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Abstract — This paper presents a novel optimal filtering
approach that can be integrated into video compression
schemes to improve video compression performance. In the
proposed approach the encoder computes the coefficients of a
linear filter in an optimal way, so as to minimize the squared
error between the original frame and the filtered
reconstructed frame. The encoder then multiplexes the filter
coefficients into the bit-stream for decoder access.
Reconstructed image frames are filtered at the decoder using
optimal filter coefficients to obtain improved image frames.
The optimal filtering approach is evaluated in the form of a
post-process filter as well as in the form of an in-loop filter. It
is shown using H.263+ and H.264/AVC that the proposed
approach improves video compression performance of
standard compression schemes’.

Index Terms — Video compression, optimal filtering, in-loop
filtering, post filtering.

I. INTRODUCTION

Emerging consumer electronics devices such as digital
television, mobile video terminals, video telephony, digital
video camcorders, and multimedia services for networking
applications, have increased demand for efficient video
communications [1]. Almost all state-of-the-art video
consumer electronics use video compression schemes to
reduce redundancies in video sequences, for storage or
transmission.

Many video compression standards, including the ISO/IEC
MPEG-1, MPEG-2, and MPEG-4 standards as well as the
ITU-T H.261, H.263, H.264 standards have been developed
for video compression. For example, MPEG-2 has been
adopted for digital video broadcast and distribution of video
on VCD or DVD, while H.263 has found applications in video
conferencing systems as well as video streaming in broadband
and wireless networks. The latest H.264 standard, also called
MPEG-4 Version 10, or Advanced Video Coding (AVC), is
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currently the state-of-the-art video compression scheme,
jointly developed by MPEG and the ITU-T in the framework
of the Joint Video Team (JVT). With various new tools to
enhance the ability to predict the picture content, H.264/AVC
outperforms all of the previous standards, in terms of coding
efficiency. H.264/AVC is suitable for video applications in all
areas and intended to replace the existing standards [2].
Several applications, such as high-definition DVD and digital
video broadcasting for handheld devices and high-definition
television systems, have already adopted H.264 or its
modified versions [3].

Research in the area of video compression is mostly
concentrated on reducing the computational complexity of the
system, possibly at the cost of compression efficiency [4-6], or
improving the compression efficiency of the system, possibly
at the cost of computational complexity [7,8].

Significant research is carried out in the area of video
compression to improve coding efficiency as well as to reduce
compression artifacts particularly encountered at low bit-rates.
Pre- and post-processing operations as well as in-loop deblock
filtering has gained attention due to their potential of
improving the coding performance and visual appearance.
Most of these techniques are aimed at reducing blocking
artifacts that may cause major visual degradation, affecting the
performance of block-based video compression schemes.

The utilization of an in-loop deblocking filter has been
accepted in H.263+ (Annex J) [9] and the H.264/MPEG-4
AVC [10] video coding standards. Unlike post-filtering,
predicted pictures are computed from filtered versions of the
previously reconstructed frame in in-loop filtering. That is,
filtered frames are used as reference frames for motion
compensation of subsequent coded frames. In this case, all
standard conformant decoders have to perform identical
filtering in order to stay in synchronization with the encoder.
The deblocking filter of H.263+ [9] is applied to a window
of four edge pixels in the horizontal direction first, and then
similarly in the vertical direction, with the weight of filter
coefficients depending on the quantizer step size for a given
macroblock, where stronger coefficients are used for a
coarser quantizer. The deblocking filter included in
H.264/MPEG-4 AVC [10] on the other hand is an adaptive
filter that adjusts its strength according to the compression
mode of a macroblock (Intra or Inter), the quantization
parameter, motion vector, frame or field coding decision and
the pixel values. In [11] it has been investigated if in-loop
deblock filtering should be removed entirely from the
coding loop or not, and it is concluded to use in-loop
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deblock filtering at low bit rates to get higher coding quality
gain, with the possibility of having in-loop deblock filtering
switched off when it is required to reduce the total amount
of coding calculation.

An iterative projection on convex sets (POCS) based
method is proposed in [12] for image deblocking mainly. In
[13], a new smoothness constraint set and its projection
operator in the wavelet transform domain based on POCS is
presented for HDTV decoded images in order to remove
unnecessary high-frequency components caused by blocking
artifacts. Another POCS-based approach is presented in
[14], and differs from standard POCS based approaches in
that it uses pixel-wise local adaptability, with three locally
adaptive constraint sets being introduced to improve
performance. Local variance and edge information are used
together in [15] to reduce blocking and ringing artifacts and
it is shown that this method provides better results compared
to the POCS based approach presented in [12]. The method
proposed in [16] also takes local variance and the edge map
into account but uses fuzzy decision making to determine
the strength of filtering. A weighted average of pixels
symmetrically positioned according to block boundaries is
considered for deblocking purposes in [17]. In [18] the
surrounding region is classified as smooth or complex for
detected blocking effects and smooth areas are simply
filtered by a non-linear 1D filter while complex regions are
processed using a feed-forward neural network structure. In
[19], a 2D deblocking filter is presented instead of the 1D
deblocking filter used in H.264 [10] to enable faster
implementation. A low complexity deblocking approach
which takes local activity at block boundaries into account
and applies different kinds of filtering according to the
decided mode is presented in [20]. A Markov Random Field
(MRF) based deblocking approach which considers the
masking property of the HVS is proposed in [21]. The
wavelet transform and MRF are utilized together in [22] for
improved deblocking performance while preserving true
edges and textural information. A non-iterative method is
presented in [23] that wuses overcomplete wavelet
representations to reduce both, blocking and ringing,
artifacts. A weighted combination of shifted transforms is
used for deblocking and deringing of compressed images in
[24]. This approach furthermore uses a multiplier-less
transform instead of the discrete cosine transform to enable
parallel hardware implementation. The method presented in
[25] superimposes some random noise into the compressed
blocky image as a first step of deblocking, and then uses an
adaptive image denoising technique to remove blocking.

In [26] it has been proposed to utilize an optimal post-
processing filter at the decoder to improve warped discrete
cosine transform (WDCT) image encoding performance. The
filter coefficients are determined at the encoder in least-
squares sense, encoded besides the transform coefficients, and
used at the decoder to improve the quality of the decoded
image. It is shown in [26] that a significant gain in image

IEEE Transactions on Consumer Electronics, Vol. 53, No. 4, NOVEMBER 2007

quality can be achieved by the post-process filtering for image
coding.

In this paper, it is proposed to use optimal filtering to
improve video compression performance. The coefficients of
a linear filter are determined at the encoder so as to minimize
the least squares error between the original and filtered frames
and these filter coefficients are multiplexed into the bit-
stream. Because linear filtering is utilized, the computational
complexity induced at the decoder as a result of this process is
comparatively low. The optimal filtering approach is
evaluated in the form of a post-process filter as well as in the
form of an in-loop filter for video coding. It is shown that the
proposed approach improves video compression performance.

II. OPTIMAL FILTERING OF COMPRESSED VIDEO
FRAMES

It is proposed to utilize an optimal linear frame filter in the
decoding stage so that the squared error between the original
frame and the filtered reconstructed frame is minimized. If

I (i, j) is used to denote the reconstructed frame before

filtering, the filtered reconstructed frame /, (i, /) is defined

as
1,(i,j)=1(i,/)*G (1

where G represents a filter kernel of dimensions /x/, and *
represents convolution. It is proposed to obtain the optimal
filter coefficients in least squares (LS) sense, by solving

min1 (1) =1, ), =minll ()= T 6, @

2 G

for the filter coefficients, where / (i, J ) represents the original

frame. While it is possible to use different LS approaches for
this purpose, the iterative preconditioned conjugate gradients
(IPCG) [27] was used in this paper because of its iterative
nature.

For simplicity, assume that the vector g is used to represent
the filter kernel coefficients in row-stacked form so that
g(m+nl)=G(m,n),0<m,n<I-1, the vector b is used to
represent the original image values in row stacked form so
that b(i+jw)=1(i,j),0<i<wand 0< j<h (where w and
h represent the width and height of the frame image), and the
matrix A with dimensions whx/* is

T
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Fig. 1. Overall block diagram of the encoder in the proposed approach for a typical motion compensated predictive coding scheme.

where a: ; is the row-stacked form of an [x/ sized 2D

window centered around the pixel location (i, /) of (i, Jj)-

Then it is possible to express the system to be solved in the
form of

Ag=b (4)

In order to solve this equation system using preconditioned
conjugate gradients it is necessary to obtain a square
coefficient matrix. It is possible to multiply both sides of (4)
with A" to make the matrix on the left hand side of the
equation a square matrix. Then it is possible to solve this new
equation using preconditioned conjugate gradients iteratively.
If A=A"A and b=A"b is defined for convenience, it is
possible to express the system to be solved in the form of

Ag=b (%)
and the solution of this system will provide a least-squares
solution when solved for g . The symmetric positive pre-
conditioner M is constructed so that M has the diagonal
elements of A (diagonal pre-conditioning). The filter kernel
is initialized to be equal to the unit impulse response kernel so
that G, (m,n):5(m—(l—1)/2,n—(l—l)/2),0Sm,nSl—l .

The solution of (5) is then carried out in an iterative way. If

r, is used to denote the residual and p, denotes the direction

in which the next step should be taken for the £ th iteration,
the unrolled implementation of the iterative preconditioned
conjugate gradients algorithm is implemented as follows [28]:

—h_A =M! —
r,=b-Ag,,z,=M"T1,,p,=1,Z,

- p
P.=Zy,q,=Ap,,0,=—"

111

for i=1,2,...
8 =8 TP,
I =704,

if residual is small enough exit

z,=M"r,

)t (6)
P;

Bi =
Piq

pi+] =Bipi +Zi

qi+1 =Api+1

0= Tpi
pi+1qi+1

end

The filter coefficients are multiplexed into the bit-stream
to facilitate access at the decoder. Experimental results have
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shown that a kernel size of 5x5 gives acceptable results in
terms of balancing the improvement in compression quality
and computational load. In this case, a total of 25 filter
coefficients need to be encoded per frame as side
information. As the purpose of this paper is to basically
demonstrate the improvement obtained by the optimal
filtering approach; appropriate entropy encoding techniques
for filter coefficients as well as faster computation methods
will be researched in future work.

An overall encoder block diagram of the proposed
approach for a typical motion compensated predictive
coding scheme is shown in Fig. 1. Two options for optimal
filtering are considered in this work. In the first approach,
in-loop optimal filtering (ILOF) is evaluated, where the
optimal filtered image frames are used in the coding loop. In
the second case, optimal post-process filtering (OPF) is
evaluated, in which case optimal filtered image frames are
not used in the coding loop.

III. EXPERIMENTAL RESULTS

In order to evaluate the performance of the proposed ILOF
and OPF approaches in practical video coding systems, these
approaches have been integrated into the H.263+ reference
software tmn3.2 and H.264 reference software JM version
11. The H.263+ reference software was used to not only
assess the efficiency of the proposed approaches but also
evaluate the introduced complexity and effect on speed. The
H.264 reference software was used to evaluate the efficiency
of the proposed approach in state-of-the-art video coding
approaches.

Table I and Table II show average Y-PSNR (luminance —
peak signal to noise ratio) versus bit-rate results for the
QCIF sized Foreman and Coastguard test sequences,
respectively, of length 300 frames, encoded at a frame rate
of 10 frames/sec using H.263+. Standard H.263+ results,
H.263+ with the proposed in-loop optimal filtering (denoted
as H.263+ ILOF), H.263+ with its own standard in-loop
deblocking filter (denoted as H.263+ J), H.263+ with the
proposed in-loop optimal and its standard deblocking filter
together (denoted as H.263+ J ILOF), H.263+ with the
proposed optimal post-process filtering (denoted as H.263+
OPF), and H.263+ with the proposed optimal post-process
filtering and its standard deblocking filter together (H.263+
J OPF) are used for performance evaluation.

Table I shows that the proposed in-loop optimal filtering
improves the PSNR performance by more than 1 dB for low
bit-rates and about 0.5 dB for higher bit-rates for the
foreman sequence compared to the non-filtered case.
Compared to the standard deblocking filter case it is seen
that the in-loop optimal filter again provides an improved
PSNR performance. It is furthermore seen for the Foreman
sequence that if in-loop optimal filtering is used together
with the standard deblocking filter the average PSNR is
even further increased, but the gain is now less. In case of
post-process filtering it is seen that although an increase in
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PSNR is achieved compared to conventional H.263+, the
PSNR results are lower than in-loop filtering, and
furthermore  combining  post-process  filtering and
deblocking filter does not improve the PSNR more than that
achieved by post-process filtering itself. It is useful to note
that optimal post-process filtering as well as optimal in-loop
filtering provide higher PSNR results than the standard in-
loop deblocking filter accepted in H.263+ (Annex J), with
optimal in-loop filtering providing the highest PSNR results
of all.

Table II shows that the proposed in-loop optimal filtering
provides PSNR improvements of more than 1dB for low bit-
rates and the gain reduces slightly with increasing bit-rate
for the Coastguard sequence. Compared to the standard de-
blocking filter, in-loop optimal filtering and optimal post-
process filtering again provide higher PSNR performance,
and the standard de-blocking filter can be used in addition to
in-loop optimal filtering to even further improve the PSNR
performance, but the gain is smaller. Therefore taking into
account the computational load introduced at the decoder by
the nonlinear in-loop deblocking filter, the linear optimal in-
loop filter provides superior PSNR performance at lower
computational decoder complexity.

Fig. 2. Foreman frame # 288 (a) Original (b) H.263+ (PSNR: 28.99 dB)
(c) H.263+ ILOF (PSNR: 31.62 dB) (d) H.263+ J (PSNR: 31.36 dB) (e)
H.263+ J ILOF (PSNR: 31.96 dB)
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PSNR (dB)

Bit-rate (kbps)

25 50 | 75 | 100 | 150 | 200 | 250 | 300 | 350

400

450

500

H.263+

26.80[28.81[30.55|31.87]33.81|35.48]36.86|38.00|38.94

39.74

40.44

41.05

H.263+7]

27.80130.21|31.80|33.06|34.80(36.32|37.55|38.57|39.45

40.17

40.85

41.44

H.263+ ILOF

27.9130.41|32.20/33.52|35.33|36.80(37.98|38.95(39.77

40.45

41.05

41.60

H.263+ J ILOF

28.26 130.80(32.60/33.93|35.70|37.16|38.30[39.27[40.06

40.72

41.34

41.88

H.263+ OPF

27.96 130.41|32.17|33.37(35.24|36.67[37.79|38.7339.49

40.13

40.70

41.21

H.263+ J OPF

27.98 130.42|32.18|33.37[35.24|36.67[37.79|38.73[39.50

40.14

40.70

41.22

TABLEII
RATE-DISTORTION RESULTS FOR THE COASTGUARD SEQUENCE USING H.263+.

PSNR (dB)

Bit-rate (kbps)

25 50 | 75 | 100 | 150 | 200 | 250 | 300 | 350

400

450

500

H.263+

24.91(27.14|28.65/29.80(31.46 34.16|35.27[36.29

37.24

38.06

38.77

H.263+1J

25.90[28.30(29.70{30.72|32.17 34.64135.65|36.62

37.50

38.28

38.95

H.263+ ILOF

26.35128.79(30.21|31.27[32.83 35.26]36.23|37.12

37.95

38.67

39.27

H.263+ J ILOF

26.38128.91[30.41/31.48|33.01 35.42136.37|37.28

38.10

38.79

39.40

H.263+ OPF

25.6728.70|30.18|31.17|32.66 34.96|35.82|36.62

37.41

38.05

38.58

H.263+ J OPF

26.30128.71]30.18|31.17|32.66 34.96]35.82136.62

37.42

38.05

38.58

Sample frames of the Foreman sequence encoded at
50 kbps are provided in Fig. 2 to enable visual assessment.
Experimental results demonstrate that in-loop optimal filtering
can improve the compression efficiency of standard video
compression schemes, without introducing visual artifacts.
Because a simple linear filter is used for the optimal filtering
purpose, the computational complexity induced at the decoder
because of the proposed approach will basically be lower
compared to non-linear filtering approaches used for
deblocking for example.

In order to reduce the complexity of the computation
process and facilitate faster execution, loop unrolling, block
reordering, fast memory caching and SSE (Streaming SIMD
Extension) instructions have been used in the implementation
of the optimal filtering. For a QCIF sized frame, the
computation of the optimal filter coefficients took on average
less than 50 msec per frame on a P4 1.7 GHz Centrino mobile
processor with 1GB RAM. Including all other encoding
operations, an encoding time of less than 80 msec per frame is
obtained including the optimal filter coefficient computation
process. Hence, an encoding throughput of about 12.5
frame/sec can be achieved with the reference H.263+
software, even without dedicated hardware. Note that
convergence was achieved after 47 iterations on average, but
the iteration process is quite fast, while the matrix
multiplication is the main reason for computation delay. The
image filtering takes only about 10 msec per frame.

Tables III and IV present PSNR results for the QCIF sized
Foreman and Coastguard sequences encoded at 30 frames/sec
using H.264 with and without the standard deblocking filter
and with the proposed ILOF and OPF approaches. For all
cases, the Intra period is 30 frames and a single reference

(e)

Fig. 3. Foreman frame # 5 (a) H.264 w/o deblocking (PSNR: 30.95 dB)
(b) H.264 with deblocking (PSNR: 31.44 dB) (c) H.264 ILOF (PSNR:
31.99 dB) (d) H.264 ILOF with deblocking (PSNR: 32.22 dB) (e) H.264
OPF (PSNR: 31.73 dB) (f) H.264 OPF with deblocking (PSNR: 32.07
dB)

®
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TABLE III
RATE-DISTORTION RESULTS FOR THE FOREMAN SEQUENCE USING H.264.
PSNR (dB)

Bit-rate (kbps) 50 | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500

H.264 w/o Deblocking 29.40132.09(33.70|34.96|36.01[36.94|37.70|38.42]38.93|39.61
H.264 with Deblocking 29.83132.42(34.04|35.27[36.26|37.15|37.88]38.59(39.10|39.74
H.264 ILOF 30.27|32.91|34.55|35.80|36.77|37.62|38.36|39.04 |38.52|40.12

H.264 ILOF with Deblocking |30.46/33.09(34.70(35.95|36.91|37.75|38.47[39.16|39.62|40.22
H.264 OPF 30.21[32.88(34.48(35.69]36.70|37.58(38.32(38.99/39.49|40.12

H.264 OPF with Deblocking [30.43]33.06|34.68|35.88|36.85[37.72(38.43]39.11|39.60[40.22

TABLE IV
RATE-DISTORTION RESULTS FOR THE COASTGUARD SEQUENCE USING H.264.
PSNR (dB)

Bit-rate (kbps) 50 | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500

H.264 w/o Deblocking 28.25130.43(31.95|33.11{34.01|34.90|35.68|36.36|36.60|37.29
H.264 with Deblocking 28.53130.64|32.18|33.33|34.19|35.04|35.78|36.47|36.72|37.39
H.264 ILOF 29.01]31.14|32.62|33.76|34.63|35.47|36.20|36.84|37.0837.70

H.264 ILOF with Deblocking [29.20|31.2832.76|33.88|34.73|35.55]36.25|36.90|37.15|37.74
H.264 OPF 28.82130.98|32.47|33.61[34.49|35.36|36.11|36.78|37.00|37.67

H.264 OPF with Deblocking |28.98|31.09]32.61[33.75[34.61]35.45|36.18|36.85]37.09|37.74

frame is used. The proposed ILOF and OPF approaches
provide superior PSNR performance for H.264 as well. The
PSNR results obtained using H.264 with ILOF and OPF are
significantly higher than H.264 without any deblocking
filtering and even higher by about 0.5 dB for H.264 with
deblocking filter, particularly at lower bit-rates. The proposed
ILOF and OPF approaches still provide improvements in
PSNR even at higher bit-rates. Experimental results show that
the PSNR performance can even be increased if ILOF or OPF
are used in conjunction with the conventional deblocking
filter. It is seen that ILOF is typically superior to OPF.

Fig.3 shows sample frames of the Foreman sequence
encoded at 50 kbps using H.264 with and without the
proposed ILOF and OPF approaches as well as the original
deblocking filter. It is seen that ILOF by itself improves the
visual appearance significantly compared to original H.264
without the deblocking filter. As ILOF requires the decoder to
perform simple linear filtering, the computational load
induced at the decoder is much lower than that introduced by
the nonlinear deblocking filter. Therefore it is possible to use
ILOF without deblocking filter for consumer electronics
applications that require low complexity decoding, which is
particularly the case for portable video communications
equipment. ILOF can be used in conjunction with the
conventional deblocking filter to further improve the
performance if the computational load of the deblocking filter
is acceptable.

IV. CONCLUSION

Novel in-loop optimal filtering and optimal post-process
filtering approaches are proposed in this paper to improve
video compression performance. In the proposed approaches,
the coefficients of a linear filter are determined at the encoder

so as to minimize the least squared error between the original
and filtered frame and these filter coefficients are multiplexed
into the bit-stream for decoder access. It is shown that the
proposed approaches can improve video compression
performance. Unlike previous in-loop or post filtering
schemes that basically aim to reduce blocking effects, the
proposed approach genuinely aims to improve the overall
compression quality in an optimal way by minimizing the
error between the original and filtered reconstructed frames.

Results demonstrated in this paper show that in-loop
optimal filtering and optimal post process filtering can
successfully be integrated into compression schemes. In-loop
optimal filtering shows in overall superior performance
compared to optimal post-process filtering.
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