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Abstract—We propose a new method to reduce blocking
artifacts in an encoded image by block-based Dual-Tree Complex
Wavelet. In this paper, we describe a cause of blocking artifacts
of the block-based approach and focus on a method for finding
sparse representations from redundant complex coefficients. The
proposed method offers minimal transform operation performing
on the same resolution for an input image. Experimental results
show that the proposed method reduces blocking artifacts that
are observed along block boundaries and thus improves the visual
quality.

I. Introduction

In block-based image or video processing, an image se-

quence is partitioned into blocks and encoded independently.

In the standard video coding, motion estimation is performed

with macro block basis. A suitable size of macro block

achieves significant improvement in coding efficiency. In

addition, a reduction of computation time can be achieved

because block-based approach can be easily applied to parallel

processing.

The main drawback of the block-based approach is blocking

artifacts, which affect visual quality of encoded images. An

image coding method using the discrete cosine transform, such

as JPEG, suffers from blocking artifacts at low bitrates. To

avoid the artifacts, the lapped orthogonal transform has been

developed [1]. More recently, deblocking filters can be used

for reducing the artifacts on block boundaries of video frames

[2].

An alternative method for avoiding blocking artifacts in an

encoded image is a wavelet approach. The wavelet transform

does not suffer from the blocking artifacts because wavelet

or scaling filters are applied throughout a whole image.

Unfortunately, this advantage is only applicable to a full-frame

compression. In practice, a tiling decomposition is performed

for large images. When transform coefficients are quantized,

the decomposition introduces artifacts [3]. Thus, designing

of an appropriate filter is necessary to treat the boundary of

images correctly [4]. In general, a reflexive boundary condition

on the borders of the image is assumed for wavelet approach.

Recently, Dual-Tree Complex Wavelet (DTCWT) [5] has

been developed as a new and powerful tool for analyzing

signals. DTCWT is an overcomple transform based on the

discrete wavelet transform (DWT) and employs two real

DWTs to implement analytic wavelet transforms. Assuming

that the implementation is block-based approach, encoded

images suffer from blocking artifacts, which is similar to DWT.

In addition, an operation to find sparse representations from

DTCWT coefficients is a nonlinear system. Therefore, we

can easily assume that the nonlinear operation is a cause of

blocking artifacts.

In this paper, we describe the effect of nonlinear operation to

the blocking artifacts and propose a simple solution to reduce

the blocking artifacts in block-based DTCWT with coefficients

optimization.

II. Dual-Tree ComplexWavelet Transform for Image Coding

In this section, we briefly describe the structure of DTCWT

and optimization methods that select DTCWT coefficients to

realize high coding efficiency.

A. Dual-Tree Complex Wavelet Transform

DTCWT is a new transform based on overcomplete rep-

resentation proposed by Kingsbury [5]. The main feature of

DTCWT is that two DWT trees are performed in parallel. Each

wavelet filter of the tree is designed to be Hilbert transform

pair. A frequency response of the filter is given by

HΩ =
⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

− j, Ω > 0

0, Ω = 0

j, Ω < 0.
(1)

If each filter satisfies (1), the coefficients can be formed

as complex values. In a 2-D case, a set of six complex

wavelets can be formed using tensor product of 1-D wavelets.

Therefore, we can implement DTCWT without designing

complicated filters. DTCWT is approximately shift invariant

and offers higher directional selectivity. Subband coefficients

of the six wavelets are shown in Fig. 1. A circle image is used

as an input image. We see that each subband image represents

a different directional singularity.

B. Sparse Representation of DTCWT Coefficients

To obtain sparse representations from overcomplete trans-

formed coefficients, several method has been developed [5].

An expansion of an image y can be represented as

Authorized licensed use limited to: WASEDA UNIVERSITY LIBRARY. Downloaded on October 09,2023 at 06:12:43 UTC from IEEE Xplore.  Restrictions apply. 



2009 International Symposium on Intelligent Signal Processing and Communication Systems (ISPACS 2009) December 7-9, 2009

– 261 –

-15-75 -45

+75 +15+45

Fig. 1. Six subband images obtained by DTCWT.

y = Φx, (2)

where Φ is an M × N matrix, x is the coefficient vector of

frame functions. x0 = Ψy is the minimum L2-norm solution

and Ψ is the pseudo inverse of Φ. Alternatively, the L0-norm

solution is formulated as

xL0 = arg min
x
{‖x‖0 + λ‖Φx − y‖22}, (3)

where λ ∈ R
+. Mancera et al [6] have reformulated (3) as

finding vector x with K non-zero coefficients and minimizing

the distance to y concurrently. If C(K) = {x ∈ R
M : ‖x‖0 = K},

then

x̂(K) = arg min
x∈C(K)

‖Φx − y‖22. (4)

An alternate projections method is utilized to resolve (4).

The first set is C(K). A vector x ∈ C(K) has K non-zero

coefficients. Note that this projection onto the set C(K) is

nonlinear operation. The second is the affine set of solutions to

(2). The iterative projections with the two sets are performed

until the solution that satisfy an arbitrary norm is converged.

Reeves and Kingsbury [7] proposed a similar iterative

method to find the optimal sparse representation of DTCWT

coefficients. It is assumed that K increases gradually in the

iterative operation. The combination of DTCWT and co-

efficients optimization method is applied to image coding

[8]. A new method based on the combination outperforms

the conventional DWT-based image coder. Fig. 2 shows an

example, we could confirm its performance by the PSNR value

around at 0.4[bpp].

III. Blocking Artifacts of DTCWT

The cause of blocking artifacts in an encoded image are the

filtering for an image boundary, quantization of coefficients,

and nonlinear optimization.

We now focus on the filtering and quantization. The differ-

ence of filtering for an image boundary is shown in Fig. 3. An

input image is generated by taking out the 350th horizontal line

of Lena and then copying it 64 times in the vertical direction.
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Fig. 2. Coding performance of DTWT with coefficinets optimization.
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Fig. 3. Blocking artifacts at image boundary.

An original image is shown in Fig. 3(a). The result of filtering

to the whole image and quantized is shown in Fig. 3(b). The

result does not suffer from any blocking artifacts. Fig. 3(c) is

a combined output image that is filtered independently with a

mirroring signal extension. Fig. 3(d) is also a combined output

that is filtered independently with a cyclic signal extension.

The most noticeable artifacts can be seen in Fig. 3(d). Note

that Fig. 3(c) also suffers from blocking artifacts.

We next discuss the nonlinear optimization of DTCWT

coefficients. Since DTCWT is an overcomplete transform, the

coefficients are four times redundant representation for 2-D

images. Thus, as shown in the previous section, a coefficients

optimization is necessary to achieve high coding efficiency.

The output images processed using block-based DTCWT are

shown in Fig. 4. The input image is Lena (512×512 pixels,

grayscale), which is divided into 4 sub images and then

each sub image is processed independently. Fig. 4 on the

left shows the reconstructed image using the 2700 largest

coefficients without optimization, while on the right shows

the reconstructed image using the optimized 1000 sparse

coefficients. PSNR is approximately the same value, which

are about 31.1[dB]. We observe the blocking artifacts at the

block borders in these two output images. Nevertheless, the

artifacts in Fig. 4 on the right are more noticeable than the
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Fig. 4. Blocking artifacts introduced by optimization.

left. This means that the M largest sparse coefficients have

high frequency components to construct boundary edges. As

a consequence, the iterative optimization is also the cause of

blocking artifacts in block-based DTCWT.

IV. Blocking Artifacts Reduction

In this section, we propose a new method to reduce the

blocking artifacts introduced by coefficients optimization for

DTCWT.

For implementing a simple block-based DTCWT, the input

signal y ∈ EN is divided into sub blocks yi ∈ EN/b for 1 < i < b
(i, b ∈ N) with proper block size. EN is N dimensional Eu-

clidean space and b is a number of sub blocks. Each sub block

is transformed into coefficients using DTCWT independently.

If xi = Ψiyi, then each vector xi ∈ EM/b(M/b > N/b)

can be optimized by using iterative projections independently.

Let x̂i ∈ EM/b be the optimal sparse representation of the

transformed coefficients. Each vector x̂i ∈ EM/b is filtered by

Φi. Finally, the combination of ŷi ∈ EN/b in the same plane

construct a full resolution output image ŷ ∈ EN . Unfortunately,

as shown in the previous section, the output images produced

by this simple procedure suffer from blocking artifacts.

To avoid the blocking artifacts, we use two different ap-

proaches in the parallel optimization procedure for sub blocks.

A. Initial vector for iterative projections

In general, Ψiyi(= xi) is used as the initial vector for

each block in the iterative projections. The proposed parallel

processing scheme is depicted in Fig. 5. In Fig. 5, the

iterative projections is indicated as Pi for ith sub block. If

the optimization process is performed at full resolution, the

output of image does not suffer from blocking artifacts. Thus,

the goal to find the sparse representation in each sub block

is to obtain the same vector optimized at full resolution. In

this scheme, the initial vector is x0 ∈ EM for full resolution.

Therefore, we divide x0 into sub blocks {x0,i}, which is utilized

as the initial vector for each sub block.

B. Feed back of a difference vector

An operator Pi for each sub block {xi} is implemented

using filter banks with mirroring boundary extension. Thus,

the combination of whole Pi in the same plane differs from P
that is performed at full resolution. Nevertheless, coefficients

-

+

+

Fig. 5. The proposed parallel processing scheme.

optimization is processed with Pi. Thus, the converged vector

never be the same one even though the initial vector is the

same. To compensate this distance between converged vectors,

we store the difference vector between {xi} and {x0,i}. After

processing of the optimization, the difference vector is added

to the output vector, which is optimized by Pi. This vector

x̂ is not a sparse representation because the difference vector

is not sparse. Therefore, we utilize the optimization operator

of P at full resolution only once to obtain the M largest

significant coefficients. This optimization process also reduces

the blocking artifacts of reconstructed images.

V. Experiments

The proposed method is applied to standard images, Lena

and Barbara. The input images are grayscale with size of 512

× 512 pixels. The images are decomposed by 5-level DTCWT.

We use 13-19 tap biorthogonal filters with mirroring boundary

extension for the first stage of DTCWT. For the second and

the following stages, 18 tap Q-shift orthogonal filters are used

with cyclic boundary extension.

A. Sparse representation with the M largest coefficients

We select the 8000 coefficients for Lena and the 12 000

largest coefficients for Barbara. The central regions cropped

from the reconstructed images of Lena and Barbara are shown

in Fig. 6 and Fig. 7.

The blocking artifacts on the face of Lena in Fig. 6(d)

are reduced in comparison with that of Fig. 6(c). PSNR

value of Fig. 6(c) and Fig. 6(d) are 34.66[dB] and 33.36[dB],

respectively. The proposed method can reduce the blocking

artifacts at the boundary of blocks. In Fig. 7(d), the blocking

artifacts are reduced without losing texture information of

Barbara.

B. Linear quantization of the M largest coefficients

We obtain the optimized sparse DTCWT coefficients (M=12

000) using the proposed method. The coefficients of DTCWT

are quantized linearly to encode it at 0.2[bpp]. The recon-

structed images with the conventional method and proposed

method are shown in Fig. 8 and Fig. 9. Compared with the

visual quality of the results, the significant improvement of

reducing blocking artifacts can be verified.
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(a) Original (b) Not divied

(c) Conventional (d) Proposed

Fig. 6. Reconstructed images (Lena, M=8000).

(a) Original (b) Not divied

(c) Conventional (d) Proposed

Fig. 7. Reconstructed images (Barbara, M=12 000).

VI. Conclusions

We have presented a method that reduces blocking artifacts

for block-based DTCWT. We have also discussed the cause of

blocking artifacts. The proposed method is a simple solution

to reduce the artifacts introduced by block-based iterative

projections.

References

[1] H.S. Malvar, and D.H. Staelin, “The LOT: Transform Coding without
Blocking Effects,” IEEE Trans. on Acoustics, Speech and Signal Pro-
cessing, vol.37, no.4, pp.553-559, April 1989.

Fig. 8. Conventional Method (0.2[bpp],31.30[dB]).

Fig. 9. Proposed Method (0.2[bpp],31.05[dB]).

[2] P. List, A. Joch, J. Lainema, G. Bjontegaard, and M. Karczewicz,
“Adaptive Deblocking Filter,” IEEE Trans. on Cir. and Sys. for Video
Tech., vol.13, no.7, p.7, Jul. 2003.

[3] J.X. Wei, M.R. Pickering, M.R. Frater, J.A. Boman, and J.F. Arnold, “A
New Method For Boundary Artefact Reduction in JPEG 2000,” IEEE
ICIP, vol.3, pp.772-775, Oct. 2001.

[4] G. Strang, and T. Nguyen, Wavelets and Filter Banks, Wellesley-
Cambridge Press, 1997.

[5] I.W. Selesnick, R.G. Baraniuk, and N.G. Kingsbury, “The Dual-Tree
Complex Wavelet Transform,” IEEE Signal Processing Magagine, vol.22,
no.6, pp.123-151, Nov. 2005.

[6] L. Mancera, and J. Portilla, “L0-Norm Based Sparse Representation
Through Alternate Projections,” IEEE ICIP 2006, pp.2089-2092, Oct
2006.

[7] T.H. Reeves, and N.G. Kingsbury, “Overcomplete Image Coding Using It-
erative Projection-Based Noise Shaping,” IEEE ICIP, vol.3, no.3, pp.597-
600, 2002.

[8] W.X. J. Yang, Y. Wang, and Q. Dai, “Image Coding Using Dual-Tree
Discrete Wavelet Transform,” IEEE Trans. on Image Proc., vol.17, no.9,
pp.1555-1569, Sep. 2008.

Authorized licensed use limited to: WASEDA UNIVERSITY LIBRARY. Downloaded on October 09,2023 at 06:12:43 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


