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Abstract—We propose an efficient method for separable sym-
metric linear filtering in the discrete cosine transform (DCT) do-
main. First, separable two-dimensional (2-D) linear filtering is de-
composed into the cascade of one-dimensional filtering in the DCT
domain. We investigate special characteristics of DCT domain fil-
tering matrices when the filter coefficients are symmetric. Then we
present the DCT-domain 2-D filtering method using these charac-
teristics. The proposed method requires a smaller number of multi-
plications including the typical sparseness of DCT coefficients com-
pared to previous DCT-domain linear filtering methods. Also, the
proposed method is composed of simple and regular operations,
which would be appropriate for efficient very large scale integra-
tion implementation.

Index Terms—Compressed domain processing, DCT-domain fil-
tering, image compression, separable symmetric two-dimensional
(2-D) filtering.

I. INTRODUCTION

MANY image and video compression standards such as
JPEG, MPEG-1, MPEG-2, MPEG-4, H.261, and H.263

are based on the discrete cosine transform (DCT) coding tech-
niques. Image and video manipulation in the compressed do-
main can save computations by processing less data and re-
ducing the conversion process between compressed and uncom-
pressed data. Some research has been performed for processing
images and videos directly in the DCT domain in the context of
compressed domain processing [1]–[4].

Filtering is one of the most important operations in signal,
image, and video processing. There have been considerable
studies on filtering in the DCT domain [2], [3], [5], [6]. It is well
known that the circular convolution in the spatial domain cor-
responds to the multiplication in the discrete Fourier transform
(DFT) domain. Some researchers extended this convolution
multiplication property (CMP) to the DCT for filtering in the
DCT domain [5]. These approaches can reduce the number of
multiplications and additions. However, these approaches bear
intrinsic limitations and artifacts for filtering. These problems
are due to the fact that it is based on circular convolution
relationship. The filtering operation in the spatial domain is
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linear convolution, not circular convolution. The DCT-domain
filtering method in [5], which is based on a circular convolution
relationship, cannot avoid blocking artifacts.

Lee and Lee proposed transform-domain filtering employing
linear convolution [6]. They presented a matrix formulation in a
general sense only for one-dimensional (1-D) filtering. Merhav
and Kresch proposed a method that approximates linear con-
volution for 2-D filtering in the DCT domain [2]. They pre-
sented approximate solutions for filtering to reduce complexity.
However, only approximate convolutions can be obtained in this
method. This method might result in blocking artifacts due to
error discontinuities between blocks. Kresch and Merhav re-
cently proposed a DCT/DST-based DCT-domain linear filtering
method [3]. This method uses the DST coefficients as well as
DCT coefficients for DCT-domain filtering. Since the DST co-
efficients are not available in advance, they have to be computed
from the given DCT coefficients. The DCT/DST-based method
might be efficient for just reducing the number of multiplica-
tions. However, this method gives a very complex signal flow
due to cosine-to-sine transform/sine-to-cosine transform com-
putations and extra matrix flipping operations, which would be
inappropriate for VLSI implementation.

In this paper, we propose an efficient method for separable
symmetric 2-D linear filtering in the DCT domain. We inves-
tigate special characteristics of DCT-domain filtering matrices
when the filter coefficients are symmetric. Then we present the
DCT-domain filtering method using these characteristics. Typ-
ical sparseness of DCT-domain input blocks can be included
for further complexity reduction. The proposed method does not
introduce any blocking artifact, unlike the circular convolution
method [5] and the approximation method [2]. The proposed
method would be the best in terms of the number of multipli-
cations including the typical sparseness of input DCT blocks.
Also, the proposed method is composed of simple and regular
operations, which would be appropriate for efficient VLSI im-
plementation.

This paper is organized as follows. In Section II, we
describe DCT-domain separable symmetric linear filtering
as background. Section III presents the decomposition of
DCT-domain 2-D linear filtering. In Section IV, we investigate
special characteristics of DCT-domain filtering matrices when
the filter coefficients are symmetric. Section V proposes the
efficient method for DCT-domain separable symmetric linear
filtering. In Section VI, we include typical sparseness of DCT
coefficients for complexity reduction. Section VII discusses

1051-8215/04$20.00 © 2004 IEEE



518 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 14, NO. 4, APRIL 2004

complexity comparison. Finally, we provide a brief conclusion
in Section VIII.

II. DCT-DOMAIN SEPARABLE SYMMETRIC LINEAR FILTERING

Let and be the input image and filtered
image, respectively. Let be the 2-D filter coefficients.
We assume that the 2-D filter is separable, that is,

can be factorized as for some 1-D fil-
ters and . We also assume that these filters are sym-
metric, i.e., and . The symmetric filters are
common in most image and video processing applications for
linear phase characteristics. Let the supports of and
be and , respectively. We further
assume that and do not exceed 8 as in the previous works
in [2] and [3].

Let and be composed of nonover-
lapping 8 8 matrices and , respectively. Let

and , where

. . .
...

. . .
. . .

. . .
...

. . .

. . .
...

. . .
. . .

. . .
...

. . .

and . The , , and matrices are similarly
defined as , , and , respectively, by replacing with

for all . The 2-D separable symmetric linear filtering can
be represented as a block-based matrix in the form [2], [3]

Note that , , , and are matrices of size 8
8.

Let be the DCT transform matrix. Since the DCT is unitary,
. Let and be the DCT of and ,

respectively, i.e., and .
Then it can be shown that can be represented in terms of

’s as [2]

(1)

We call the matrices ’s and ’s the DCT-domain fil-
tering matrices. Note that the DCT-domain filtering matrices

’s and ’s can be precalculated given the filter coefficients
and .

III. DECOMPOSITION OF DCT-DOMAIN 2-D LINEAR FILTERING

The DCT-domain 2-D linear filtering in (1) can be performed
separately in the vertical and horizontal directions. The DCT-
domain 2-D linear filtering in (1) can be decomposed as

(2)

(3)

where represents the 1-D linear filtered output matrix in the
vertical direction for the DCT-domain input matrix . The
DCT-domain 2-D linear filtering as in (2) and (3) would require

multiplications for one 8 8 DCT block.

IV. CHARACTERISTICS OF DCT-DOMAIN FILTERING MATRICES

In this section, we investigate special characteristics of DCT-
domain filtering matrices when the filter coefficients are sym-
metric. These characteristics would be applied for complexity
reduction. The 8 8 DCT transform matrix can be repre-
sented as [7]

where

Let be the ( , )th element of the 8 8 DCT transform
matrix . Then even rows of are even-symmetric and odd
rows of are odd-symmetric [7], i.e., .

Let and be the th elements of and ,
respectively. Note that for and for

. Then can be represented in terms of

if
otherwise.

(4)

Let and be the th elements of and ,
respectively. Since , can be represented in
terms of as

(5)
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Similarly,

(6)

From (4)–(6), we can show that

(7)

In (7), we can see that the elements of can be represented
in terms of the elements of when the filter coefficients are
symmetric. To obtain a similar relationship for , we decom-
pose into two matrices where

. . .
. . .

...
. . .

. . .
. . .

...
. . .

. . .

and . Let and be the th elements
of and , respectively.

Let and be the DCT of and , respectively.
Let , , and be the th elements of , , and

, respectively. Then . If we proceed in the
same way, we can show that . Hence

if is odd (8)

We have shown that half of the elements of are 0 when
the filter coefficients are symmetric.

V. EFFICIENT METHOD FOR DCT-DOMAIN SEPARABLE

SYMMETRIC LINEAR FILTERING

In this section, we propose an efficient method for DCT-do-
main separable symmetric filtering using the characteristics in
Section IV.

Let where

and .

First, we consider the complexity reduction of using

(7). Let , , and be the th elements of ,

, and , respectively. Then

(9)

Equation (9) can be calculated for even and odd cases sepa-
rately as

for even

for odd

(10)
The computation of as in (10) would require 512 multipli-
cations.

Second, we consider the complexity reduction of using

(8). Let and be the th elements of and ,
respectively. Then

From (8), we can see that for odd and
for even . Hence, we can perform the matrix computation for

as

for even

for odd
(11)

The computation of as in (11) would require 256 multipli-
cations.

The complexity reduction in (3) can be done in the same way
as in (2). Let where

and . Let and be the th
elements of and , respectively. If we proceed in the
same way as in the previous section, we can show that

. Let , , and be the th elements of

, , and , respectively. Then we can show that

can be calculated as

for even

for odd

(12)
The computation of as in (12) would require 512 multipli-
cations.

Let be the th element of . If we proceed in the
same way, we can show that , if is odd. Let
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and be the th elements of and , respectively.

It can be shown that can be computed as

for even

for even
(13)

The computation of as in (13) would require 256 multipli-
cations.

Overall the DCT-domain filtering method proposed in this
section would require mul-
tiplications for one 8 8 DCT block. Note that the proposed
DCT-domain filtering method would give the same result (ex-
cept rounding errors) as the spatial domain filtering method.

VI. SPARSENESS OF DCT COEFFICIENTS

The sparseness can be a very important factor to reduce the
complexity in DCT-domain filtering. The DCT is employed in
image/video compression standards such as JPEG, MPEG-1,
MPEG-2, MPEG-4, H.261, and H.263 because it has excellent
energy compaction characteristics. Actually, a high percentage
of coefficients in typical DCT blocks have zero values after the
quantization, especially for low bit-rate compression.

Let and denote the ratio of nonzero coefficients in input
DCT matrices and 1-D filtered DCT matrices , respec-
tively. Then the number of multiplications for the proposed
2-D linear filtering would be

(14)

Actually, the amount of sparseness is dependent on many fac-
tors such as image characteristics and quantization operation.
Hence, and values would not be constants in different im-
ages and in different cases. In [3], they define a DCT block as
sparse if only its 4 4 upper quadrant contains nonzero ele-
ments. In this case, , and the number of multipli-
cations in (14) would be 384.

VII. COMPLEXITY COMPARISON

In this section, we discuss the complexity comparison be-
tween the previous DCT-domain filtering methods and the pro-
posed method. We compare the proposed method to the spatial
domain approach and the DCT/DST-based method [3]. The cir-
cular convolution method [5] and the approximation method [2]
would not be included in this comparison, because this method
might introduce blocking artifacts. We consider the number of
multiplications and the aspects of very large scale integration
(VLSI) implementation.

Spatial domain approach would require modules for inverse
discrete cosine transform (IDCT), spatial domain filtering, and
DCT. The spatial domain filtering is dependent on and .
The spatial domain filtering would require
multiplications for symmetric kernels by separable 1-D com-
putations for one 8 8 pixel block. Now we consider DCT
and IDCT computations. There are many fast algorithms and

VLSI architectures for 2-D DCT/IDCT implementations. The
most popular approach for 2-D DCT and IDCT VLSI is the
row-column method [7]. The 2-D DCT/IDCT with a typical fast
1-D DCT/IDCT algorithm [8] as a row-column method would
require 192/192 multiplications for one 8 8 block [9]. It is
possible to perform the 2-D DCT/IDCT with a smaller number
of multiplications by using a more efficient fast 1-D DCT/IDCT
algorithm. For example, if we use the fast 1-D DCT/IDCT algo-
rithm in [10], the 2-D DCT/IDCT would require 176/176 mul-
tiplications for one 8 8 block. Here we assume that a typical
fast 1-D DCT/IDCT algorithm as row/column method is used
for 2-D DCT/IDCT implementation. Overall, the spatial domain
approach would require multiplications for
one 8 8 DCT block. For example, if the filter kernel size is

, then the spatial domain approach would
require 1536 multiplications. Note that the spatial domain ap-
proach is dependent on the filter kernel size, and it does not have
any benefit from the sparseness of DCT blocks.

The DCT/DST-based method [3] is based on the DCT/DST
convolution multiplication property. According to [3], the
number of multiplications for one 8 8 DCT block with a
symmetric filter kernel is 736 in the nonsparse case and 448
in the sparse case for DCT-domain filtering. This method uses
the DST coefficients as well as DCT coefficients for DCT-do-
main filtering. Since the DST coefficients are not available
in advance, they have to be computed from the given DCT
coefficients. Also, the DST data need to be transformed back
to the DST data for the completion of DCT-domain filtering.
Hence this method requires cosine-to-sine transform (CST)
unit and sine-to-cosine transform (SCT) unit. Also, this method
requires many matrix flipping operations. The matrix flipping
operation would not require multiplications. However, the
matrix flipping operation should not be simply ignored in VLSI
implementation. Overall, the DCT/DST-based method gives a
very complex signal flow due to CST/SCT computations and
extra matrix flipping operations, which would be inappropriate
for efficient VLSI implementation. An important factor in
DCT-domain filtering is the typical sparseness of the quantized
DCT input blocks. The DCT-domain block sparseness is not
generally preserved after conversion to the DST domain [3].
Hence, the DCT/DST-based method does not get much benefit
from the sparseness of DCT.

The proposed method requires 1536 multiplications in non-
sparse case and 384 multiplications in sparse case. If the input
DCT data is sparse, then the proposed method is the best in
terms of the number of multiplications. The sparse case is very
common in DCT-based compression. Actually, DCT blocks are
typically sparser, i.e., less than 25% of coefficients are nonzero,
especially for low-bit-rate compression.

For VLSI implementation, the proposed method would be the
most efficient scheme. The proposed method has a simple signal
flow with regular operations. It is just a series of multiplication
and addition operations and does not require any extra matrix
flipping operation as in the DCT/DST-based method. Since all
steps are simply composed of multiplications and additions, it is
possible to implement the proposed method as an efficient VLSI
architecture, which could be done as a future work.
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VIII. CONCLUSION

We proposed an efficient method for separable symmetric
2-D linear filtering in the DCT domain. We first decomposed
separable 2-D filtering into the cascade of 1-D filtering in
the DCT domain. We investigated special characteristics of
DCT-domain filtering matrices when the filter coefficients are
symmetric. Then we presented the DCT-domain 2-D filtering
method using these characteristics. This method gives the same
result (except rounding errors) as the spatial domain linear
filtering method. The proposed method requires a smaller
number of multiplications including typical sparseness of DCT
coefficients compared to previous DCT-domain separable
symmetric linear filtering methods. Also, the proposed method
is composed of simple and regular operations, which would be
appropriate for efficient VLSI implementation.
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