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ABSTRACT

High quality video interpolation is always desirable, since
the definition of video display devices is improving. It is
always necessary to port a video of lower quality to higher
quality displays, such as the conversion of SDTV videos to
HDTV videos. In this paper we will present a further im-
proved Edge-Directed Interpolation (EDI) by proposing a
new sampling pattern and subsequently give a fast approach
for the enlargement of a SDTV (704x480) video into a
HDTV (1280%720) video (1.5 time enlargement). Experi-
mental results show that our approach has a better perform-
ance in terms of edge quality compared to that of the New
Edge-Directed Interpolation (NEDI) in the literature. More-
over, the fast approach is 50% faster and the visual quality
is also better than the NEDI.

1. INTRODUCTION

Image interpolation aims at reconstructing an image from a
low-resolution to high resolution. It is well know that for
classical linear interpolation approaches, such as bilinear
and bicubic interpolation, they often suffer from edge blur-
ring effect or produce an image with artifacts around the
edge area [1]. Therefore, many research studies [2]-[9] tried
to improve the visual quality of the increased resolution im-
age by sharpening the edges and lowering the mean-squared
errors and to make comparison with the linear interpolation
techniques.

The quality of an interpolated image using traditional
Edge-Directed interpolation methods [2]-[5] depends on the
step for the detection of edge direction. As the traditional
edge direction detection only quantizes edge orientations into
a finite number of choices such as horizontal, vertical or di-
agonal directions, etc., this adversely affects the traditional
Edge-Directed interpolation methods and limits the quality of
the interpolated image. Hence, various types of the Edge-
Directed interpolation methods have been further developed
based on various statistical techniques, such the covariance-
based schemes [6]-[9]. The New Edge-Directed Interpolation
(NEDI) [10] method is a typical example which possibly can
give outstanding results.

A new direction on improving the visual quality of the
New Edge-Directed Interpolation (NEDI) [10] can be done
by changing step two of the interpolation in NEDI. The Im-
proved New Edge-directed interpolation (IEDI) [11] was
proposed in 2003. Subsequently, there have been some fur-
ther improvements either on its objective or subjective qual-
ity, such as the Modified Edge Directed Interpolation
(MEDI) [12]. The original NEDI involves two steps: (i) to
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interpolate points with four symmetrical neighbours hence
obtain the predicted value of the center unknown pixel, and
(ii) to interpolate the rest of the points between the horizontal
and vertical original pixels. The Modified algorithm MEDI
has the same interpolation structure with the Improved algo-
rithm IEDI [11] which modifies step two of the fourth order
NEDI interpolation structure into a sixth order structure. It
makes fuller use of the local relative information in low-
resolution to get a high-resolution image with visually better
quality. However, four out of six the data points that are used
in the sixth order linear prediction equation in the MEDI are
too far away from the unknown pixel, so it will introduce
more prediction errors into the interpolated image.

In this paper, a Further Improved Edge-Directed Interpo-
lation (FEDI) algorithm is proposed for image video interpo-
lation, and we also propose a faster edge-directed interpola-
tion to perform interpolation with an enlargement factor of
1.5 (Fast EDI-1.5). This new algorithm makes use of six
nearest original image pixels and two predicted pixels to in-
terpolate the unknown pixel. It can enhance the edge and
reduce the prediction errors compared to that of the MEDI
[12] interpolation structure. The fast interpolation approach
makes a new interpolation step based on the edge-directed
interpolation algorithm and eliminates unnecessary pixels to
directly generate an image with 1.5 times, with lower compu-
tational cost. Although many papers have proposed new
sampling patterns for the image interpolation, our approach
aims at the conversion of SDTV to HDTV and has the lowest
computational complexity. In this paper, we also give results
of our study to minimize the number of the sample points
using proposed algorithm and its effect on regions with high
frequency.

2. THE PROPOSED ALOGITHM

21 FEDI

The Further Improved Edge-Directed interpolation (FEDI)
makes use of the nearest original pixels and predicted pixels
to form a new sampling pattern structure of the FEDI step
two. This new structure can remove most of the worst esti-
mated points in the MEDI and sharpen the edge of the image
by making a full use of the local relative information in the
low-resolution image.

The interpolation step one of the FEDI is the same as the
NEDI, which makes uses of the fourth-order linear prediction
to interpolate the unknown pixels Y2141 etc. (see Fig. 1).

In step two of the FEDI, we propose to use two interpo-
lated results obtained from the NEDI first step to obtain the
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Figure 2. An example to illustrate the way of finding
vector y and matrix C in step two of the FEDI
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interpolation pixel which is indicated in black as shown in
Figs. 1 and 2. Hence we interpolate the unknown pixel Y5; 5,
(the black dots) by an eighth-order linear predictor from eight
neighboring pixels given by the following equation:

2 1 2
Yyajn= ;%Yz(mm,z,/ + §a3+1Y2(x’+1)—1,2j+1 +§a5+1YZ(i+l—l),2/'+2 @
where ¢ are the coefficients of the linear predictor.

The white dots in Figs. 1 and 2 denote the original low-
resolution pixels i.e. X;=Y5; 5 and the gray dots denote the
interpolation result from the NEDI step one. Moreover, in
Figs. 1 and 3, the symbols »; and r represent the cross-
covariance value in high-resolution and low-resolution, and
symbols R;; and R, represent the auto-covariance value in
high-resolution and low-resolution, respectively; also / and &
mean the positions of the covariances.

According to Wiener filtering theory, the optimal Mini-
mum Means Square Error (MMSE) prediction coefficients
set o = [a, o, ._or), can be obtain as
@
where the auto-covariance matrix R,, contains sixty-four Ry,
for k, [ = [0,...7], and the cross-covariance of r, contains
eight ,, for I =[0,...7]. The rest of the 2™ step interpolation
points can also be obtained by a similar procedure, such as
Y4157 can be computed by (3) below.
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_ 3
Yo, = ZalYZi,Z(HFI) + Za3+1Y2i+l,2(/‘+l)—l + Za5+1Y2i+2,2(/‘+1—1) ©)
-0 =0 =0

-1
o= Ryy r,

310

The high-resolution cross-covariance r, is not available
now, because of the center pixel Y, is to be predicted.
This difficulty can be overcome by the fact that the statistics
of the pixels with respect to the low-resolution block and that
of the high-resolution block are most likely to be similar. As
a result, the auto-covariance and cross-covariance coeffi-
cients among the high-resolution block will be mostly alike
that of the low-resolution block. Therefore, the low-
resolution covariance R, and r', will be used instead, for
the calculation.

According to the classical covariance method, R, and
r’, can be calculated by the following equation:

! c’c, r ! C’y

2 2

“)

where y = [y;......va] | is a data vector containing MxM
pixels inside a local window and C is a M *x8 matrix,

R'=

Cl,O C1,1 C1,6 C1,7
C= Ck,O Ck,l Ck,6 Ck,7
_CMxM,O CMxM,] CMxM,() CMxM,7_

whose k™ row vector contains its eight nearest neighbors of y;
as shown in Fig. 1. i.e. if y, = Y55, then the eight nearest
neighbors are {Y. 2i-4,2j-2» Y. 2i,2j-2 Y. 2i+4,2j-2 Y. 2i-2,2)s Y. 2i+2,2)» Y. 2i-4,2j+2
Y5i5042 Yoisg242} as shown in Fig. 1. In Fig. 2, if y,=y,, the
eight nearest neighbors are {CI,()r C]y], C]yz, C1,3, C1,4’ C]yj,
Cis C;7}. When the local window is 4x4, vector y and ma-
trix C can be find according to the structure as shown in the
Fig. 2.
According to (2) and (4), we have

-1
a=(c"C)'(cTy) )
After substituting o into (1) and (3), we can compute the
predicted values of Y; 5+ and Y1, 5, respectively.

2.2 Fast DEI with 1.5 times interpolation (Fast EDI-1.5)
In many practical applications, we always encounter the
situation of converting a video from its original size to 1.5 of
its size. For example, for converting a SDTV video to a
HDTYV video, we need a conversion ratio of 1.5 times. Let us
try this conversion by proposing a new fast approach based
on the edge-directed interpolation method in a block-based
model.

The Fast EDI block-based model is shown in Fig. 3. The
red box indicates the block size of each of the interpolation.
In each interpolation, we consider eight unknown pixels (the
black dots) inside the red box as shown in Fig. 3.

This Faster Edge-Directed Interpolation of 1.5 times (Fast
EDI-1.5) only needs one-step to achieve the interpolation.
We propose to make use of a fourth-order linear prediction to
estimate eight unknown pixels at the same time by making
use of (6)-(9) in this block-based model:

L
Forc=0,23:Y, = zzac‘ZkHX(Hk),(jH) ©)
k=0 1=0
L
Forc=1,4 Y = Zza(:,zm/X(wkn),m/) )

k=0 1=0
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Figure. 3. Illustrative example of interpolation step in Fast EDI-
1.5 using block-based model
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Figure 4. Illustrative example of elimination step in Fast EDI-1.5
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k=0 1=0
1
Forc=17 Y, = zzac,2k+1X([+k+l),(j+1+l) (9)
k=0 1=0

Coefficients a. = [a.q, a1 ...03] can be calculated from (2)
with the auto-covariance R,, matrix containing sixteen Ry
with &, / =[0,...3] and for ¢ = [0),...7]. There are totally eight
cross-covariances, Iyy, I';,,...1'7,(I.,). Each of them contains
four r.; with / = [0,...3]. As the high-resolution covariance
r., is not available, the low-resolution covariance R, and
r'., are used for the computation. Fig. 3 shows some details
of estimating pixel Y;. The white dots in Fig. 3 are original
pixels and black dots are pixels to be interpolated.
Again R'y, and r’,,, can be calculated by:

! L cry, (10)

R'= 3 ”:MZ

c’c, r

where . = [Ve1... Vex- Yemar] | is the data vector containing
the M xM pixels inside a local window for a special position
¢ and C is a M? x4 data matrix whose k" row vector contains
the four nearest neighbors of y.. i.e. if y34 = Xji;;+s, then the
four nearest neighbors are {X; ;; ;, Xji2;1, Xizjr2 Xivzjio}

The different between equs. (10) and (4) is that equ. (10)
making use of the eight cross-covariance function r,
r;..r; at the same time with only one auto-covariance
function R’ inside the red box as shown in Fig. 3. It can be
done because we estimate the eight unknown pixels (Y,
Y},... Y7) at the same time by using four known pixels {X;;;
1 Xis2jo, Xigj2, Xivaje2} in this block-based model.
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From (5), we can find the filter coefficients, a., and then
the interpolated value of the Y, can be obtained by substitut-
ing . into (6)-(9) according to the position of c.

Finally, after the eight pixels Y, Y;...Y; have been esti-
mated, three original pixels X;,;;, X;;1; and X;;;;+; need to
be deleted, so that the image is scaled up properly by 1.5
times. This is the elimination step which is shown in Fig. 4.

3. EXPERIMENTAL RESULTS

A set of the color images is used for comparing the perform-
ance in terms of PSNR among NEDI, MEDI and FEDI, with
two images as shown in Figs. 5 and 6. We extract intermedi-
ate results of some steps in order to illustrate the effect of
various approaches. All the programs were written in C++
language and run on the same platform.

The test images with size 2H*2W were firstly down-
sampled by a factor of 2 to images of size HxW. The down-
sampled images were then enlarged with a factor of 2 to
2H*2W using the NEDI, MEDI and FEDI.
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Figure 6. PSNR of plant image by FEDI and MEDI



For each of the figures, there are five PSNR curves. For
the curve with “NEDI Step 1 alone” (green), it is the PSNR
of the image after performing the NEDI Step 1 with different
numbers of the sample points. Both “MEDI step 2 alone”
(pink) and “FEDI Step 2 alone” (blue) curves are the PSNR
values of the image after performing the interpolation step
two only with different numbers of sample points. For the
last two: “MEDI with both Steps 1 (7*7) and 2” (purple) and
“FEDI with both Steps 1 (7*7) and 2” (red) curves, we inter-
polated both images by making use of the NEDI step 1 with
sample points equal to 7 x7, and varied the number of sample
points in interpolation step two from 6 x6 to 16 x16.

In both figures, it is obvious that the PSNR of “FEDI step
2 alone” (blue) is much lower than that of the “MEDI step 2
alone” (pink), because the FEDI step two requires two pre-
dicted results from step one prediction. However, when we
interpolated the image by MEDI and FEDI with both steps
one and two, we can see that our FEDI results (red) in a
higher PSNR than MEDI (purple) for using any number of
sample points in interpolation step two. The comparison of
the visual quality between FEDI and MEDI is shown in Fig.
7. We can see that our proposed FEDI can achieve a sharper
image (see Fig. 7: b and d) with less artifacts (uneven pixels
inside the red ellipses as shown in Fig. 7: a and c) than that of
the MEDI.

Figure 7. Portions of the airplane image: (a) and (c) reconstructed
image by MEDI (PSNR=29.37 dB), (b) and (d) reconstructed image
by FEDI (PSNR=29.39 dB).

In some rare cases, such as Fig. 8 the PSNR of FEDI is
slightly lower than the PSNR of the NEDI, the visual quality
of FEDI is still better than NEDI. In Fig. 8, we can see that
using the FEDI for magnification, it results in a shaper image
with more continuous edges than the NEDI.

Note from Figs. 5 and 6 that the PSNR values of the
FEDI with both steps one and two increase initially and then
decrease. It means that an increase in the number of sample
points may not be able to improve the PSNR. Hence, there is
an optimal number of the sample points for using the FEDI.
According to the experiment results, we have found that the
optimal number of the sample points in step one is between
6x6 and 8x8 and in step two is between 8x8 and 12x12. This
result can also apply to the MEDI schemes.
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(@ (b)
Figure 8. Portion of the lady image: (a) reconstructed image by
NEDI (PSNR=30.15 dB), and (b) reconstructed image by FEDI
(PSNR=30.11 dB).

Most of the interpolation schemes based on the edge-
directed interpolation give a poor performance (unwanted
colour and thick lines inside of the red ellipses in Fig. 9: a-d)
on high frequency regions of an image. This is because
when the image contains high frequency regions, the low-
resolution covariance cannot estimate this high frequencies
covariance structure accurately. However, we find that this
mismatch problem can be resolved by increasing the number
of sample points. We directly interpolated the lighthouse
image by our FEDI from 512 %768 to 1024 x1536 with dif-
ferent numbers of sample points. Since we only want to
compare the visual quality on the high frequency region, no
downsampling is required and the PSNR is not the subject in
this simulation. Some results are shown in Fig. 9. We can
see that when the number of the sample points increased, the
visual quality of the high frequency region is improving, by
removing the undesirable prediction pixels as shown inside
of the red ellipses in Fig. 9: e and f.

Figure 9. Portions of the lighthouse image, reconstructed by the
FEDI with different numbers of sample points (a) using 7x7, (b)
using 8x8, (c) using 9%9, (d) using 11x11, (e) using 13x13 and (f)
using 16x16.



For enlarging a SD video to a HD video, the visual qual-
ity of Fast EDI-1.5 is better than the NEDI results which
were to scale up the image by 2 times and than to downsam-
ple the results by a factor %, so that it has the same interpola-
tion factor. From Figs. 10 and 11, we can see that our pro-
posed Fast EDI-1.5 can interpolate a sharpen image than the
NEDI. It is because the Fast EDI-1.5 does not need an addi-
tion down-sampling operation. Hence it can preserve the
sharpness of the image. That is, the NEDI needs an addition
step of downsample operations to perform the 1.5 time
enlargement, which accounts for the smoothing effect on the
interpolated image. In additional, the computational cost of
the Fast EDI-1.5 is about 50% of NEDI (see Table 1).

(a) (b)
Figure 10. Portions of the interpolated Pak Joy image from SD to
HD: (a) reconstructed by NEDI and then downsampling by a
factor %, and (b) reconstructed by Fast EDI-1.5 (ours).

(a) (b)
Figure 11. Portions of the interpolated InTo Tree image from SD
to HD: (a) reconstructed by NEDI and then downsampling by a
factor %, and (b) reconstructed by Fast EDI-1.5 (ours).

Table 1. Interpolation time of SD image to HD image

Time reduce of Fast
Name Of The NEDI Fast EDI-1.5
Image EDI-1.5 Scheme Compared To

NEDI
Ducks Take Off 14.5s 6.8s -53%
Pak Joy 8.1s 3.7s -54%
Crowd 12.2s 5.7s -53%
InTo Tree 10.4s 5.4s -48%
0Old Town Cross 9.8s 4.9s -49%

4. CONCLUSION

We have proposed the Further Improved Edge-directed In-
terpolation scheme (FEDI) and applied the EDI concept to
scales up an image to 1.5 times (Fast EDI-1.5) in this paper.
Both FEDI and Fast EDI-1.5 can be used in the interpolation
of a SDTV video to a HDTV video. The proposed FEDI
scheme has a better visual quality compared with that of the
MEDI scheme, and has a sharper edge as compared to the
NEDI scheme, but it requires a high computational cost.
Hence, we have developed a fast scheme, Fast EDI-1.5,
which has a better visual quality compared with the NEDI
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and with less computational cost. We also have suggested a
possible optimal number of sample points and given the
effect on the number of sample points for high frequency
regions. Much further work can be done on improving the
Fast EDI-1.5 approach by making use of the FEDI scheme
and making further improvement by using some multi-frame
super-resolution techniques.
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