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Abstract

As an important part of image processing, image demosaicking has been widely researched. It is especially
necessary to propose an efficient interpolation algorithm with good visual quality and performance. To improve
the limitations of residual interpolation (RI), based on RI algorithm, minimalized-Laplacian RI (MLRI), and
iterative RI (IRI), this paper focuses on adaptive RI (ARI) and proposes an improved ARI (IARI) algorithm
which obtains more distinct R, G, and B colors in the images. The proposed scheme fully considers the
brightness information and edge information of the image. Since the ARI algorithm is not completely adaptive,
IARI algorithm executes ARI algorithm twice on R and B components according to the directional difference,
which surely achieves an adaptive algorithm for all color components. Experimental results show that the
improved method has better performance than other four existing methods both in subjective assessment and
objective assessment, especially in the complex edge area and color brightness recovery.
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1. Introduction

To save manufacturing costs and reduce the size of the device, most digital imaging devices use
monochrome sensors that can only obtain the change of single color. Therefore, an algorithm must be
used to estimate the loss of color to obtain a full-color image. This process is called demosaicking, which
belongs to image interpolation. Image demosaicking is the key to imaging process, so it is especially
necessary to improve the image quality by improving performance of the algorithm [1].

Since the image sensor captures the change of single color, Bayer [2] covered the photosensitive unit
with an optical filter called color filter array (CFA). Currently, Bayer pattern CFA becomes the most
commonly used model, and its schematic diagram is 5x5 pixels, which is shown in Fig. 1, where R, G,
and B respectively represent color components obtained after passing through a filter of red, green, and
blue. Their positions are marked as Lr, La, and Ls, respectively.

Based on Bayer pattern CFA algorithm, the earliest and most widely used interpolation algorithm was
bilinear interpolation [3], which decomposes CFA into three mutually independent images and processes

them independently. This algorithm is not complicated, which can suppress image overlapping
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effectively. However, in the area with complex edges, color artifacts and serrated effects are produced
by bilinear interpolation [3], therefore, the quality of the image is usually imperfect. To improve this
problem, researchers began to study the correlation of spectrum among different color components.
Gunturk et al. [4] found that the correlation among different color components was mainly determined
by smoothness of chromatic aberration, which means, the smoother the color plane, the better the image
interpolation effect. This theory led to some algorithms based on color interpolation (CI) [5,6] being
proposed. Zhang and Xu [5] proposed a directional linear minimum mean square-error (DLMMSE)
estimation algorithm, which estimates the missing G component adaptively in different directions of the
image. Although the DLMMSE algorithm obtains optimal color-difference evaluation at each individual
pixel location, it ignores the additional information that may be provided by neighboring pixel locations.
To obtain such additional information, Pkkucuksen and Altunbasak [6] proposed a gradient based
threshold free (GBTF) algorithm, which uses a color-difference gradient instead of a color-difference
variance to estimate the missing G component. The GBTF algorithm not only obtains additional
information of neighboring pixel locations, but also eliminates the hard rules of DLMMSE, so the
threshold setting is no longer needed. The GBTF algorithm assumes that the image has hyperspectral
correlation. However, in natural environment, spectral correlation is usually weaker in the edge regions

of the image than in the smooth regions.

i+1

i+2

j=2 j-1 j j+1 j+2

Fig. 1. Bayer pattern color filter array (CFA).

In recent years, Kiku et al. [7] proposed the residual interpolation (RI), which uses a smoother residual
plane than color plane for interpolation, and achieves a remarkable image restoration effect. Based on RI
method, Kiku et al. [8] found that the smaller the Laplacian energy (Lk) of the image, the better the image
interpolation effect. Therefore, they proposed the minimized-Laplacian RI (MLRI) to minimize the value
of Le. However, in these algorithms [7,8], the prediction error generated during the generation of G
component affects the generation of R and B components. To improve this problem, Ye and Ma [9]
proposed iterative RI (IRI) that tested the test datasets iteratively to reduce the estimation error. Kim and
Jeong [10] combined the estimated pixel values with the inverse gradient weights in four directions, so
the prediction error can be reduced. Yu et al. [11] weakened the effects of gradient weights in horizontal
(H) and vertical (V) directions on the prediction error. Monno et al. [12] used the iterative thought of IRI
to combine RI with MLRI, and then proposed adaptive RI (ARI) to generate G component, which
improved the quality of image restoration. However, in the ARI algorithm, a non-adaptive MLRI
algorithm is still adopted to obtain R and B components. Recently, Ni et al. [13] proposed a progressive
collaborative representation (PCR) framework, which can incorporate any existing color image
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demosaicking method and further improve its demosaicking performance. Sun et al. [14] proposed a
hybrid demosaicking algorithm based on fuzzy edge strength and RI method, which has better
performance in terms of structural similarity and visual comparison.

To solve the problem of ARI algorithm, the adaptability of the algorithm is not only applicable to G
component, but also to R and B components. In addition, the interpolation of R and B components
includes not only H and V directions but also the diagonal direction. Meanwhile, it is more difficult to
use the ARI algorithm directly for both types of interpolation directions simultaneously. According to
disadvantages mentioned above, this paper proposes a solution. This paper takes the RI algorithm as
research object. The main research contents include: understanding the principle of obtaining smooth
residual plane by RI, MLRI, and IRI algorithms; reproducing ARI algorithm; improving the interpolation
process of R and B components in the improved ARI (IARI) algorithm; testing and evaluating the image
restoration effects of the five algorithms.

The rest of this paper is organized as follows. Section 2 starts with a brief review of RI algorithm basis
and its derivative algorithm, and then ARI algorithm is described. The proposed method is designed in
Section 3. Experimental results of the proposed method are presented in Section 4. Conclusions and

remarks on possible further work are given finally in Section 5.

2. Related Work

2.1 Residual Interpolation Algorithm Basis and Its Derivative Algorithm

The basic flow of RI algorithm is described in detail in [7]. The important details in RI algorithm
include the interpolation of G component by the GBTF interpolation algorithm [6], and the guided filter
(GF) of the image G generated by G component after interpolation [15], where the GBTF interpolation
algorithm is implemented on the basis of the Hamilton interpolation formula [15]. From [16], in fact, in
the RI algorithm, the cost function minimizes the value of the residual. Therefore, the essence of the RI
algorithm is to obtain the smooth residual plane by minimizing the residual. After that, based on the RI
algorithm, Kiku et al. [8] proposed the MLRI algorithm according to the relation that the image
smoothness index Lk is negatively correlated with the RI effect. The basic flow of MLRI algorithm is
described in detail in [8]. Moreover, it can be seen that in the MLRI algorithm, the cost function
minimizes the image smoothness index Lg, which is a measure of image smoothness. Therefore, the
essence of the MLRI algorithm is to obtain the smooth residual plane by minimizing the image
smoothness.

Later, Ye and Ma [9] proposed the IRI algorithm, which makes the residual plane smooth by iteration.
The basic flow of IRI algorithm is described in detail in [9]. It can be seen that the residual plane becomes
smoother and smoother during the iterative repetition. Therefore, the essence of the IRI algorithm is to
minimize the residual by iterating RI’s minimized residual to obtain the smooth residual plane. Since the
local window size gradually increases during iterative process, it is impossible to judge the iterative
coefficient [17]. Hence, Ye and Ma [9,17] determined the local window size which is an important
parameter of GF and has a huge effect on the performance of the algorithm, thereby determining the

optimal iterative coefficient.
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2.2 Adaptive Residual Interpolation Algorithm

The different principles of RI, MLRI, and IRI algorithms for obtaining smooth residual planes have
advantages in images with different characteristics. Based on RI, MLRI, and IRI algorithms, the optimal
algorithm at different pixel locations is adopted adaptively in ARI algorithm to obtain better G component
interpolation images [12].

Since the calculation of G component at Lr and Ls is the same, this paper only introduces the
calculation of G component at Lr. The following part describes three steps in G component interpolation
process of the ARI algorithm [12]. Since the interpolation and selection process of the iterative
coefficients in H and V directions are the same, this paper only introduces the algorithm and selection
process in the H direction.

Step 1: To obtain a linear G component, the RI and MLRI algorithms are utilized iteratively in H and
V directions to obtain a linear G component. For each interpolated result, a set of directional interpolated
G component images will be generated, and each of them corresponds to one iteration [12].

Step 2: For the interpolation results in each direction, the optimal iteration number is adaptively

selected from the set of directional interpolated G component images at each pixel position, based on
iterative rule proposed in [17]. The iterative criteria C; ;) , at the pixel location (#,/) inthe kth iteration

can be expressed as [12]:
H H m H n
Cap = (di )" (0 ) )
where the superscript (-)"" represents the H direction, and the subscript (), ,,, represents the kth

interpolation at (i,/) . Meanwhile, d (1. Tepresents the difference between the estimated pixel value

and the previous interpolation results, and 54! |, represents the smoothness of the difference. They can

Lk

be denoted as [12]:

d H

Gk = | (i) k

Aot |+ din ] di = |d. —dg

RH RH
(i) )k @k = |4, -1k (i,j+1),k| + |d(i,j—1),k _d(i,j+1),k 2

where the superscripts ()" and (-) RH represent the residual calculation process of R and B components
in H direction, respectively. In addition, the parameters (7,7) are set to the optimal solution (2,1)
obtained in [17]. The optimal iteration coefficient k, . for each pixel location can be adaptively

expressed as [12]:
k. =arg mkin g(cg‘j)’k) ?3)

where the function g(-) represents spatial Gaussian smoothing filter with the standard deviation =2

[12]. When k& is determined, according to the interpolation results of Step 1, the optimal results can

best
be obtained by interpolating RI or MLRI algorithm corresponding to each pixel position in the H or V
direction.

Step 3: Weighted average at each Lr can adaptively combine the results of RI and MLRI algorithms

interpolated in different directions, and the final interpolated image G will be obtained.
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3. Improved Adaptive Residual Interpolation Algorithm

The adaptability of the conventional ARI algorithm is only applied to the interpolation process of G
component, and the interpolation of R and B components still uses the conventional MLRI algorithm.
When the conventional ARI algorithm performs iterative interpolation on G component, it only contains
interpolation directions of H and V. However, the interpolation of R and B components includes not only
H and V directions, but also the diagonal direction [12]. Moreover, it is difficult to use the ARI algorithm
directly for two types of interpolation directions simultaneously. To solve this problem, the interpolation
process of R and B components is divided into two categories according to the direction types [12]: (i) H
and V directions and (ii) diagonal direction. The ARI algorithm is performed once in two categories,
respectively. The processing of B component is the same as R component, and then the interpolation

process of R component includes the following two steps:

Step 1: The ARI algorithm is used to obtain R component in each of two directions of upper left to
lower right (labeled as D direction) and upper right to lower left (marked as D: direction) at each Ls.
Step 2: The ARI algorithm is used at each of the Lc directions in H and V directions to obtain R

component.

Since the ARI algorithm is used along H and V directions in Step 2, which is the same as the
interpolation method in Section 2.2, and then only the diagonal ARI algorithm of Step 1 is introduced.

Step 1 iteratively performs two kinds of algorithms (RI and MLRI algorithms) in two directions (D1
and D> directions), and the RI algorithm flow of R component in D; direction is shown in Fig. 2, where
the dotted line direction represents Di direction. The calculation process of MLRI algorithm in D

direction and RI and MLRI algorithms in D2 direction are performed in the same way.

Residual
interpolation|

0
Linear | |

interpolation

5 i

y =3

Fig. 2. Interpolation process of R component in the direction of Di.

Firstly, an initial linear interpolation of R component in D direction is performed at Lg, and the

interpolation results can be represented as:

B R . +R> .
R0 = Gl M (AR AL A @
2
where R, represents R component of image R at (i.j), R, , and R, ., represent R

component of image R at (i—1,j—1) and (i+1,+1), respectively. Meanwhile, the superscript (-)":
represents that the interpolation process is in Di direction, and the subscript () ;o represents the initial

interpolation at (i, ;).
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Secondly, at the kth iteration, an estimated image R is generated based on the linear transformation of

the previous interpolation results, and R component of the image at (i, /) can be expressed as:
5D _ R 5D R
Rilja = a6 aRil e + 06, ®)

where (a®,b") represents the linear coefficient of R component during the estimation process. Then,

the residual component A is obtained as:

ARDl =R

(i,))k

.
i~ Rl (6)

where the superscript (-)*"' represents the residual calculation process of R component in D; direction.

The residual value is linearly interpolated in D direction, and the result can be expressed as:

~RH ~RH
FRH Ay e T DGk
A(f, k= > @)

Finally, to obtain the results of the kth iteration interpolation in D1 direction, the residual of the linear

interpolation is added to R, which can be expressed as:

5D _ %D 5D
Ri'yw = Ayu + Rilja ®)

After the kth iteration, according to the steps of the ARI algorithm, the optimal iteration coefficients of
the four algorithms need to be determined. Since there is only R component at this time, Eq. (2) can be

rewritten as:

dg) _|dRD] |’ od; _|dRD' _d<r§?1',j+1>,k| )

@k [Pk )k [P =1, -1).k

At this point, the optimal iteration coefficient k., obtained by Eq. (3) becomes:

- ; D
kbest - arg mklng(c(i,lj)‘k) (]0)
where ¢, , canbe expressed as:

c(?fﬂ,k = (d(]i{f),k)m '(5d(?i/’),k)n an

where the parameters (7,7) are still set to (2,1) .

After obtaining the optimal iterative coefficients, R, , needs to be adaptively combined. In this step,

the direction interpolation results of the RI and MLRI algorithms are combined by weighted average:

D, ,MLRI ~D, ,MLRI
i Gih O Gl (12)

D, RI D, MLRI
Tag; T o

D, RI 5D, RI D, MLRI 5D, MLRI D, RI 5D, RI
s 05 Goy oG oG
(V) D, ,RI D, ,MLRI
O jy + Oy

where the superscripts (-)°' and (-)”* represent the D direction and the D2 direction, respectively. The

weights og ', og"™, o, and 22" in Eq. (12) can be expressed as:
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D, RI _ 1 le,MLRI _ 1 D,,RI _ 1 D, MLRI _ 1 (13)
(.)) — _/ DRIy ((9)) DMLy (i./) — 7 D,RIy (G¥)] T D, MLy
" glc () ) " g(c(llj) ) " g(c(fzj) ) " (C(zz/)

4. Experimental Results and Performance Analysis

Obtaining high-quality restored images is the ultimate goal of demosaicking, so it is necessary to
evaluate the quality of the interpolated images objectively as well as subjectively. This paper first
introduces the test image and experimental environment, and then evaluates the image quality of the five
algorithms, that is, RI, MLRI, IRI, ARI, and IARI, objectively and subjectively. Finally, the average
interpolation calculation time of the five algorithms is utilized to reflect the complexity of the algorithm.

4.1 Test Image and Experimental Environment

To evaluate the quality of five algorithms, this paper selects two types test images from IMAX and
Kodak datasets. The representative survey in [18] points out that these two datasets are reliable samples
of the demosaick image quality test. The IMAX dataset contains 18 images of 500x500 pixels in TIF
format, as shown in Fig. 3, while the Kodak dataset contains 24 PNG images with size of 768x512 pixels,
as shown in Fig. 4.

The software used in all the simulation experiments in this paper is MATLAB R2016a, and the
operating environment is a notebook computer with 2.40 GHz Intel Core 17-5500U CPU.

(m)
Fig. 3. Eighteen test images in IMAX dataset.
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Fig. 4. Twenty-four test images in Kodak dataset.

4.2 Comparison of Objective Quality of Images

In this section, the peak signal-to-noise ratio (PSNR) and the composite PSNR (CPSNR) are used to
test the performance of the demosaicking algorithm.
As an important indicator of image quality, PSNR is denoted by Q. in this paper, which can be

expressed as [11]:

2552
1 Ly Dy
WZ‘,Z in(057) = 10 (4]

Opsnr =10log,, (dB) (14)

where [, is the input image and 7, is the output image, and M x N is the size of the image. ; and
J represent the specific location of a pixel in the image. Since the PSNR is only for the evaluation quality
of one of the R, G, and B colors, the overall evaluation of the image quality is not comprehensive.

Therefore, this paper also introduces CPSNR, which is denoted by O,swr in this paper, to evaluate the

overall performance of the interpolation algorithm. The O,z can be expressed as [11]:

2557

1 3 M N )
—— 1,30y k) = 1, (is j K
STOPDANGLEMIEY

Ocesnr = 1010g10 (dB) (15)

where k =1,2,3 represents the color plane of R, G, and B components, respectively.
Table 1 shows the comparison of the Qpsnr 0f G, R, and B components after processing the 42 images

in IMAX and Kodak datasets among five methods mentioned above.
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From Table 1, it can be seen that the average Opq\r 0f each color component of the IARI algorithm is

improved, compared with the other algorithms, in terms of the most images. Specifically, the average
Owsne 0f G component of the IARI and ARI algorithms is 1.25 dB, 0.81 dB, and 0.62 dB higher than that

of the RI, MLRI, and IRI algorithms, respectively. In addition, the average O,z Of R component of the

IARIis 1.47 dB, 0.74 dB, 0.77 dB, and 0.12 dB higher than that of the RI, MLRI, IRI, and ARI algorithms,
respectively. The average O,z of B component by the method of the IARI is 1.22 dB, 0.69 dB, 0.37

dB, and 0.29 dB higher than that of the RI, MLRI, IRI, and ARI algorithms, respectively. To improve
readability, the graphs which is simulated by MATLAB R2016a are used to further illustrate, as shown

in Figs. 5-7. These three graphs show the comparison of O, of G, R, and B components among five

algorithms, respectively. For convenience, Fig. 3(a)—(r) are numbered 1 to 18 in sequence, and Fig. 4(a)—
(x) are numbered 19 to 42 in sequence. The image numbers are recorded as parameter a.

From Fig. 5, it can be seen that the curves of ARI and IARI algorithms overlap completely, that is, the
IARI and ARI algorithms have the same effect on the interpolation of G component. From Figs. 6 and 7,
it can be seen that in most cases, the curve of IARI algorithm is located above other curves, that is, for
most images, the Ghonzx of R and G components of the IARI algorithm are better than that of other four
algorithms. Table 2 shows the comparison of Qcpsr , and the bolded data in table is the optimal results for
each image. Moreover, to improve readability, Fig. 8 is used to illustrate the comparison of Ocpsne among

five algorithms.

Table 1. Comparison of Oz (dB) of R, G, and B components among five algorithms

Test QPSNR (dB) of G component QPSNR (dB) of R component QPSNR (dB) of B component
images

RI[7] MLRI[8] IRI[9] ARI[12] IARI RI[7] MLRI[8] IRI[9] ARI[12] IARI RI[7] MLRI[8] IRI[9] ARI[12] IARI

Fig.3(a) 3237 3248 3340 33.61 33.61 29.16 2921 31.22 3001 30.10 2698 2693 30.52 27.65 27.81
Fig.3(b) 39.41 3938 3931 3944 3944 3448 3467 3425 35.01 3497 3321 3330 33.60 3328 3346
Fig.3(c) 36.75 3699 37.02 37.65 37.65 34.04 34.18 34.06 3486 3518 31.74 3197 33.15 32.76 33.05
Fig.3(d) 42.14 4185 41.80 42.26 42.26 3830 3831 3731 3827 3855 3553 3535 3550 35.60 35.71
Fig.3(e) 37.86 3836 3892 39.15 39.15 3680 3690 3633 3835 3850 30.73 3085 3328 3230 32.40
Fig. 3(f) 42.16 4183 4157 4251 4251 39.08 39.06 37.76 40.62 4035 3589 3593 3584 37.36 37.11
Fig.3(g) 3877 3939 4128 4242 4242 37.09 3754 37.61 39.54 39.79 3562 36.14 3691 3826 39.24
Fig.3(h) 4137 41.68 4249 42.88 42.88 3429 3414 37.65 37.97 37.85 38.07 3825 3890 39.13 39.24
Fig.3(1) 41.62 4153 4156 4227 4227 3325 3420 3537 3649 3637 3649 3651 3648 3694 37.14
Fig.3(j) 42.07 4237 41.13 42.54 4254 3673 37.63 36.66 38.75 38.73 3734 37.60 36.85 37.82 38.02
Fig.3(k) 42.03 4199 42.06 42.12 42.12 3787 39.02 37.60 39.59 39.61 3938 3939 39.99 3946 39.83
Fig.3(1) 4224 4235 4250 4279 42.79 4026 4026 39.57 4055 40.62 37.65 37.75 37.89 38.11 3848
Fig.3(m) 45.10 4491 4512 4524 4524 4263 4223 4130 4243 42.68 37.13 37.65 3733 37.65 3817
Fig.3(n) 4295 4286 4299 43.14 43.14 3938 3934 3841 3940 3944 36.64 3642 3639 3678 36.95
Fig.3(0) 42.67 4257 4271 4292 4292 3578 3692 36.66 37.56 37.65 39.19 39.09 38.64 3933 39.40
Fig.3(p) 35.16 3524 34.10 35.50 35.50 34.44 3438 32.64 35.08 3511 3598 3575 34.68 3646 36.62
Fig.3(q) 37.38 37.27 3791 38.87 3887 3055 3125 3258 33.80 3333 31.78 31.53 33.54 3329 33.10
Fig.3(r) 37.68 37.71 3778 3799 37.99 34.18 3500 3421 3501 3531 3697 36.16 36.13 36.79 36.93
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Table 1. (Continued)

Test Opsar (dB) of G component Orsn (dB) of R component Orone (dB) of B component

L RI[7] MLRI[8] IRI[9] ARI[12] TARI  RI[7] MLRI[8] IRI[9] ARI[12] TARI RI[7] MLRI[8] IRI[9] ARI[12] IARI

Fig.4(a) 37.33 3845 3836 41.34 4134 3449 3599 3695 37.65 37.50 3534 3635 38.18 3834 38.49
Fig. 4(b) 43.02 43.88 4396 44.65 44.65 36.72 3841 37.75 3740 3747 41.13 41.84 4085 40.67 41.08
Fig.4(c) 45.04 4521 4506 4547 4547 39.65 4144 4140 4205 42.18 40.18 41.71 4138 41.63 41.88
Fig. 4(d) 4296 4325 4321 4329 4329 3781 3827 3824 3838 3824 4161 4218 4151 4174 4221
Fig.4(e) 3898 3991 40.54 40.83 40.83 36.19 3730 37.04 3792 3790 3554 3648 37.10 3698 36.99
Fig. 4(f) 4028 41.09 3948 4331 4331 3817 3896 39.78 40.07 40.23 3738 3793 4048 3925 39.50
Fig. 4(g) 4479 4528 4493 4532 4532 4130 4235 41.83 4231 4241 4084 41.69 41.18 41.64 41.75
Fig.4(h) 3636 3720 36.82 37.81 37.81 33.13 34.09 3423 3407 3445 33.19 3410 3395 3406 34.38
Fig. 4(i) 44.02 44.68 4475 44.82 44.82 4127 4210 41.65 41.74 41.77 39.78 41.09 40.72 40.53 40.46
Fig. 4(j) 44.45 45.00 45.12 4548 4548 4122 4138 41.50 4121 41.57 4028 41.01 4031 4049 40.79
Fig. 4(k) 40.06 41.05 41.78 4194 4194 37.19 3840 3830 3843 38.58 37.78 3893 3923 3934 39.56
Fig.4(1) 4523 46.01 4632 46.42 4642 41.15 4222 4199 4197 4249 4175 4250 4239 4255 42.79
Fig. 4(m) 33.18 3443 37.10 37.20 3720 3192 33.15 3485 3520 3556 31.07 32.16 3404 3383 34.06
Fig.4(n) 39.40 4041 40.04 40.89 40.89 3506 36.48 36.68 36.62 36.94 3558 3694 38.02 3690 39.49
Fig.4(0) 42.15 4245 4283 4322 4322 36.65 37.13 37.62 37.77 37.84 3928 40.06 40.34 39.88 40.24
Fig. 4(p) 4393 4469 4505 4546 4546 42.05 42.62 4214 4262 4294 4125 4184 4203 4249 4271
Fig.4(q) 4199 4274 42.12 43.62 43.62 4036 4121 41.60 41.63 41.89 3888 39.44 39.80 39.52 39.66
Fig.4(r) 37.00 38.01 3845 3890 38.90 3555 36.54 36.69 36.51 37.02 3429 3560 3566 3591 36.03
Fig. 4(s) 4095 41.79 4229 43.00 43.00 38.77 39.58 39.13 39.86 40.22 3824 39.02 3895 39.73 39.71
Fig. 4(t) 4221 43.16 43.16 44.16 44.16 4059 4148 4148 4189 42.19 3799 38.63 38.63 3849 39.09
Fig. 4(u) 39.16 40.17 40.56 41.94 4194 37.18 3815 3927 39.14 3941 3595 36.87 3753 3773 37.89
Fig.4(v) 3992 40.73 4090 4091 4091 3685 3819 3739 37.80 38.00 36.59 3755 3752 3691 37.57
Fig. 4(w) 45.64 4526 4574 4583 4583 40.80 42.64 41.68 4238 4237 4157 4334 4259 4254 4268
Fig. 4(x) 3620 36.85 3780 37.88 37.88 3440 3536 36.16 3592 36.19 3254 3282 3334 3342 33.75
Average 40.57 41.01 41.19 41.69 41.69 37.07 37.80 37.77 3842 3854 36.77 3730 37.62 37.70 37.99
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Fig. 5. Comparison of O (dB) of G component among five algorithms.
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Fig. 7. Comparison of O,qz (dB) of B component among five algorithms.

Table 2 shows that the average Qs Of the TARI algorithm is improved, compared with other
algorithms, in terms of the most images. Specifically, the average O,y Of the IARI algorithm is 1.43 dB,
0.68 dB, 0.42 dB, and 0.26 dB higher than that of RI, MLRI, IRI, and ARI algorithms, respectively. From

Fig. 8, it can be seen that in most cases, the curve of IARI algorithm is located above other curves, that is,
for most images, the Ocpsnr Of the IARI algorithm is higher than that of other four algorithms.

In summary, experimental results show that the IARI algorithm is not all superior to the ARI algorithm
in any case. This paper believes that the reason for these results is that in order to be consistent with the

ARI algorithm of G component, the iteration parameters (72,7) in Eq. (11) are still set to (2,1) .

However, (2,1) are not necessarily the optimal parameter in the interpolation process on R and B

components. In summary, experimental results show that the interpolation effect of the IARI algorithm

is better than that of other four comparison algorithms.
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Table 2. Comparison of O,z (dB) among five algorithms

Test images RI [7] MLRI [8] IRI [9] ARI [12] TARI
Fig. 3(a) 28.98 29.27 31.77 29.63 29.74
Fig. 3(b) 35.00 35.40 35.17 3523 35.31
Fig. 3(c) 33.71 34.18 34.57 34.65 34.92
Fig. 3(d) 37.88 37.97 37.55 37.92 38.08
Fig. 3(¢) 33.92 34.32 35.57 35.44 35.53
Fig. 3() 38.32 38.59 37.84 39.79 39.54
Fig. 3(2) 36.97 37.79 38.26 39.75 39.53
Fig. 3(h) 36.98 37.27 39.36 39.55 39.53
Fig. 3(i) 35.92 36.76 37.23 37.90 37.93
Fig. 3()) 38.15 38.98 37.85 39.28 39.35
Fig. 3(k) 39.44 40.25 38.93 40.23 40.38
Fig. 3(1) 39.64 39.98 39.60 40.07 40.26
Fig. 3(m) 40.31 40.86 40.19 40.64 41.02
Fig. 3(n) 38.95 39.09 38.56 39.05 39.14
Fig. 3(0) 38.35 39.24 38.82 39.41 39.48
Fig. 3(p) 35.15 35.38 33.65 35.64 35.67
Fig. 3(q) 32.39 32.89 34.24 34.70 3441
Fig. 3(1) 36.48 36.42 35.89 36.43 36.54
Fig. 4(a) 35.56 36.80 38.56 38.84 38.84
Fig. 4(b) 39.46 40.78 40.11 39.69 39.69
Fig. 4(c) 41.04 42.99 42.73 42.75 42.95
Fig. 4(d) 40.22 40.45 40.59 40.62 40.67
Fig. 4(e) 36.67 37.67 37.98 38.29 38.30
Fig. 4(f) 38.45 39.14 40.96 40.55 40.73
Fig. 4(g) 41.99 42.85 42.02 4274 42.86
Fig. 4(h) 33.99 34.90 35.66 35.00 3531
Fig. 4(i) 41.36 42.38 41.80 41.93 41.89
Fig. 4()) 41.65 42.32 41.98 41.75 42.05
Fig. 4(k) 38.18 39.32 39.15 39.67 39.83
Fig. 4(1) 42.37 43.27 42.69 43.25 43.56
Fig. 4(m) 31.98 33.15 35.74 3522 37.52
Fig. 4(n) 36.30 37.63 38.30 37.57 38.90
Fig. 4(0) 38.80 39.34 39.87 38.64 40.02
Fig. 4(p) 4227 42.89 43.45 4333 43.57
Fig. 4(q) 40.22 40.92 41.60 4127 41.44
Fig. 4(r) 35.47 36.61 37.04 36.93 37.19
Fig. 4(s) 39.17 39.98 40.51 40.63 40.78
Fig. 4(t) 39.91 40.68 40.68 40.89 41.32
Fig. 4(u) 37.24 38.19 39.35 39.28 39.45
Fig. 4(v) 37.55 38.62 38.36 39.08 39.27
Fig. 4(w) 42.22 43.82 43.08 4324 4331
Fig. 4(x) 34.13 34.68 35.56 35.36 35.63
Average 37.68 38.43 38.64 38.85 39.11
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Fig. 8. Comparison of Qcpsnz (dB) among five algorithms.

4.3 Comparison of Subjective Quality of Images

In this section, IMAX03 and IMAXO0S, as shown in Fig. 3(c) and (h), are selected to illustrate the
subjective effects of the five algorithms, as shown in Figs. 9 and 10.

Comparing the flower diagrams of the original figure in Fig. 9(b) as a standard, in the complex marginal
area where green grass and pink flowers cross each other, Fig. 9(c)—(e) grass and flowers have a certain
degree of mosaic effect. The flower diagrams shown in Fig. 9(f) and (g) have a good recovery effect on
the complex edge regions of this position, and the flower color recovery brightness of Fig. 9(g) is closest
to Fig. 9(b). Comparing the wave point diagrams in the original figure of Fig. 10(b) as a standard, the
recovery effects of the wave point areas of the red tie are not satisfactory in Fig. 10(c)—(e). Compared
with the IARI wave point diagram shown in Fig. 10(g), the ARI wave point diagram of Fig. 10(f) basically
restores the effect, but the black wave point of some positions produces a significant loss.

In summary, the subjective evaluation proves that the interpolation effect of the IARI algorithm is
better than that of other four comparison algorithms.

(e) (®
Fig. 9. Experimental results: (a) IMAXO03, (b) original color images, (c) demosaicked by RI, (d)
demosaicked by MLRI, (e) demosaicked by IRI, (f) demosaicked by ARI, and (g) demosaicked by IARI.
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(e) ® (®
Fig. 10. Experimental results: (a) IMAXO08, (b) original color images, (c) demosaicked by RI, (d)

demosaicked by MLRI, (e) demosaicked by IRI, (f) demosaicked by ARI, and (g) demosaicked by IARI.

4.4 Comparison of Algorithm Complexity

In the operating environment utilized in this paper, 42 images in IMAX and Kodak datasets are
selected, and then each image is performed 15 times by using RI, MLRI, IRI, ARI, and IARI algorithms,
respectively, and the average interpolation processing time is shown in Table 3. It can be seen from Table
3 that the average processing time of [ARI and ARI is much longer than that of the other three algorithms,
and the average time of IARI algorithm is 6.63 seconds longer than that of ARI algorithm. The

experimental results show that the IARI algorithm has a higher computational complexity.

Table 3. Average processing time of data set
RI [7] MLRI [8] IRI [9] ARI [12] TARI
Average processing time (s) 1.38 2.10 6.44 36.16 42.79

5. Conclusion

This paper focuses on ARI algorithm and illustrates the advantages and disadvantages of the four
interpolation algorithms in image demosaicking by analyzing their principles, then proposes an improved
algorithm TARI with better interpolation performance. According to the directional difference, IARI
algorithm executes ARI algorithm twice on R and B components. By this way, the adaptive interpolation
for R and B components is obtained. Experimental results show that the IARI algorithm achieves better
performance than other four algorithms both in subjective assessment and objective assessment,
especially in the complex edge area and color brightness recovery. The innovation of this paper is that
the proposed TARI algorithm divides R and B components interpolation process into two categories
according to the directional difference, then performs ARI algorithm interpolation twice according to
different categories. Compared with the method by using ARI algorithm directly for both types of
interpolation directions, the IARI algorithm is easier to operate. The improved algorithm proposed in this

paper solves the problem of incomplete adaptive processing of R and B components in ARI algorithm
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interpolation process effectively. However, there are still some disadvantages in IARI algorithm. For
example, the higher complexity of the IARI algorithm greatly sacrifices the interpolation speed of the
algorithm, and the calculation time lasts a little long. Therefore, in the future, more research for improving
the performance of IARI algorithm will be done. Under the premise of maintaining high performance,
the complexity of IARI algorithm will be reduced as much as possible, therefore, the processing time of
IARI algorithm will be reduced. In Eq. (11), the same parameters (m,n)=(2,1) as the calculated G
component are selected, which might make the calculated values of R and B components not optimal and
not accurate. Therefore, the setting of optimal parameters in R and B components processes should also
be studied. The detailed future works are as follows. In [17], two important issues in the iterative RI
process need to be further investigated: (1) the window size of the regression filter, and (2) the stopping
criterion for the RI iterative process. Based on the reconstructed G component, the optimal parameters of
R and B components should be determined using the description in [7], and then the optimal iteration
coefficient will be determined.
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