit and combine them with the values in buffer

and continues its operation.
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4.7. Small Window

As discussed in Section 4.2, the Small Window SW block is used the interpolate

the missing R values on B pixels and B values on R pixels. The hardware design for

the SW block is described in Figure 4.19.
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Average_Kr Avg Kr
Gcenter

Subtract Ccalculated
Gup
Gleft
Gright
Gdown

Cupdated

Update_C_
ValueGcenter

Cup
Cleft
Cright
Cdown

Figure 4.19. The hardware design of Small Window

The input signals for the SW block is gathered from two different blocks. The

first one is the buffer in Figure 4.7. The outputs of the registers represented by pij are

connected to the SW block inputs. In addition to the buffer, the data synchronization

part of the system sends Bu, Bl, Br, Bd and Gc values in Figure 4.17. Assume that

SW block calculates B value on R pixel (R value on B pixel is performed in similar

way). The whole input connection configuration can be summarized as:

• Gup→ p12, C1,1 → p13, C1,2 → p11

• Gleft→ p23, C2,1 → p13, C2,2 → p33

• Gright→ p21, C3,1 → p11, C3,2 → p31

• Gdown→ p32, C4,1 → p33, C4,2 → p31

• Gcenter → Gc, Cup → Bu, Cleft → Bl

• Cright → Br, Cdown → Bd
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The B value of the center of 3 × 3 is calculated in SW block. However, this B

value is not updated. In case of an edge, the B value has to be updated. The details

of the Update C Value block in Figure 4.19 is shown in Figure 4.20. The inputs Gleft,

Gright, Gup and Gdown are connected to the G values at p23, p21, p12 and p32 locations

in Figure 4.7.

Average

Gleft

Gright

Average

Gup

Gdown

Subtractor

Gcenter

Gcenter

Edge 

Detection

Subtractor

H

V Selection

Edge Exists?

Current C Value

Avg. Neighbor C 

Values

Updated C

Figure 4.20. The hardware design of updating C value

The update of C value calculated in SW block is performed by referencing the

update operations in Section 3.1.

4.8. Output Selection

In Output Selection part of the system, the calculated R, G and B color values

or values from input buffer are produced from the output ports of the core. The core

has only three 8-bit outputs and each one of them represents the R, G and B colors

of a pixel. The output is given by starting from the top left pixel of the image and

continues left-to-right and top-to-bottom. The details of the Output Selection unit is

given Figure 4.21.

The RFinal, GFinal and BFinal values are the R, G and B values of one pixel that

is calculated by the algorithm discussed in Section 3.1. In order to get RFinal, GFinal

and BFinal values, three multiplexers are used. The select signal for the multiplexers

are connected to a signal called order that shows which color of the pixel originally

exists in the Bayer Array. If the pixel whose values are being emitted is a G pixel, the

order signal has the value 0. On the other hand, if the pixel whose values are being
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Figure 4.21. The hardware design of Output Selection unit

emitted is a R or B pixel, the order signal has the value 1. In case of the order signal

value is 0, the multiplexers will select the first inputs to emit the R, G and B values

of a G pixel in the Bayer Array. As expected, the second multiplexer will select the G

value from the buffer since the original G value is given to the core. Recall that the R

and B values of the G pixel are calculated by BW block and stored in the RAMs. So,

the first and third multiplexers emits the R and B values from the RAMs, respectively.

If the order signal value is 1, the multiplexers select the second inputs. When the R,

G and B values of the R or B pixel is emitted, the G value of the R or B pixel is

taken from the RAMs since it has already been calculated by BW block. If the original

value of the pixel in the Bayer Array is R, the R value is the p22 value in the buffer

and the B value is calculated by the SW block. On the other hand, if the original

value of the pixel is B, the p22 location value corresponds to B value and the R value

is calculated by SW block similarly. It is useful to remind that the order signal in the

Output Selection block is generated from the Sequence Generator unit in Figure 4.12,

like the orderInfo signal in Section 4.5 and the order signal in Section 4.6.
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4.9. Architectural Modifications for Power Consumption Reduction

The BW block in Section 4.4 generates valid data once at each two clock cycles.

When the data at (3,3) location in Figure 4.7 is G, the BW block generates valid data,

otherwise the generated data for R or B value at location (3,3) is invalid and garbage.

Therefore, feeding the BW block with only valid data makes sense in order to reduce

the power consumption. After feeding the valid data, the new invalid data will not be

given to the BW block in the next cycle and the previous data will remain the same

for 2 cycles.

In order to achieve power reduction in BW block, a new unit is added between

the buffer and the BW block which is the FF Block1 in Figure 4.22. The new block

consists of 8-bit registers and each connection from the buffer arrives to BW block with

a unit delay. These flip-flops are connected at a half-speed clock in order to transmit

the data once in two cycles.

Input Buffer

BW Line Memory

Memory 
Control 
Units

SW
Output Data 

Synchronization 
and Output 
Selection

Data 
Synchronization

Input Output

G on R
G on B
B on G
R on G

B on R
R on BFF Block1

FF Block2

DCM

half-speed 
clock

Figure 4.22. The design overview after architectural modification

The half-speed clock is generated by a Digital Clock Manager (DCM) in the
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FPGA. The DCM generates two half-speed clocks. The first one is the half speed of

the system clock and the other one is the 180 degree shifted version of the half-speed

clock. The reason for using a shifted clock is that the G values shift 1 position in the

Bayer Array when the operating row is changed to the next row. When an EOL signal

is introduced to the system, the operating row is changed, the half-speed clock used

by the unit between BW and buffer is changed to the other half-speed clock. In other

words, the half-speed clock and the shifted half-speed clock are toggled when an EOL

signal is introduced.

The similar strategy is used for the SW block for power reduction. Since SW block

generates valid data once in two cycles like BW block, the valid inputs for the SW block

remains the same for 2 cycles by using an interconnection unit. The interconnection

unit is shown as FF Block2 in Figure 4.22. Therefore, the SW block generates the

same inputs for two cycles and the outputs changes at every two cycles.

4.10. FPGA Implementation

The core is implemented on a Virtex-II 500K gate FPGA. The number of occupied

slices in the design is 1,145 and the total number of 4 input LUTs used is 1,321. There

are four BlockRAMs and 1 DCM unit in the design. The number of resources in

Virtex-II 500K gate device and the utilization of the resources are shown in Table 4.1

in detail. The block RAMs are used in memory block as discussed in Section 4.5 and

the DCM is used in order to generate half-speed clock for power optimization purposes.

The placement of the implementation on FPGA is shown in Figure 4.23.

The synthesized core works at a clock frequency 25 MHz. Since R, G and B values

of one pixel are calculated and produced at each clock cycle, the FPGA can process

1,000,000 pixels at 40ms which corresponds to a 1000 × 1000 image. The reason for

calculating the image size that can be processed in 40ms is to determine the image size

for real-time video processing. Since there are 25 images in a 1sec video, one image

has to be processed in at most 40ms. So, the core has been successfully verified that

it can process 1000× 1000 pixels of real-time video sequence.



56

BW and 
FF Block1

DCM

SW and FF 
Block2

RAMs

Input 
Buffer

Data 
Synchronization

Output Data 
Synchronization

Figure 4.23. The placement of the FPGA implementation
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Table 4.1. The utilization of resources in 500K gate Virtex-II device.

Used Available Utilization

Total Number of Slice Registers 1072 6144 17%

Total Number of 4-input LUTs 1321 6144 21%

Number of Occupied Slices 1145 3072 37%

Number of Bonded IOBs 84 172 48%

Number of Block RAMs 4 32 12%

Number of DCMs 1 8 12%

There is a width constraint on the image size in the design which can be at

most 1024 pixels. Since one row of the image is stored in a block RAM and the block

RAM can store 1024 16-bit data, the width of the image cannot exceed 1024. In order

to process wider images, the RAM size has to be increased. This can be done by

combining more than one RAM and expanding the address size. If two block RAMs

are combined and used, the width of the image can be increased up to 2048 pixels. In

this configuration, eight block RAMs are needed in the design.

Another issue is the image construction by using the data coming from the outputs

of the FPGA. After starting to feed the FPGA with the pixel values of the Bayer Array,

the first R, G and B values of the image are produced after 15 cycles. To construct the

full image, the R, G and B values have to be collected after 15 cycles and should be

placed in a two dimensional image array. If the image width is known, the values should

be placed into next row after the color values are taken in the number of image width

while placing the color values. Otherwise, the values should be placed into next row 15

cycles after the EOL signal. Therefore, the full image can be constructed successfully.

Three software tools have been used for the implementation of the core. Xilinx

ISE 8.02.03i is used for development, Modelsim SE 6.0a is used for performing simula-

tions and the XPower tool of Xilinx ISE is used for power estimation. All simulations

are performed by using simulation resolution of 1ns and 1ps. After the architectural

modifications for power reduction, the simulations are performed by using 1ps simula-
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tion resolution since the DCM unit can be simulated at most 1ps simulation resolution.

The total power consumption of the initial design is 36899 mW and the dynamic

power consumption is 36455 mW. These are the time-based power simulation results.

After the architectural modifications, the total and dynamic power consumption have

reduced to 11844 mW and 11423 mW, respectively. In other words, 68% reduction in

power consumption has been achieved after architectural modification. Even though

the power consumption values are still high, it must be kept in mind that the simulation

resolution has a direct impact on the power consumption.

Table 4.2. Power consumptions for simulation resolution of 1ps and 1ns.

Total Power Dynamic Power

Design in Figure 4.6 with 1ns 1454 mW 996 mW

Design in Figure 4.6 with 1ps 36899 mW 36455 mW

Design in Figure 4.22 with 1ns not available not available

Design in Figure 4.22 with 1ps 11844 mW 11423 mW

In Table 4.3, the total power and dynamic power consumptions for the designs

before and after the architectural modifications are shown for different simulation reso-

lutions. The power consumption of the design after architectural modification with 1ns

simulation resolution is not available since DCM cannot be simulated at this simulation

resolution. The difference between the power consumption of the same design for differ-

ent simulation resolutions is the glitches on the signals. Glitches are unexpected wrong

values on signals. Unequal delays in the combinational circuits may cause glitches. It is

shown in [36] that high power dissipation is one of the major disadvantages of FPGAs

and the main part of the power consumed is caused by glitches. When 1ns simulation

resolution is used, the glitches cannot be noticed and the power consumption is lower

than the simulation with 1ps simulation resolution.

In the core, the BW and SW blocks are combinational circuits and glitches occur

inside these blocks. There are also glitches in Data Synchronization and Output Data

Synchronization modules. As [36] suggests, the power consumption surplus that results
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from the glitches can be eliminated by using the introduction of staging registers and

pipelining. The design after glitch elimination means that the power consumption of

the architecture after modification is at most as the design before modification which

is 1454 mW. Since the architectural modification reduces the power consumption, the

modified design with glitch elimination is expected to have less power consumption

than 1454 mW.

The size of the test image used for power calculations is 10 × 10. The reason

for using a small image is the long simulation time and insufficient RAM size of the

computer (The computer used in simulations has Intel Core2Duo 2.13 GHz processor

and 3.00 GB of RAM). In order to simulate a 10 × 10 mosaicked image, 400 MB of

storage is required and the simulation lasts 35 minutes. In addition, simulations at

1ps simulation resolution for 36 × 36 and 96 × 96 images generate 4.712 GB and 34

GB *.vcd file, respectively. These *.vcd files cannot be processed by Xilinx Xpower

because of the lack of RAM. In Figure 4.24, the total power consumption results are

shown for different image sizes. The figure shows that the total power consumption

slightly changes after 10 × 10 image. Therefore, it is safe to use the results in Table

4.3 in which 10× 10 image size is used.
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Figure 4.24. The total power consumption for images with different sizes. Data labels

are organized as (image size, power consumption in mW)



60

As mentioned in the beginning of the chapter, the core is implemented by using

VHDL and the FPGA mapping is just used for verification of the core. In order to use

the implementation with lower power consumption than FPGA mapping, the Applica-

tion Specific Integrated Circuits (ASIC) can be used. In [37], the power consumption

of the same implementation can be reduced by 7.1-14 times by using ASIC when com-

pared to the power consumption on FPGA. Table 4.3 is taken from the study in [37]

and shows the power consumption ratios of the same designs (FPGA over ASIC).

As [37] shows, the power consumption of the design that is composed of only

memory and logic units can be reduced by 14 times. Therefore, the total power con-

sumption of the proposed core can be reduced approximately to 846 mW by using

ASIC without eliminating the glitches. If both the glitches eliminated and the ASIC

is used, the total power consumption is expected to be under 100 mW.
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Table 4.3. Dynamic power consumption ratio (FPGA/ASIC) taken from [37].

Logic Only Logic &DSP Logic &Memory Logic, Memory &DSP

booth 26

rs encoder 52

cordic18 6.3

cordic8 5.7

des area 27

des perf 9.3

fir restruct 9.6

mac1 19

aes192 12

fir3 12 7.5

diffeq 15 12

diffeq2 16 12

molecular 15 16

rs decoder1 13 11

rs decoder2 11 11

atm 15

aes 13

aes inv 12

ethernet 16

serialproc 16

fir24 5.3

pipe5proc 8.2

raytracer 8.3

GeoMean 14 12 14 7.1
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5. CONCLUSION

In this study, a low-cost edge-detection and edge-directed interpolation mecha-

nism has been proposed. This is used in conjunction with ECI during demosaicking.

It detects difficult texture regions that are overlooked by ECI. As a result, the visual

quality of the demosaicked image is improved.

The ECI algorithm is selected as a partner algorithm in this thesis, because it

is one of the simplest demosaicking solutions and it can produce good demosaicking

results while being relatively easy to implement on hardware. However, the proposed

mechanism can also be used with other methods in the literature. In difficult tex-

tured regions, ECI+OP can achieve 70% improvement over ECI. In general, this is

around 10%. However, if there are no or very few difficult regions, then achievement

of ECI+OP is very close to that of the regular ECI algorithm, as expected.

The overall cost of the proposed method is lower than the cost of the other low-

cost edge-adaptive algorithms. The proposed solution produces better results in the

difficult textured regions. The performance of the proposed algorithm is not compared

with sophisticated and complex algorithms because it is accepted that those algorithms

can produce better results at the expense of very high computational and storage costs.

The proposed algorithm is implemented in VHDL. Verification of the core has

been done on Virtex-II 500K gate FPGA. The implementation can process 1000×1000

real-time video and 1000 × n digital still images. Since the interpolations for the R,

G and B values are combined in a small window, the memory requirement to store

the image data is significantly reduced. By using the power consumption reduction

strategies, the power consumption is reduced up to 68% compared to the design before

architectural modification.

The ECI algorithm is used for demosaicking process for the smooth regions and

the proposed algorithm is used for detection of one-pixel patterns. The optimum thresh-
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old value α is used as a decision parameter in edge detection and can be determined

by a new mechanism. The ECI algorithm and the proposed algorithm used together in

this thesis and new algorithms can be tried for smooth regions instead of ECI algorithm

in the future studies. The power consumption of the core can be reduced by pipelining

or staging registers in order to map on the FPGA as a future work.
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APPENDIX A: L∗, a∗, b∗ Color Space

L∗, a∗, b∗ color space is a color-opponent space based on nonlinearly-compressed

CIE X, Y, Z color space coordinates. L∗ represents lightness (L∗=0 means black and

L∗=100 gives diffuse white) and a∗ (negative a∗ values indicate green and positive a∗

values correspond magenta) and b∗ (negative b∗ values indicate blue and positive b∗

values correspond yellow) represent the color-opponent dimensions [38]. CIE L∗, a∗, b∗

(CIELAB) is specified by the International Commission on Illumination (Commission

Internationale d’Eclairage).

In order to calculate L∗, a∗, b∗ values for a pixel, the X, Y and Z values in CIE

X, Y, Z color space should be calculated by using the R, G and B values firstly [35].

The linear transformation relating R, G, B to X, Y, Z is given below:


X

Y

Z

 =


0.490 0.310 0.200

0.177 0.813 0.011

0.000 0.010 0.990




R

G

B

 (A.1)

The L∗, a∗, b∗ values are given below:

L∗ = 25(100Y/Y0)
1/3 − 16 (A.2)

a∗ = 500[(X/X0)
1/3 − (Y/Y0)

1/3] (A.3)

b∗ = 200[(Y/Y0)
1/3 − (Z/Z0)

1/3] (A.4)

where X0, Y0 and Z0 are tristimulus values of the reference white. In Equation A.5,

CIE L∗, a∗, b∗ color-difference formula is shown. ∆L∗, ∆a∗, ∆b∗ are the difference of

L∗, a∗, b∗ values between the original images and the demosaicked images. In order to

calculate ∆E∗
ab value, the sum of ∆s values for all pixels is divided into the number of
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pixels in the image.

(∆s)2 = (∆L∗)2 + (∆a∗)2 + (∆b∗)2 (A.5)
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