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ABSTRACT. High-quality image enlargement is achieved by the augmentation of the high-
frequency components that deteriorate as a result of image enlargement. A codebook-based
method, which utilizes the relationship of the low- and high-frequency image components,
is a proven method of high-quality image enlargement. However, this method requires
a significant calculation time to be employed for a codebook search process, and thus is
not suitable for real-time processing. In this paper, we propose a fast image-enlargement
algorithm that includes a hierarchical predefined codebook and a fast edge-patch detection
rule. A hierarchical codebook search reduces the number of comparisons that need to
be made in comparison with a conventional full codebook search. In addition, applying
the augmentation of the high-frequency components to only the edge patches detected
under the proposed rule reduces the calculation time. The experimental results show that
the calculation time of the proposed method is around 180 times faster than that of the
fastest existing codebook-based method. The proposed method realizes high-quality image
enlargement in terms of both objective and subjective evaluations in comparison with
conventional methods.

Keywords: Image enlargement, Image scaling, Hierarchical codebook, Edge detection,
Fast algorithm

1. Introduction. In recent years, high-resolution displays have become widely used in
areas such as high-definition televisions, mobile devices, and smart phones. Fast high-
quality image enlargement is a very important technology in displaying low-resolution
images on such devices. Classical image-enlargement methods — such as nearest neigh-
bor interpolation (NNI), bilinear interpolation (BLI), and cubic convolution interpolation
(CCI) — are based on interpolation using kernels [1, 2]. These interpolation-based methods
achieve fast smooth image-enlargement; however, they cannot restore the high-frequency
image components lost in the sampling process, and therefore cannot preserve clearly the
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step edges and peaks of an image. This is caused by the fact that the high-frequency
image components beyond the Nyquist frequency cannot be restored using these simple
kernel-based methods.

To address this problem, various advanced image-enlargement methods have been pro-
posed. For example, there are directional methods [3, 4], multiple kernel-based methods
[5], orthogonal transform-based methods [6, 7], a linear extrapolation method [8], neural
network based methods [9, 10, 11], fuzzy-inference based methods [12, 13], a bivariate ra-
tional interpolation method [14], and area area-pixel-model-based interpolation methods
[15, 16]. All these methods exhibit better performance than simple kernel-based methods;
however, they are all complex — which makes practical implementation difficult — or are
all based on the assumptions that are not always correct in practical situations — and
thus, they may give poor results.

High-quality image enlargements are achieved by employing various methods to restore
the high-frequency components that deteriorate as a result of image enlargement. Esti-
mation methods using the given image itself are effective for this restoration [17, 18, 19].
We have proposed codebook-based methods to represent the relationship of the low- and
high-frequency image components [18, 19, 20]. Self-decomposed-codebook (SDC)-based
image enlargement is achieved by augmenting a low-resolved enlarged image with the
high-frequency components estimated from a given image itself [18, 19]. The estimation
of the high-frequency image components is performed by a codebook compiled by the
decomposition of the given image. The SDC technique can, in fact, produce an enlarge-
ment that is satisfactory, but it suffers from high computational cost and a considerable
memory storage requirement because a codebook needs to be generated from each given
image and the size of codebook is quite large — approximately the same size as the num-
ber of pixels in the given image. Predefined-codebook (PDC)-based image enlargement,
which is suitable for various images, enables the skipping of the generation process of a
codebook [20], and the computational complexity of a PDC is less than of an SDC. How-
ever, it still requires significant calculation time for a codebook search process because
a PDC contains many code words. For practical applications, a further reduction in the
calculation time is definitely desired.

To resolve these difficulties, we propose the use of a hierarchal predefined codebook
(HPDC), which reduces the calculation time for the codebook search process. We also
propose a fast-edge patch detection rule that easily divides an input image into an edge
areas and a non-edge areas. By applying the augmentation of the high-frequency compo-
nents to only the edge areas, we further reduce the calculation time for the codebook search
process. This rule can be applied to other high-frequency-component-enhancement-based
methods [17-20]. The proposed algorithm achieves both fast calculation and high-quality
image enlargement. To show the effectiveness of the proposed method, we compare the
enlarged results of the HPDC with the conventional methods. The experimental results
are evaluated by a mean-square-error by the required CPU time for image quality and
the calculation time, respectively.

2. Predefined-Codebook-Based Image-Enlargement Framework. An image can
be represented as a composition of low- and high-frequency image components, as shown in
Figure 1. Generally, the high-frequency image component is lost in the process of kernel-
based image enlargement such as CCIL. If the codebook-based method can estimate the
high-frequency components from the low-frequency components, the enlarged image can
be augmented with the estimated high-frequency components. Therefore, the codebook
should represent the relationship of the low- and high-frequency components.
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(a) Ideal image (b) Low-freq. component  (c) High-freq. component

FiGurE 1. Relationship of low- and high-frequency components. Ideal im-
age (a) can be represented as a composition of low- (b) and high- (c) fre-
quency image components.

e e o e e
cect e e e e
gl 0 L il o o
[ A R

FiGURE 2. Fundamental edge patterns

Fundamental edge pattern
(34 patterns)

ﬂ EE Inversion
[mm| (x2)

[ [ F I

FiGurEe 3. Translated variants for a fundamental edge pattern

Rotation
(x4)

Intensity gap
(x7)

In this section, we introduce a scheme for generating a PDC [20], and then extend it
to the application of an HPDC codebook.

2.1. Predefined codebook generation. A PDC is generated from a fundamental edge
patterns, as shown in Figure 2. The 34 small image patches in the figure represent a typical
variation in intensities in a 4x4 pixels image patch. By considering rotations every 90
degrees, inversions, and seven different intensity gaps on the basis of the fundamental edge
patterns, as shown in Figure 3, a universal PDC entailing 1,904 code words is obtained.
Figure 4 shows an overview of the generation of a PDC. To obtain the relationship of the
low- and high-frequency image components, a low-pass filter is applied to a geometrically
similar edge pattern (12x12 pixels) of the given fundamental pattern (4x4 pixels). The
center of the low-pass filtered image (4x4 pixel patch) is selected as a low-frequency code
word «;, and a corresponding high-frequency code word x; is calculated by subtracting
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FIGURE 4. Generation of predefined codebook

the original patch from the low-pass filtered patch. After applying the above process to
all the code words, pairs of {z}, 7}, (p = 1,2,---,1904) are obtained as the PDC.

2.2. Codebook reference. To estimate the high-frequency image components, a vec-
tor X} (4x4 pixels) is generated as a low-frequency patch reference from the cubic-
convolution-interpolated image to an arbitrary coordinate q. The vector X} is compared
with all patches 27, and the best-matching patch is determined on the basis of a local
distance measure. Therefore, we seek a pixel coordinate ¢ for each X/, which minimizes
the following function:

p* = argmind(z], X)), (1)
p

where pixel coordinates p, ¢ run over all points in their respective images. The function
d(-,-) is a local distance measure between two small patches. In this paper, the Euclidean
distance is used as below:

d(af, X{) = [l=] — X[|. (2)

2.3. Estimation of lost high-frequency components. After the determination of
the corresponding xfl* for all patches X} through the codebook reference discussed above,
all overlapped patches for a single pixel are handled as follows: In the case of a 4 x 4
patch size, the number of shared patches for a single pixel is 16 except for pixels near
the edges of an image and in the corners. In these regions, a single pixel shares less
patches. The corresponding pixel intensities in the shared patches are totaled and then
divided by the overlapped number. Consequently, the high-frequency components of the
enlarged image are created. The resultant high-frequency image is superimposed on the
cubic-convolution-interpolated image to estimate the high-frequency components. Then
we accomplish an image enlargement with perceptual sharpness.

3. Hierarchical Predefined Codebook. Since the PDC consists of 1,904 code words,
1,904 comparisons need to be performed for Equation (1), which requires a significant
calculation time in a software implementation using a single CPU. In addition, from
the viewpoint of special-purpose hardware implementation, 1,904 processing elements —
needed to calculate Equation (1) — are required to realize a full parallel calculation, and
this requires significant hardware resources, and therefore it is difficult to realize in current
devices.
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To reduce the calculation time and the required hardware resources, we propose a
hierarchical PDC for the augmentation of high-frequency component image enlargement.

3.1. Hierarchical rearrangement of codebook. We rearrange the PDC into a three-
layered hierarchical structure. Figure 5 shows the structure of the HPDC. First, we use
16 reference vectors wt, (i = 1,2,--- ,16) for the 1st layer. The position of each reference
vector is decided by the vector quantization of the low-frequency code words x;. The
vector quantization is performed using batch-learning neural gas [21, 22]. After reference
vector allocation, the 1,904 code words are divided into 16 clusters in the 1st layer.

Next, we use another 16 reference vectors ws’, (j = 1,2,---,16) for each cluster 7 in
the 2nd layer. Similarly, the vector quantization of divided code words in the 1st layer is
performed to decide the positions of reference vectors. After the vector quantization of
the 1st and 2nd layers, the 1,904 code words are divided into 256 clusters using reference
vectors wi and wy’. Each cluster consists of N;; (XN;; = 1,904) code words.

In our experiment, the maximum number of N;; is 32, the minimum number of N, ; is
2, and the average number of N; ; is 7.43.

3.2. Hierarchical codebook reference. According to the hierarchical rearrangement
of the codebook, Equation (1) is modified in line with the three steps below.

i* = argmind (w}, X}), (3)

j* =argmind (w;*j, Xﬁ) , (4)
J

k* = arg mkind (xf*j*k,qu) : (5)

Equations (3)-(5) take 16, 16, and average 7.43 times comparisons, respectively. The
total number of average comparisons becomes 39.43. Therefore, a hierarchically codebook
reference can be reduced to approximately 1/50th the size of a conventional codebook ref-
erence. Conversely, from the viewpoint of special-purpose hardware implementation, 16,
16 and 32 processing elements are required for the 1st, 2nd and 3rd layer of the hierarchi-
cally codebook reference, respectively. The 1st, 2nd and 3rd layers can be implemented
as a pipelined architecture; therefore, only 64 processing elements are required to realize
a full parallel calculation. The required hardware resources are likewise reduced.
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4. Fast Edge Detection Rule. As shown in Figure 1(c), a high-frequency image can
be roughly divided into edge and smooth areas. If the input patch X} is detected as a
non-edge area, then the codebook search-and-augmentation process can be skipped. In
this section, we propose a simple, fast-edge-detection rule to reduce the calculation time
for image augmentation. )

First, we calculate a normalized vector X by using the following function.

qu = qu — U (6)
where p is a mean of X'; therefore, the input patch X is normalized to zero mean.
Next, an edge flag is calculated by the following function.

_ )1, max()(:lq) >y
flag = { 0, otherwise (7)

where the function max() selects the maximum vector element of X /1, and v is a threshold
that determines whether the input patch X} is an edge area. After the flag is decided,
only edge patches that have flag = 1 are augmented by the HPDC.

5. Experimental Results and Discussion. To show the effectiveness and validity of
the HPDC, we compared the enlarged results of the proposed method with conventional
enlargement methods.

Error measures are used to objectively compare the enlarged image with the original
one, as shown in Figure 6. First, the original image is decimated by a factor of 2 and
then enlarged by a factor of 2. Next, the original and enlarged images are compared using
an error measure. The decimation operation involves antialiasing filtering with the same
parameter of LPF followed by downsampling. As an error measure, the mean-squared
error (MSE) is used in this paper. The MSE is simply the mean of the squared differences
for every channel for every pixel. By denoting x,. as the value of pixel r in channel ¢ of
the original image, y,. as the value of pixel r in channel ¢ of the compared image, n as
the number of pixels, and ¢ as the number of channels, the MSE can be obtained by the

following equation:
1 n m )
MSE = — re = Yre) - 8
22 (T = ) (8)

r=1 c=1
In our experiments, we use 12 images (grayscale, 256x256 pixels) selected from the

SIDBA database, which are royalty-free and have been used in other computer graphics
performance tests, and are often referred to as “standard images”.
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5.1. Results. Six conventional methods are selected for comparison: BLI, advanced-
area-pixel-model-based method (AAPM) [16], CCI [2], nonlinear extrapolation (NE) [17],
SDC [18] and PDC-based enlargement [20]. BLI is a classical and simple interpolation
method. AAPM is an area-pixel-model-based scaling algorithm that extends the Winscale
method [15]. CCI and NE are selected as the most well-known interpolation and high-
frequency-component-enhancement-based enlargement methods, respectively. SDC and
PDC are codebook-based methods. The HPDC-based enlargement methods proposed in
this paper (HPDC1 and HPDC2) are compared with these conventional methods.

HPDC1 augments all input patches in a manner similar to that for SDC and PDC.
HPDC2 enhances only the edge patches, and the non-edge patches skip the codebook
search process. We used v = 10 for the threshold in the evaluation in Equation (7).
Figure 7 shows the result of edge detection for “Lenna”. The input low-frequency image
component was divided into the edge and non-edge areas shown in Figures 7(a) and 7(b),
respectively, by the proposed rule. In the case of “Lenna”, 40% of input patches were se-
lected as edge areas. After edge area selection, HPDC2 performed a hierarchical codebook
search process for only the edge areas, and then generated the estimated high-frequency
component shown in Figure 7(c). By the augmentation of the input low-frequency image
with the estimated high-frequency image component, the augmented image was obtained
as the enlarged result shown in Figure 7(d).

FIGURE 7. Result of edge detection for Lenna: (a) edge area, (b) non-edge
area, (c) estimated high-frequency components, (d) augmented image
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Ficure 8. Comparison of MSE for image quality

TABLE 1. Evaluation effects of edge-area detection in HPDC2

| Ratio of non-edge area | MSE difference
Min (image) | 27% (Bridge) 0.00 (Building and Lighthouse)
Average 52% 0.18
Max (image) | 70% (Cameraman) 0.50 (Bridge)

5.1.1. Objective evaluation. MSE results for enlargement are shown in Figure 8 for grays-
cale images so as to perform an objective evaluation of image quality. As shown in the
results, HPDC1 and HPDC2 were superior to conventional methods (BLI, AAPM, CCI
and NE), and were on par with codebook-based methods (SDC and PDC). Consequently,
we confirmed that the proposed methods yield equivalent performance with respect to
MSE evaluations.

Table 1 shows the effects of proposed edge area detection rule on HPDC2. Average 52%
of input patches were selected to the non-edge area such as Figure 7(b). Although these
patches skipped the high-frequency components enhancement process, the MSE difference
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between HPDC1 and HPDC2 is quite small. The result shows that the proposed scheme
is effective to reduce the calculation time without any effect on image quality.

To evaluate the calculation time of codebook-based enlargement methods, we mea-
sured CPU times of software implementation (Visual C++ compiler, single thread pro-
gramming, Intel Core2Duo 3.16 GHz CPU, 4 GB RAM). The CPU Time required for
enlargement is shown in Figure 9. The x-axis represents an enlargement factor from 1.25
to 5 at a 0.25 increment. For instance, the enlarged image is 640x640 pixels when the
factor is 5. Each data point is calculated by averaging 12 enlarged images. When the
factor is 5; SDC, PDC, HPDC1 and HPDC2 required 646.31, 87.49, 1.37 and 0.49 second,
respectively. The results show that HPDC2 was approximately 1320 times faster than
SDC and 180 times faster than PDC.

These results also show that the proposed HPDC2 achieved both fast calculation and
high-quality image enlargement.

5.1.2. Subjective evaluation. To subjectively assess the performance of the enlargement
methods, we show the enlarged results with respect to “Lenna” in Figure 10. In this
figure, each image corresponds to a part of the original image cropped by 128 x 128
pixels. The images in Figure 10 from left to right and top to bottom are (a) ideal image
and the enlarged results of (b) CCI, (¢) NE, (d) SDC, (e) PDC and (f) HPDC2. As the
figure shows, the CCI image is blurred. In contrast, the images by NE, SDC, PDC and
HPDC2 are comparatively sharper. However, we observe some artifacts along the edge
of the hat line in the result of NE. By comparing PDC and HPDC?2, it is difficult to find
any differences in the results. The subjective results also suggest that HPDC2 achieves
high-quality image enlargement similar to PDC. Comparing SDC and HPDC2, we can
observe that the result of SDC is smoother than that of HPDC2 in terms of smoothness
of the edge of the hat. The image quality by SDC tends to be marginally better than
that by HPDC2, but it takes considerable calculation time, as shown in Figure 9.

5.2. Discussion. The proposed HPDC2 achieved calculation faster than the existing
fastest codebook-based method. However, the performance of CPU implementation is
not sufficient for real-time applications such as for high-definition televisions (1,920 x 1,080
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() (e) (f)

FIGURE 10. The original gray-scale image and the enlargement results: (a)
Ideal, (b) CCI, (c¢) NE, (d) SDC, (e) PDC, (f) HPDC2 (proposed)

pixels, 60 frames per second). A solution for this problem is a digital hardware imple-
mentation that allows massive parallel processing. In this section, we discuss a possible
HPDC hardware implementation.

To realize the HPDC into a field-programmable-gate-array (FPGA), it needs 548,352
bits of FPGA internal memory. In particular, each code word {z;,z,} has 32 pixels, and
these pixels are represented as a 9-bits accuracy in the HPDC; thus, the total memory
is 548,352 bits [32 (pixel/word) x 9 (bit/pixel) x 1,904 (word)]. It is compact and easy
to implement into the FPGA. For example, Xilinx xc3s4000, which is a low-cost FPGA
built on CMOS 90-nm technology, has 1,769,472 bits of block RAM (FPGA internal
memory) [23]. Similarly, Xilinx xc6vsx475t, which is a recent high-performance FPGA
built on CMOS 40-nm state-of-the-art technology, has 39,223,296 bits of block RAM [23].
Therefore, the FPGA implementation of the proposed method is free from any memory
limitation.

The process of Equations (3), (4), (5) and (2) is commonly called as “winner-take-all”
(WTA). As WTA is widely used in fields such as image processing and neural networks,
several digital hardware implementations have been proposed to realize high-speed pro-
cessing [24, 25]. The proposed HPDC requires 64 processing elements, as mentioned in
Section 3.2. A similar architecture [25], Xilinx xc2v6000, which is an obsolete FPGA built
on CMOS 150-nm technology, can implement 300 processing elements for WTA process-
ing. Therefore, the FPGA implementation of the proposed method is also free from any
hardware resources limitation.

The proposed method has data parallelism similar to other image processing methods.
For example, if the given image can be sliced into four divided images, four enlargement
circuits can run in parallel. This means that the proposed method is suitable for massively
parallel architecture, and the hardware implementation can realize real-time processing.
According to these estimates, the proposed method can be implemented on standard
FPGA boards.

6. Conclusions. In this paper, to resolve the difficulties in conventional codebook-based
image enlargement methods, we proposed fast image-enlargement algorithms that include
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an HPDC and a fast edge-patch detection rule. The proposed HPDC was described as
a three-layered structure that realized fast calculation in the codebook search process.
By applying the augmentation of the high-frequency component to only the edge areas
detected by the proposed rule, the calculation time for the codebook search process was
also reduced. Based on the experimental results, the proposed method realized fast cal-
culation in comparison with other codebook-based enlargement methods, without image
degradation.

The algorithm for the proposed method is not complex, and hence can be easily imple-
ment in digital hardware. The required hardware resource are fewer than other codebook-
based methods. The proposed enlargement method can be processed in parallel because
the estimations of the high-frequency image patches for every LPF image patch are cal-
culated independently. Thus, the proposed method has potential for a wide range of
image-enlargement applications.

In future study, the proposed method will be implemented on an FPGA board and
applied to the real-time processing of moving images.
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