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Abstract: A real-time, continuous-scale image interpolation method is proposed based on a bi-
linear interpolation with directionally adaptive low-pass filtering. The proposed algorithm was
optimized for hardware implementation. The ordinary bi-linear interpolation method has blocking
artifacts. The proposed algorithm solves this problem using directionally adaptive low-pass
filtering. The algorithm can also solve the severe blurring problem by selectively choosing low-
pass filter coefficients. Therefore, the proposed interpolation algorithm can realize a high-quality
image scaler for a range of imaging systems, such as digital cameras, CCTV and digital flat panel

displays.
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1. Introduction

Image interpolation plays a fundamental role in image
processing systems. For this reason, image interpolation
has a range of application areas, such as surveillance,
image acquisition and medical imaging.

Interpolation is commonly implemented by convolving
an image with a small kernel using a proper weighting
function.  Popular convolution-based methods of
interpolation include the nearest neighbor interpolation, bi-
linear interpolation, cubic B-spline, and regularized
interpolation. Although nearest neighbor and bi-linear
interpolation methods are simple and fast, they have
blocking artifacts. On the other hand, the cubic B-spline
algorithm results in blurring artifacts, at the cost of
reduced blocking artifacts. Regularized interpolation is
unsuitable for real-time processing because of its iterative
procedure.

This paper proposes a simple, bi-linear interpolation-
based method using adaptive low-pass filters in different
directions for low-computation. The interpolated image of
the proposed algorithm is more natural by smoothing the
over- amplified edge and blocking artifacts.

In the proposed interpolation method, the spatial
gradients are used to extract the edge information of each

local area in an image. Five different edge types were
identified by utilizing the spatial gradients correctly. Each
edge type determines which interpolation techniques
should be applied to the corresponding local region. Given
the edge directions, the interpolation procedure begins
with the proposed adaptive low-pass filter. For practical
implementation, an efficient hardware structure of the
proposed system is also described based on each functional
module.

This paper is organized as follows. Section 2
introduces some existing interpolation methods. The
proposed algorithm is presented in section 3. Section 4
summarizes experimental results, and section 5 concludes
the paper.

2. Mathematical Background for Image
Interpolation

Image interpolation generally consists of two steps: (i)
the creation of a new pixel location, and (ii) the assignment
of a pixel value to those new locations. This section
summarizes a number of interpolation algorithms.
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2.1 Convolution-based Interpolation

The nearest neighbor interpolation is also called the
zero-order hold method. The interpolation is performed by
convolving an M xN input image with a proper kernel,
which is denoted by H . For interpolation by a factor of
two, for example, the corresponding kernel can be

expressed as follows:
11
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A bi-linear interpolation is also called the first-order
method, which calculates the intensity by convolving the
input image with the kernel given as follows [1]:
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A comparison with the nearest neighbor interpolation
showed that the bi-linear interpolation is equivalent to
convolution with the kernel in (1) twice, one for the
horizontal and the other one for the vertical direction.

Both the nearest neighbor and bi-linear interpolations
are used widely in low-cost, compact imaging systems
because of their simple structures. As a result of the
information theory introduced by Shannon in the late
1940’s, the sinc function is the ideal kernel of the
interpolation. On the other hand, it has an infinite impulse
response (IIR) and is unsuitable for the finite impulse
response (FIR) implementation.

As a compromise between the simple convolution-
based methods and the ideal interpolator, the cubic B-
spline is an efficient alternative. In a cubic B-spline
interpolation, the zero-order filter interpolation kernel is
convolved three times, which makes the resulting
interpolation closer to the ideal interpolation [2-4]. The B-
splines are symmetrical, bell-shaped functions constructed
from the (n+1)-fold convolution of a zero-order filter pulse

B° as follows [5-8]:
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The nearest neighbor (n = 0), bi-linear (n = 1), and
cubic spline (n = 3) interpolation have a common basis
function called the B-Spline. The resulting image by a
cubic B-spline interpolation becomes smoother than those
of the above mentioned methods. On the other hand, the
cubic interpolation tends to produce over-amplified edges

[5].

3. Proposed Algorithm

The proposed algorithm uses directionally adaptive
low-pass filtering to solve this problem. The basic
computational process uses a bi-linear interpolation, and a
user can control the coefficients of a low-pass filter to
smooth the blocking artifacts. In particular, the proposed
algorithm can adaptively select either a sharpness or
smoothness filter. Fig. 1 shows the procedure of the
proposed algorithm.

In Fig. 1, the filled large and dotted line circles
represent pixels of low resolution and high resolution
images, respectively. The edge detection procedure obtains
the direction in 3x3 LR image pixels. In addition, the
creation of new pixel locations procedure produces pixel
locations of the HR image. Finally, a directionally adaptive
low-pass filtering procedure processes the filtering of
interpolated pixels.

Fig. 2 presents a block diagram of the proposed
interpolation algorithm. Although most parts of the image
are interpolated using the bi-linear method, the neighbors
of the directional edges are interpolated by directional
filtering to reduce the number of blocking artifacts in a
high-resolution image. The detailed step-by-step process
will be explained in the following subsections.
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Fig. 1. Illustration of the proposed interpolation

system.
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Fig. 2. Block diagram of the proposed algorithm.

3.1 Edge Detection

The algorithm takes a LR Image as the input, and
decides the representative direction of the current pixel.
Two methods can be used to select the representative
direction by either the spatial gradient or directional
frequency analysis. The frequency-domain analysis
method is computationally efficient at the expense of
accuracy [9]. On the other hand, the spatial-domain
method can detect a variety of directions with a high
computational load. In addition, other directional low-pass
filters, such as a bi-lateral and epsilon filter, has a heavy
computational load and memory requirement. Therefore,
the proposed algorithm uses five simple Gaussian filters to
reduce the computational load.

The proposed algorithm reduces the computational load
using the following process. The spatial gradients were
calculated using a 3x3 kernel to detect four different
directions. A maximum of four different gradients were
then selected for the representative direction. In addition, if
the four different gradients are lower than a pre-specified
threshold value, it was decided that there would be no
directional component in the neighborhood of the pixel.

In Fig. 3, X represents the location of the current pixel
on which the direction of the edge is to be detected. The
gradient value of each direction is calculated as follows:
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where DI represents the gradient values, and the
horizontal, vertical 45, and 135 means each direction. The
threshold is the arbitrary number by user selection.
Therefore, the flat direction means a non-edge area. The
threshold is a pre-specified constant for a flat region. The
representative direction of the current pixel is selected as
follows:

DI = max(DlI

DI, Dl Dl.Dl,) . (5)
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Fig. 3. 3x3 kernel to detect the edge direction.
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Fig. 4. Indication chart of the HR new pixel and LR pixel
position.

3.2 Interpolation and Low-pass Filtering

Given the ratio of the interpolation, both interpolation
and directionally adaptive filtering were performed about
the representative direction in the edge detection process.
If the two processes are individually separated, the
interpolated image needs to be memorized before filtering.
This is the problem of implementation in hardware
because of the additional memory.

Fig. 4 shows the case of the interpolation procedure of
ratio 5/3. The dotted line circle represents pixels of the
input low-resolution image, and the filled circles show the
regions that require filtering. SX and SY are the horizontal
and vertical scale factors of interpolation, respectively,
which are defined as

_ (ori_width-1)
- (inter_width-1)

_ (ori_height-1)
- (inter_height-1)

(6)

where ori_width, inter_width, ori_height and inter_height
respectively represent the widths and heights of the low-
resolution and high-resolution images. Both SX and SY
are equal to 1/2 in Fig. 4. The pixel to be interpolated is
1/2 pixel apart from (0, 0). TXTY, TXBY, BXTY, and
BXBY are the distances between the interpolated and
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original pixels of the low-resolution image, which are
defined as

TXTY = (1-SX)x (1—SY)
TXBY = (1—SX)x SY
BXTY = SX x (1-SY)
BXBY = SX xSY.

O

The proposed algorithm uses five 5x5 low-pass filters,
which have different directional components. The
proposed algorithm uses the modified interpolation filter
based on a bi-linear filter. The weighting values are
defined by the area as follows:

i = (AxBXBY )+(BxTXBY )+(CxTXTY)+(DxBXTY),
8)

where A, B, C, and D represent the original pixels of the
low-resolution image in Fig. 4. The interpolated pixel i
was influenced by the closest pixel value. For example, if
the position (SX, SY) is (0.2, 0.2), the calculated BXBY,
TXBY, TXTY, and BXTY are 0.04, 0.16, 0.16, and 0.64,
respectively. In this case, the closest pixel is C, and it was
multiplied by the largest value, 0.64.

The interpolated pixel was determined by the
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directional low-pass filtering along the representative
direction. The pixels on the same directional edge were
smoothed by the corresponding low-pass filter, whereas
the pixels in the normal direction were less smoothed by a
factor of 2/3. Using this method, the edge sharpness can be
preserved during the interpolation process. Fig. 5 shows
five directional low-pass filter masks.

The transfer function h(x) in the restoration filter uses
the general Gaussian equation in the spatial domain as
follows [9]:

h(X) — e—leZo-2 , (9)
where X and o represent distance from the center of
filter and variance, respectively. The value of o was
changed by the edge direction and the interpolation ratio.
The empirically chosen o is given as

o =0.013182 x (interpolation ratio) x10+ (constant), (10)

where interpolation ratio represents the ratio between the

size of the HR and LR images. In addition, the constant
represents the parameter controlling the smoothness.
0.013182 is the value that is considered a characteristic of
the cut-off frequency response of the Gaussian filter. The
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Fig. 5. Low-pass filter (a) 45°, (b) 135°, (c) 180°, (d) 90°, and (e) flat filter.

Fig. 6. (a) High resolution Lena image, (b) bi-linear interpolation image, (¢) cubic sharp interpolation image, (d)
cubic smooth interpolation image, (e) proposed sharp filter image, (f) proposed smooth filter image.



132

3 &

Yoo et al.: Real-Time Continuous-Scale Image Interpolation with Directional Smoothing

800
700 -

.

CIQCICIC)

Fig. 7. (a) High resolution 1956 EIA resolution chart image, (b) bi-linear interpolation image, (c) cubic sharp
interpolation image, (d) cubic smooth interpolation image, (e) proposed sharp filter image, and (f) proposed smooth

filter image.

interpolated image can be obtained by filtering the 5x5
regions with this filter.

4. Experimental Results

This section evaluates the performance of the proposed
interpolation method and compares it with several existing
interpolation methods. In this experimental, the proposed
algorithm uses both sharp and smooth filters. The low-
scale image was made by only sub-sampling without low-
pass filtering.

Fig. 6(a) shows the interpolated 512x512 image from
the 320x 240 low-scale version.

Figs. 6(b)-(f) show magnified versions of the square
region in Fig. 6(a). Fig. 6(b) shows the result using the bi-
linear interpolation. Figs. 6(c) and (d) show the results
using a bicubic interpolation with and without a
sharpening filter, respectively, in Adobe photoshop. Figs.
6(e) and (f) show the results using the proposed algorithm
with sharpening and smoothing filters, respectively. As
shown in Fig. 6, the proposed algorithm reduces the
blocking artifacts compared to other methods.

Fig. 7(a) shows the interpolated 1024 x 768 image from
the 720x480 low-scale version of the 1956 EIA
resolution Chart.

Figs. 7(b)-(f) show magnified versions of the square
region of Fig. 7(a). Fig. 7(b) shows the result using a bi-
linear interpolation. Figs. 7(c) and (d) show the results
from using the bicubic interpolation with and without
sharpening filter, respectively. Figs. 7(e) and (f) show the
results using the proposed method using sharp and smooth
filters, respectively. In this experiment, the horizontal and
vertical interpolation ratios were not the same, which
results in severe blocking artifacts when existing methods

Table 1. PSNR values of five interpolation methods
with interpolation ratio 2.0.

. . Red | Green Blue
Interpolation | Interpolation

Method Ratio channel | channel channel

[dB] [dB] [dB]

Bi-linear 2.0 30.867 | 28.259 | 28.804

Cubic-sharp 2.0 30.985 | 28.463 | 28.698

Cubic-smooth 2.0 31.182 | 28.624 | 28.854

Proposed-Sharp 2.0 30.877 | 28.280 | 28.844

Proposed-Smooth 2.0 30.700 | 28.213 | 28.887

Table 2. PSNR values of the five interpolation methods
with an interpolation ratio of 4.0.

Interpolation | Interpolation

Red | Green Blue
channel channel channel
[dB] [dB] [dB]

Method Ratio
Bi-linear 4.0 27.543 | 25.134 | 26.436
Cubic-sharp 4.0 28.360 | 25.694 | 26.449
Cubic-smooth 4.0 28.689 | 26.039 | 26.902
Proposed-Sharp 4.0 27.551 | 25.146 | 26.453
Proposed-Smooth 4.0 27.562 | 25.188 | 26.530

are used. On the other hand, the proposed algorithm
reduces the blocking artifacts significantly.

Table 1 lists the PSNR values using the five different
interpolation methods.

For this experiment, the 512x512 input image was
down scaled by a factor of two, and interpolated back to
the input image size. Table 2 lists the PSNR values with an
interpolation ratio of 4.0.

As shown in both tables, the PSNR variation was small.
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Therefore, the subjective criterion is more important than
the PSNR comparison.

5. Conclusion

The proposed method enables a real-time, continuous-
scale interpolation with less blocking artifacts of existing
interpolation methods for a standard definition image
scaler in the digital set-top box. For computational
efficiency, the proposed algorithm is based on the bi-linear
structure with adaptive filtering along the local edge
direction. The proposed algorithm was developed by a
simple filtering and process pipeline without a frame
memory, heavy computational load and iterative
processing. The quality of the interpolated image is
improved further with a user selecting filtering process. As
shown in the experimental results, the proposed algorithm
efficiently reduces the blocking artifacts and provides user-
friendly control of the sharpness using multiple filter sets.
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