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4 Abstract I

Due to multiple standards on digital coding of
image such as JPEG, MPEG, H.261 etc., it is expected
that conversion from one picture format to another will
be quite necessary for display or recording of different
format sources. Conventional approach of 2-D
sampling rate conversion by polyphase filters requires
relatively large memory and computation power.
Therefore, a new efficient method for image
resampling (interpolation and decimation) has been
presented. The proposed approach  performs
resampling block by block with overlap. To minimize
the overlap special block interpolation kernels are
used, with one pixel overlap gives satisfactory result
for most of practical images. Proposed method can be
efficiently applied to image communication systems
where block transforms are used for data compression.
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1. Introduction

In recent years, several standards on digital coding of
image and video signals have been proposed such as JPEG,
MPEG, H.261, etc. based on discrete cosine transform
(DCT). Due to multiple standards, it is expected that
conversion from one picture format to another will be quite
necessary for display or recording of different format
sources. Conventional approach of 2-D sampling rate
conversion by polyphase filters requires relatively large

memory and computation power [1-2]. As a result, such a -
system becomes expensive. With wide applications of
digital image and video, it is quite necessary to develop
cost effective format conversion systems [3-7] where
effective image resampling is essential. An approach for
highly efficient image resampling will by introduced. The
proposed approach performs resampling block by block
with overlap. The amount of overlap can be adjusted
depending on the desired quality. To minimize the overlap
special block interpolation kernels are used which are
developed using a stationary image model.

The conventional approach to resampling for
noninteger ratio changes is based on the sampling theorem.
A given discrete signal is a complete representation of a
continuous signal if the continuous signal is bandlimited
and the sampling interval satisfies the Nyquist criterion.
Once the original continuous signal is recovered, it is trivial
matter to increase the number of samples (i.e. increase the
sampling rate) from the continuous signal. This
interpolation process with arbitrary ratio can be done pure
digitally using the mathematical description of a
bandlimited signal by Shannon — Kotelnik’s series,

f (f)=§m f (HT)EH;@—(?%;;%) )

where @, = /T determines the bandwidth of f(f)
Increasing the sampling rate does not violate the sampling
theorem. Hence, sampling f(() in (1) with the interval

T, < T, we get the resampled (interpolated) signal without

any error

sinwy (mi’*1 - nT)
@p (mTl —nT)

FnT)= 3 7(n7)

H=—a

)

For practical purposes, the sampled sinc-function in
(2) is approximated by a finite sequence to reduce the
number of multiplications within an acceptable error bound.

For a decimation with sampling interval 7, > 7 however,

(2) cannot be used because the sampled signal would not
properly represent the original signal. It would contain an
aliasing error, which has an annoying visual affect when
used as a representation of the continuous signal. We can
remove the high frequency components before resampling
so that aliasing does not occur. Antialiasing low-pass
filtered signal is represented as follows using (1)
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where the low-pass filter impulse response is ideally

g(r):M @)
@, t

and w, =7/T,, T,>T =nr/w,. We shall obtain
low-pass filtered signal representation
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Sampling f, (t) with T, gives
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which does not contain aliasing errors. Notice that
interpolation and decimation results have the same form of
the computation even though antialias low-pass filtering has
been incorporated. Therefore, no distinction will be
necessary between interpolation and decimation except for
the low-pass filters used for each case. For 2-D signals, the
same procedures are applied for row and column operations
if separable 2-D filtering is used. In the next section, a
block approach is suggested which requires less
computation power and memory.

2. Truncated overlap-add resampling
of an image

In this section, an efficient approximation method for
low-pass type convolutions is given where the contribution
from the distant pixels to the current pixel values are
decreased as fast as 1/71, where 7 is the distance of a pixel
form the current resampling point. In the presented
approach, interpolation is done block by block with the
overlap-add computations limited to a finite distance.
Contributions from remote pixels are estimated based on
the current image block [8].

First, for the notational simplicity, 1-D development
will be discussed with a block size N . 2-D extension is
naturally followed. In order to perform the filtering in (2)
by overlap-add method input data is passed through and
ideal interpolation filter block by block with cut-off

frequency @, = /T . The output of the filter is sampled

with an interval 7} < T . The outputs from the ideal filter
(i.e. a sinc-function) are truncated to fit into block size with

an overlap yT, where ¥ is an integer. The errors due to
truncation are compensated based on the stationary image
model as will be described later. If the overlap yT is

sufficiently large, high quality interpolation is obtained at
the expense of a relatively large amount of computation.
However, ¥ can be significantly reduced (down to one,

corresponding to one pixel distance) for highly efficient
computation by employing a proper compensation
technique.

Let g, (r) be the output of the interpolation filter for

the i-th block input signal j}(n): fj(nT), where
ﬂ(n)= f(n)R‘.(n), i=0,1,.,M—1, where M is the

number of blocks, NV is block size, and

Ri[n]={

Then the output of the interpolation filter for the i-th
block is

, iN<n<(i+1)N
0, otherwise

)

Zfﬂéﬂ%Lg? (®)

The overlap-add interpolation is obtained by the sum
of the sampled values of g, (t), i = 0,1,..., M -1
M-l
glm)=g(mT,)=3 ¢,(mT,) ©)
i=0
where m € [0,(M’NT/T, - l)] and M is the total number

of blocks.
For the simplicity of the presentation, assume that

t =0 is aligned with the first sample of the i-th block of
the input signal as shown in Fig. 1.

£,(T ) g, (1)

T Input samples

Block - i

s ! :

-7 Interpolated output of the i-th No-l4 ?,)r
b1ock ' (
L
o pixels B pixels
(excluding the {excluding the origin)

origin)
Fig. 1. The i-th block input samples and interpolated output before
resampling
The output of the i-th block g, (t) is truncated to
{— T, (N -1+ }/ﬁ"] such that y pixels are overlapped.
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After resampling, the number of pixels at the output of the
i-th block is B, where B is givenby B=a + +1 and

fg o]

T, T,

where [x] represents the largest integer smaller than or
equal to x. These truncated and resampled outputs
g,.(mTl), m=-a,~a+1,..., f, are added to get the
final result. In the presented approach, overlap is limited to
a distance 1" where overlap-add with the adjacent block is
performed as depicted in Fig. 2.

Block — (i-1)

TR -

—

Block — (i+1)

Fig. 2. Block interpolation by overlap-add method

If overlap is sufficiently large, almost perfect
resampling is achieved. The amount of computation (and
hardware) can be minimized by reducing y . For practical
images, ¥ can be reduced down to one-pixel distance with
proper compensation of errors as described next.

To compensate for the errors due to truncations,
truncated overlap portions are estimated using the current
block data. In Fig. 2 truncated overlaps @ and d are
approximated by b and c, respectively and vice versa.
Rationale behind this approach is that image data is highly
correlated in the homogeneous area and errors near edges
are less sensitive to human eyes. Consider the case when
the block boundaries are in the homogeneous region. Then
b and c are really good estimates of a and d,

=0

2AN +7)T

respectively, due to the homogenity of the blocks. When
singularities (edges) are near the boundaries, the
estimations have more errors. However, these errors are
near the edges or high activity areas, which are less visible
due to human visual system characteristics. These facts are
demonstrated in the computer simulations in Section 3.
Next, efficient compensation method is described by using
precompensated block interpolation kernels.

As discussed above, the truncated portions of overlaps
from adjacent block are estimated using current block data.
In Fig. 2, replacing part -a and -d with part -5 and -c,
respectively is equivalent to using a block symmetric image
model depicted in Fig. 3.

Using this image model the interpolated i-th block
signal is given, in a simple form, as

g,-(r)=§f,-(1)k; )

(1

where k, (!) are block-interpolated kernels with a support
[— 7T, (N -1+ ;VF] as follows

K, (r] _ 1: i sinw, (t + (ZrN - I)]:)] g R‘(-rT.{N—Hr}T}(r)

w,(t+(@2rN -1)T)

r=—x

= sinw, (¢ + (25N +1+1)T) N
J{Z 0, (t+@sN +1+1)T) * R (1) (12)

F=—o

where R{a‘b)(r) is a rectangular window function as

follows

1, a<t<b

(13)
0, otherwise
By resampling (11) with desired sampling interval T},
we get the interpolated i-th block signal. Equation (11) has
a time-variant filtering form. For the example of N =8,
the interpolation kernels are depicted in Fig. 4, where

i-th block

\

mirror images of i-th block

\

i~th block shifted by 2(N + )T

Fig. 3. Block-symmetric image model for compensation of errors due to truncations
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y =1. Notice that &, (f) [=0,1,...,N -1, are defined
independent of signals and, as a result, can be precomputed.
functions £, (I),

[=0,1,...,7 on the interval [— yT,(N—l-g-y)T] for
y =1, N =8 is shown in Fig. 5.

The sum of interpolation

kalr) 0

1 1

1 [ H 4 L} L] -1 a F] 4 L] [

Fig. 4. Interpolation functions k‘, (r) [=0,1,2,3 (from top to
bottom and then left to right), with ¥ =1, N =8

-2 v] 2 4 i1

>

Fig. 5.  The sum of interpolation functions kf (f)

The results of the sampling of the function (11) can be
written in a matrix equation form

8; =K, (14)

where g, is vector of sampled values of g, (t) in the
support [— ¥, (N -1+ }f)T] with sampling interval T,
/i isan N x1 vector of input samples and K is an

(a+ﬁ+l)>< N matrix defined from (11) and (12) as
follows

grr :[g;'(" a) g,.(—a+l) g,.(O] g;(ﬁ)] (15)
=50 £0) .. f£(v-1) (16)
K,, =k, (pT)) p=-a,..f ¢=0l.,N-1 (17)

Equation (17) has for arbitrary block size form

k(-af)  k(-af) - ky(-aT)
x| BEas ) kleasin) - b (Earin)| 09
W) k() k07

The result resampling signal is again obtained by
adding of particular output signals g,.(mTl) (for

interpolation) or g, (mTz) (for decimation) where

i=01...,M~1 a mel0..(M NT/T,-1)]. When
the average number of sample points within a block after
interpolation or decimation is an integer, the above sampled

kq(pTl)! p:-a',___,ﬁ’

g =0,1,..., N =1, which are elements of matrix K in
(17), are sufficient. For example, if an 8-sample block is
interpolated to 9 samples, the 9x8 matrix K defined by
(18) is sufficient for the resampling of whole image plane.
The same is true for the decimation of a block to 7 or 6
sample points with appropriate @ ‘s for the low-pass filter
kernel. However, when the average number of sample
points from the blocks after resampling are non-integer we
should need modified versions of matrix X .

Previous development may be applied to the 2-D case.
As in the 1-D case, resampling can be represented as a
matrix operation.

Let K, and K, be (a+p +1)x N resampling
matrices in the x- and y- directions, respectively. The 2-D
resampling is done by row and column operations described
as multiplications as follows

interpolation  kernels

g, =K,/ ,K. . (19)

where the matrices f; ; are the (i, /)th N x N block 2-

D signals and g, are the (a+;5’+ l)x (a: + [+ I)
resampled output block matrix with overlap 7" . Overall
resampling is obtained by adding all the (7, /)th blocks,
i,j=0,1,.,M -1, in (19) with overlap T .

3. Computer simulation and results

Computer simulations have been done on the image
Lena of the size 512x512 pels, which contains high
frequency components on the hat pattern as shown in
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Fig. 6 The original Image Lena (a) and interpolated images using the block approach with compensation () = 1, block size 8x8) from:
b) 64x64 to 512x512 pels, c)128x128 to 512x512 pels, d) 256x256 to 512x512 pels

Fig. 6a. First the image Lena was decimated by the
developed method with compensation to three different
sizes, namely 64x64, 128x128 and 256x256 pels with one
pixel overlap (¥ =1) and a block size 8x8 pels. Then these

decimated images were interpolated by the block method to
the original size 512x512 pels with parameters the same as
for decimation. Results are shown in Fig. 6b, 6¢ and 6d,
respectively. Table | shows signal to noise ratios (SNR)
and mean square errors (MSE)

Table [
[mage size after Interpolation
decimation SNR (dB) MSE
64x64 15,94 460,83
128x128 19,76 187,02
256x256 25,34 51,69

Further experiment was performed such, that image
Lena was decimated by the developed method to the size

128x128 pels as previously but it was interpolated by
the block method with the same parameters as for
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Fig. 7 Interpolated image from 128x128 to 512x512 pels using the
bleck approach without compensation (¥ =1, block size 8x8)

Fig. 8 Interpolated image from 128x128 to 512x512 pels using the
block approach (y = 1, block size 8x8) at basic decimation

decimation, however without compensation to the original
size 512x512 pels. The result is illustrated in Fig. 7 with
SNR = 16,23 dB and MSE = 421,55. Finaly we have
carried out the basic decimation by missing out pels in the
horizontal and vertical directions of image Lena to size
128x128 pels. Such decimated image was interpolated by
the developed method with compensation again withy =1,
block size 8x8 pels to the original size 512x512 pels. The
interpolated image is shown in Fig. 8, with SNR = 17,0 dB
and MSE =353,47.

Comparing the results represented in Fig. 6¢c and Fig. 7 it is
seen that for the same decimation method, however
different interpolation one, better result is achieved by
interpolation method with compensation. On the other hand
comparing the results in Fig. 6¢c and Fig. 6a, we find out
that using different decimation method and the same
interpolation one, better result is in the case of the
developed decimation method. The given result confirm the
high quality of resampling when using the proposed
resampling method. Moreover, this method decreases
amount of calculations compared to the conventional
resampling method [1].

4. Conclusion

A new efficient approach to the resampling image has
been presented. The proposed approach gives cost
effective, fast and high quality resampling. This method can
be efficiently applied to image communication systems
where block transforms [9] can be used for data
compression [10]. In the decoding stage where inverse
block transforms are performed, resampling can be
effectively combined. Inverse block transforms are
represented as a matrix operation as

f.;=CF,CT, (20)

where F . isan N xN 2-D transform coefficient matrix

if
of the (i, j)th block 2-D signal, C is an NxN 1-D
inverse transform matrix and f, ; is an recovered (t, 7 xn

2-D sample array block. Since the resampling process in
(19) has a similar structure as (20), they are readily
combined to give

T TeT _
g, =K,f K =K,CF C'K =

@1
(&,C)F,(cK,Y =H,f,HT

where matrices f7, and H , gives a representation similar

to (20) which perform inverse transform and resampling at
the same time. The proposed approach can be implemented
on a single VLSI chip together with an inverse block
transform. The proposed resampling scheme will make the
image transcoder system affordable for various
applications.
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