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Abstract

In this dissertation, a versatile nonlinear filtering approach based on the framework
of robust estimation has been developed to solve two inverse problems: compression
artifact removal and inverse halftoning.

In the first part of this research, a low complexity postprocessing algorithm was
proposed. We first formulate the artifact reduction problem as a robust estimation
problem. Under this framework, the artifact-free image is obtained by minimizing a
cost function that accounts for the smoothness constraint as well as image fidelity.
Unlike the traditional approach that adopts gradient descent search for optimization,
a set of nonlinear filters is used to calculate the approximate global minimum to re-
duce the computational complexity so that real-time postprocessing is possible. The
proposed approach is generic and flexible. It can be applied to different compression
schemes with minor variation. We have tested our algorithm on several standard-
ized algorithms, including JPEG, JPEG 2000, and H.263, and demonstrated that
our approach can alleviate compression artifacts efficiently with a low computational
complexity.

The elegant framework of robust estimation makes the proposed nonlinear fil-
tering technique suitable not only for compression artifact reduction but also for
other inverse problems such as inverse halftoning. Inverse halftoning plays a key
role for allowing a wide range of operations to be performed on halftones. In the
second part of this research, a blind inverse halftoning algorithm of low complexity
was presented. The cascade of lowpass and nonlinear filters in conjunction with the
edge enhancement technique produces high quality inverse halftoned images at a low
computational cost. The proposed inverse halftoning algorithm outperforms existing
techniques in terms of PSNR measurement and subjective quality. In addition, the

proposed method is more robust w.r.t. different error diffusion kernels.



Chapter 1

Introduction

1.1 Significance of the Research

In this research, a versatile nonlinear filtering approach based on the framework of
robust estimation has been developed to solve two inverse problems: compression
artifact removal and inverse halftoning. Solutions to these two problems have a
great practical value, and have been extensively studied in the past. Although there
have been quite a few ideas proposed before, only a couple of them are actually
implemented in commercial applications due to the complexity concern. Therefore,
to solve these two inverse problems in a cost-effective way is the main focus of this
study.

The rapidly evolving computer and communication technologies have created
a large amount of audio-visual applications that transform traditional media into
new forms of computer-based multimedia. The major obstacle for multimedia ap-
plications is the vast amount of visual information required to be transmitted over
networks with a low bandwidth, such as via modem connection or through wireless
channels. This would not be possible without efficient compression techniques. In
addition, to ensure interchangeability among different platforms, standardization of
coding schemes is also necessary. Unfortunately, most existing coding algorithms and
standards yield visually annoying artifacts for the low bit rate coding. In general,
the appearance and severity of coding artifacts depend on several factors includ-
ing transform filters, coding bit rates, quantization schemes, and image contents.
Reduction of these artifacts can substantially improve the overall visual quality of

decoded images.



In the first part of this research, we examine the issue of reducing compression
artifacts for low bit rate coding. In particular, we emphasize artifact reduction for
images or video coded by standardized coding algorithms, since commercial appli-
cations heavily rely on coding standards, and many software and hardware imple-
mentations have already been done based on these standard algorithms.

To improve the subjective quality of compressed image/video without changing
the codec structure or coding bit rates, two strategies are commonly adopted. One
is performed at the encoder through visually weighted quantization while the other
is done at the decoder end by applying the postprocessing technique to the decoded
image/video. The primary objective of this work is to develop efficient postprocess-
ing techniques for the reduction of compression artifacts. Especially, we put heavy
emphasis on low complexity techniques which can be practically implemented for
real-time applications. Besides, we attempt to address fundamental issues to make
our approach generally applicable to different compression schemes, and less sensi-
tive to the change of the quantization or codec structure. These features make our
work distinctive from previous research work that primarily works for a particular
type of compression scheme with a high computational complexity.

Our solution to the artifact reduction problem begins with robust estimation,
which is the theoretical foundation of many state-of-the-art image restoration tech-
niques. Then, a nonlinear filtering approach is applied to reduce the computational
burden. The elegant framework of robust estimation makes the proposed nonlinear
filtering techniques suitable not only for compression artifact reduction but also for
other inverse problems such as inverse halftoning.

Inverse halftoning algorithms recover the gray-scale images from their binary
halftone images. There are two major applications for inverse halftoning algorithms:
halftone manipulation and compression. Unlike the continuous tone images, simple
image processing tasks may cause severe degradation on binary halftones so that
halftone image manipulation is not a trivial problem. A better perceptual quality
can be obtained by applying inverse halftoning before manipulation and re-halftoning
afterwards. As to halftone compression, most current approaches compress halftone
images directly using a dictionary of patterns. The coding efficiency can be sig-
nificantly improved if a halftone image is converted to a grayscale image and then

compress the grayscale image. Generally speaking, inverse halftoning plays a key
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role for allowing a wide range of operations to be performed on halftones. In the sec-
ond part of this research, we extend our nonlinear filtering techniques to the solution
of the inverse halftoning problem.

For the rest of this introductory chapter, we will provide an overview of the
background of this research, problems to be solved, proposed solutions, contributions

that were made, and the outline of this dissertation.

1.2 Background

1.2.1 Compression Standards

The early effort to define the compression standard can be traced back to 1986,
when the International Standard Organization (ISO) started a working group to
develop the image compression standard. The first image coding standard, known
as JPEG [18], was finalized in 1991. The JPEG standard can compress typical
images to 1/10 to 1/20 of their original sizes without visible distortion. As to video
compression, the MPEG-1 video compression standard [15], aiming at coding at
rates of 1 — 1.5 Mbits/sec, was established in 1992. The second phase of the MPEG
standard, which is known as MPEG-2 [16] and covers a wide range of applications
from broadcast video to HDTV, was finalized in 1994. The MPEG algorithms are
developed for the coding of full motion video in higher bit rates. Due to the long
encoding delay and high overheads in MPEG bitstreams, the MPEG standards are
not suitable for real-time audiovisual applications such as videoconferencing, and
videotelephony. The first standard developed to meet this need was the CCITT
H.261 standard [20]. Historically, H.261 was started long before JPEG, i.e. in 1984.
The development has gone through several stages. In 1993, the H.261 standard was
finalized to be a px 64 kbits/sec codec, with p between 1 to 30. A recent refinement of
H.261 standard is called H.263, which aims at applications requiring a bit rate lower
than 64 kbits/sec. Most of the above standards were initiated in early '90s based
on technologies available at that time. As the blooming of the Internet and mobile
applications, many existing standards no longer adequately meet the requirements

of new media services. The need for faster, cheaper, and more efficient ways to



deliver audio-visual information to a remote site continues to drive new compression
technologies and standards.

Currently, there are several on-going image/video standard activities. They are:
JPEG 2000 [19], MPEG-4 [17], and H.263+/4++ [9]. These new standards place
great emphasis on the coding performance in low bit rates. In addition, extra func-
tionalities, such as scalability, error resiliency, or even content-based interactivity
are also considered in the new generation of standards. For the image compression
standard, JPEG 2000 is intended to advance the current JPEG in order to meet
the requirements of the applications in the next millenium. Specifically, the new
standard will address areas that current JPEG fails to support, such as low bit-
rate (below 0.25 bpp) compression performance, region of interest, and scalability,
etc. Although the development of JPEG 2000 is in progress, a wavelet-based cod-
ing scheme has already been adopted as the baseline coding algorithm in a recent
meeting due to its advantages over the DCT-based coding methods in terms of the
rate-distortion trade-off and the visibility of compression artifacts. For video cod-
ing, MPEG-4 adopts a completely new concept — visual object coding instead of
the traditional frame-based coding. This concept facilitates the access of visual ob-
jects in natural or synthetic videos to support content-based interactivity in various
multimedia applications. The version one of MPEG-4 will be released in 1998. As
mentioned earlier, the H.263 standard was proposed for video coding at extremely
low rates (below 64kbits/sec). H.263+ is its near term refinement. The basic H.263
codec shares the major building blocks of the previous H.261 standard. Fifteen ne-
gotiable options are included to embrace technological advances in low bit-rate video
coding. Currently, most streaming video coding schemes are based on H.263. The

timeline of standard activities discussed above is depicted in Figure 1.1.
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1.2.2 Digital Halftoning

Digital halftoning is a process used to convert continuous tone images to bilevel
images so that the binary images are perceptually similar to the original ones when
observed from a distance. Halftone images are used in printing, facsimile, and many
other applications. Popular halftoning techniques include ordered dithering, error
diffusion, and optimization based techniques. These techniques differ in their pro-
cessing structures and the characteristics of resulting bilevel images. For example,
dithering [51] is a commonly used technique due to its low complexity. However, the
spectra of dithered halftone images exhibit strong discrete components due to the
periodicity of halftone patterns. There are many algorithms proposed to minimize

the pattern visibility and maximize image details in dithered halftones [37, 53].

(0,0)
fonn) T umn) bgn.n)
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+€9 3/16  5/16 1116
Error Filter | e(mn)

(2) (b)

Figure 1.2: (a) Error diffusion halftoning process and (b) the Floyd-Steinberg kernel
for error diffusion.

Another important halftone technique is error diffusion, which was first intro-
duced by Floyd and Steinberg in [11]. The block diagram of an error diffusion
system is shown in Figure 1.2 (a). Generally speaking, error diffusion can be con-
sidered as a 2D extension of delta-sigma modulation. The output of error diffusion
is produced by thresholding the modified input signal which is defined to be the
input signal subtract the weighted sum of past quantization errors. The simplest
error diffusion kernel is the Floyd-Steinberg kernel as shown in Figure 1.2 (b). The
advantage of this approach is its ability to shape the spectrum of noise introduced in
quantization so that the resulting halftone has better image quality. Due to the non-
linearity of the system, error diffusion is difficult to analyze theoretically. However,
it provides a good trade-off between the complexity and the performance and many

researchers have been devoted to the theoretical and practical understanding of the
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error diffusion technique and the improvement of halftone results. An example of
an improved error diffusion technique is the multiscale error diffusion proposed by
Katsavounidis and Kuo [22].

Recent halftone research emphasizes the generation of high quality halftones,
and several optimization-based techniques have been proposed [43, 62, 55]. In an
optimization approach, an error metric that measures the distortion between contin-
uous tone and halftone images is selected. The result of the halftone image is found
by minimizing the distortion. The definition of the distortion measure is extremely

important in this approach, since it directly impacts the quality of output halftones.

1.3 The Problems

1.3.1 Compression Artifacts

The development of international compression standards usually goes through sev-
eral times of competition and verification before the convergence of the final algo-
rithms. This ensures the technology behind the standard is truly start-of-the-art at
that time. Clearly, these standard algorithms can successfully compress an image or
video to a certain rate without perceptible artifacts. However, the problem arises as
the compression ratio is pushed beyond the target bit rates. The perceived quality of
decompressed images or video is severely degraded with the presence of compression
artifacts. Generally, the severity of artifacts is determined by the compression ratio
and the image content. The more an image is compressed, the severer the artifacts
occur after decompression. On the other hand, images with simple content usually
have fewer artifacts than the complex one when being coded at the same bit rate.
Besides, the appearance of artifacts is dependent on compression techniques. For
example, blocking and ringing effects are major artifacts perceived in DCT-based
algorithms (e.g. JPEG, MPEG, and H.26x) while ringing is the only objectionable
artifact in wavelet-based methods (e.g. JPEG 2000). Examples of compression arti-
facts generated by DCT- and wavelet-based coding methods are shown in Figure 1.3.
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Figure 1.3: Examples of compression artifacts: (a) the original image, (b) the JPEG
coded image at 0.26 bpp, and (c) the wavelet-coded image at 0.125 bpp.

1.3.2 Halftone Conversion and Compression

The need for inverse halftoning arises in many applications that require conversion,
manipulation, or compression on halftone images. Much better results can be ob-
tained if theses operations are applied to grayscale images than directly to halftone
images.

As mentioned before, a simple image processing operation may introduce a large
distortion on the halftone image. Examples of a direct manipulation of halftones
are shown in Figure 1.4. It is well known that a good halftone image should have
a blue noise characteristics [52]. That is, the black and white dots should spread
out as uniformly as possible. From Figure 1.4 (b) and (c), we see clearly the quality
degradation caused by scaling and rotating a halftone image.

Another reason for inverse halftoning is the need of halftone conversion. The
recorded image resolution, measured by dots per inch, is usually different from the
resolution of the printing or the display device. Rehalftoning is necessary to convert a
halftone image between different resolutions. The rehalftoning process is essentially
inverse halftoning followed by forward halftoning.

Rehalftoning is also useful in the compression of halftone images. Halftone com-
pression is a key issue in the emerging JBIG2 standard, which is the coding standard
for the next-generation fax machines, printers and scanners. In JBIG2, halftone
images may be either compressed directly or converted to grayscale images for com-

pression. The performance of JPIG2 lossless compression is high for clustered dot



halftones (5:1) but low for error diffused halftones (2:1). A good inverse halftone

algorithm to improve the coding gain for error diffused halftones is very desirable.

1.4 Proposed Solutions

1.4.1 Postprocessing of the Decoded Data

To reduce visual artifacts, compression algorithms along are not sufficient. Addi-
tional techniques, such as the encoder-based visually weighted quantization and/or
the decoder-based postprocessing, are needed. The decoder-based postprocessing
techniques have been gained a lot of attentions, since that they can be easily incor-
porated with current standards.

Various postprocessing techniques have been developed in the last decade, par-
ticularly for reducing blocking effects in JPEG compression. These techniques can
be roughly categorized into two classes: image enhancement and image restoration.
The former includes several adaptive filtering or interpolation techniques applied in
various domain (e.g. spatial, DCT, or wavelet). The later contains many classical
image restoration algorithms.

Applications that require real-time processing are strongly in favor of the en-
hancement approach due to its low complexity. However, its major drawback is
that most techniques of this class limit their applicability to a particular type of
artifacts, say, blocking effects only. In addition, to avoid smearing edges and other
image details, they are heavily relied on explicit edge extraction techniques. Conse-
quently, the enhancement approach is in general not robust to the choice of different
transform and quantization schemes.

On the other hand, image restoration techniques have also been extended to
solve the compression-artifact problem. Restoration techniques usually consist of
two stages. First, a cost function is formulated based on the prior knowledge about
artifacts as well as the image smoothness. Second, the estimate of an artifact-
free image as the solution of this cost function is calculated usually by iterative
optimization methods. The advantage of this approach is in its superior artifact-

reduction performance. However, it is mainly suitable for off-line processing, where



constraints on the computational complexity and the memory bandwidth can be
relaxed.

Previous work put much emphasis either on the low complexity or the high
artifact-removal performance. Nevertheless, none of the work provides a good trade-
off between the complexity and the performance. In this research, we try to bridge
the gap between enhancement and restoration approaches, and balance the require-
ments of low complexity and high artifact reduction performance. Our goal is to
develop an efficient postprocessing technique that is not only applicable to various
types of compression schemes but also practical for real-time applications. We pro-
ceed to achieve this goal by examining a class of nonlinear filters and establishing
the foundation on robust estimation theory.

With our approach, we first formulate the artifact reduction problem as a robust
estimation problem. Under this framework, the artifact-free image is obtained by
minimizing a cost function that accounts for the smoothness constraint as well as
image fidelity. Unlike the traditional approach that adopts gradient descent search
for optimization, a set of nonlinear filters is used to calculate the approximate global
minimum to reduce the computational complexity so that real-time postprocessing
is possible. The proposed approach is generic and flexible. It can be applied to
different compression schemes with minor variation. We have tested our algorithm
on several standardized algorithms, including JPEG, JPEG 2000, and H.263, and
demonstrated that our approach can alleviate compression artifacts efficiently with

a low computational complexity.

1.4.2 Inverse Halftoning

The forward halftoning process is a many-to-one mapping. Therefore, the inverse
halftoning process is often cast as an ill-posed image recovery problem that has no
unique solution. Previous work can be classified into frame-based and scan-based
approaches depending on their operations and storage requirements. The frame-
based approach requires the buffering of the entire frame for inverse halftoning. The
resulting methods are basically modified image restoration techniques. The obtained
continuous tone image is a solution that best fits the pfior knowledge. However,

frame-based methods are slow and memory-extensive. Also, they are under the



assumption that the halftoning scheme and the halftone kernels are known, which
is not realistic in practical applications.

The scan-based approach is performed locally. The corresponding methods are
essentially adaptive lowpass filters which smooth halftone noise while preserving
edge details. Since the halftone noise is high frequency blue noise, a natural solution
is to use a lowpass filter to reduce it. Most scan-based methods use linear filters for
smoothing. They have the advantages of low complexity and low memory. They are
however less robust due to the pre-determined passband of lowpass filters.

Based on the above discussion; we conclude that there are two key elements in all
inverse halftone algorithms, i.e. lowpass filtering and edge enhancement. The former
is important in reducing halftone noise. The latter is used for edge sharpening since
sharpness of edges can be significantly reduced in the forward halftoning process.
Neither filtering nor restoration can well reconstruct the original edge quality so that
additional enhancement to recover edges is needed.

In this work, we propose a new approach in which lowpass and nonlinear filters
are cascaded for noise smoothing. This combined filter provides more robust smooth-
ing than linear adaptive filtering. In addition, an edge enhancement algorithm is
applied to recover the original edge quality. Since our inverse halftoning technique
is a filtering-based approach, it has less complexity and memory requirements than
frame-based techniques. Although the proposed method is primarily designed for er-
ror diffused halftone images, it can also be applied to other types of halftone images

with some slight modification.

1.5 Contributions of the Research

1.5.1 Compression Artifact Removal

Our ultimate goal is to develop an unified framework for the postprocessing of all
low-bit-rate compressed multimedia data. This research is one step toward this goal.
Our contributions that advance existing postprocessing techniques are summarized

as follows.
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¢ Robustness. Robust estimation is applied to a generic image model for the
estimation of an artifact-free image. This approach inherits the richness of un-
derlying robust estimation theory. It can smooth compression artifacts while
preserving the quality of edges without the use of explicit edge-extraction tech-
niques. In addition, the data fidelity constraints are imposed to avoid the

distortion introduced by postprocessing filters.

e Flexibility. Nonlinear filtering is adopted instead of the gradient descent
search used in other restoration-based work. This filtering approach makes
the computation tractable for both convex and non-convex potential functions.
With the flexibility of choosing non-convex potential functions, the proposed
technique is able to achieve both artifact reduction (image smoothing) and

image enhancement (edge recovery, or even edge sharpening) at the same time.

e Efficiency. It is shown by experimental results that the proposed postpro-
cessing technique can efficiently reduce the noticeable compression artifacts

existing in the decompressed image and video.

e Complexity. In the restoration-based approach, the solution is obtained by
computationally intensive iterative techniques. Besides, the data fidelity is
often defined in the transform domain so that additional forward and backward
transforms are required in each iteration. To overcome these problems, we
define our models in the space domain only, and adopt the nonlinear filters
to reduce the computational burden. In real-time postprocessing of video, the
time constraint is even more critical. A table-lookup approach is proposed for

the deblocking purpose to further reduce the complexity.

¢ Memory. The memory requirement for our proposed technique is low. Since
all postprocessing filters do not use information outside a small local window,
the processing can be done without a large buffer. This is important for

hardware devices that have a memory constraint.

e Compatibility. All of postprocessing algorithms proposed in this research
can be implemented as post-filters for current compression standards. There

is no need to change the codec structure or the bitstream format.
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1.5.2 Inverse Halftoning

The proposed inverse halftoning algorithm outperforms existing techniques in the

following aspects.

¢ Better objective and subjective quality. Results of the proposed method
rank the top among all others in terms of the PSNR measure. The recon-
structed continuous tone images are more visually pleasant than those obtained

from other methods.

e More efficient to suppress noise. In the linear adaptive filtering approach,
the cut-off frequency of pre-designed filters cannot be arbitrarily low in order
to preserve important details. This results in small grainy noise in flat or
slow varying regions of the reconstructed gray-scale image. This type of noise
is very difficult to remove by linear filtering. Bayesian-based algorithms can
reduce this type of noise at the price of a high complexity. In contrast with
these algorithms, the propose technique can reduce this type of noise by simply

increasing the window size of the robust nonlinear filter.

¢ Low complexity and low memory. The proposed technique is scan-based
so that it can be performed locally. The computational complexity and mem-
ory requirements are slightly more compared to linear adaptive filtering, but

much less than the frame-based approach.

1.6 Outline of Thesis

The rest of this proposal is organized as follows. A thorough survey of related
work in the field is presented in Chapter 2. The basic idea of applying robust
estimation theory to artifact reduction and inverse halftoning is described in Chapter
3. Postprocessing of wavelet-based coding (adopted in the JPEG-2000 standard)
with the proposed nonlinear filtering technique is given in Chapter 4. A real-time
postprocessing technique for the H.263 codec and low-bit-rate JPEG is detailed in
Chapter 5. A fast blind inverse halftoning technique is presented in Chapter 6.

Finally, concluding remarks and future extensions are stated in Chapter 7.
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Figure 1.4: Examples of halftone manipulations: (a) the original halftone, (b) the
resized halftone, and (c) rotation by 30 degree.
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Chapter 2

Previous Work

This chapter reviews previous work in image/video postprocessing and inverse
halftoning techniques. We intend to cover the entire spectrum of research in these
fields by providing a complete survey of various algorithms ranging from the simplest

filtering method to the most sophisticated restoration approach.

2.1 Review of Postprocessing Techniques

Early work in postprocessing research is motivated by the need of reducing blocking
artifacts in JPEG compression. A wide range of linear- and rank-based filtering
techniques [24, 25, 34, 44, 45, 47) are proposed for this purpose. These filtering
techniques often incorporate additional classification and edge-extraction schemes
to avoid blurring the important image detail. However, to correctly estimate the
edge information is a very difficult task for very high compression, where the actual
edge information is somewhat scrambled.

To overcome the robustness problem of the filtering approach, the postprocess-
ing research turned to restoration techniques which generally provide a more robust
and consistent artifact-reduction performance. Image restoration is a relatively ma-
ture field, and all its major techniques, such as the minimum mean square error
estimation, the maximum a posteriori (MAP) estimation, and several constraint-
based techniques can be extended to this new application, i.e. compression artifact
reduction.

Wavelet related research has been very active since early '90s. Recently, some

wavelet-based algorithms have been proposed for the deblocking purpose. There are
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other types of postprocessing techniques, such as AC prediction [40] recommended
in the JPEG standard, VQ enhanced decoding, and perceptually optimized postpro-
cessing techniques, etc.

While there is a large amount of work to reduce blocking artifacts in JPEG
compression, only few methods have been studied for the postprocessing of wavelet
compressed images. Ringing around edges is clearly perceived in the wavelet-based
compression. In comparison with JPEG ringing artifacts that are confined within
the block partitioning boundaries, the ringing effect in wavelet compression tends to
cover a wider range of pixels. Consequently, it is difficult to remove with the short-
tap FIR filters and all previous work about wavelet postprocessing are restoration-
based techniques.

Over the years, many ideas have been developed for postprocessing of compres-
sion artifacts in still images, little work has been done in the quality improvement
of compressed video. Current standards, such as H.263 and MPEG-4, have defined
postprocessing filters for the deblocking, or even the deringing (e.g. in MEPG-4)
purpose. The reason to define these filters in the standard is that they can be used
not only as pure post-filters but also as loop filters used in the motion compensation
loop in both the encoder and the decoder to further improve the quality of predicted

frames.

2.1.1 Postprocessing via Image Enhancement
¢ Filtering

Since blocking and ringing artifacts resulting from block DCT coding are high fre-
quency artifacts, a straightforward solution is to apply lowpass filtering to the region
where artifacts occur. A space-invariant filtering method to reduce blocking artifacts
was first proposed by Reeves and Lim [45]. However, filtering without considering
the local image statistics often causes the loss of high frequency details such as edges.
Therefore, a number of adaptive spatial filtering techniques [24, 25, 34, 44, 47] have
been proposed to overcome this problem.

With the concern about the complexity and the memory requirement, adaptive

spatial filtering provides a practical method to reduce blocking and ringing effects in
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video compression. Several algorithms [3, 30, 59] were proposed along this direction.
The post-filters defined in H.263 and MPEG-4 belong to this family.

The adaptive post-filtering has the advantage of a low computational complex-
ity but the adaptation to local statistics relies on edge-exaction and classification

schemes, which are usually not robust at low bit rates.
¢ AC Prediction

Niss [40] proposed a technique to reduce the blocking effect in JPEG by predicting
the low-frequency AC coefficients from DC coefficients in the given block and its 8
neighboring blocks. A quadratic surface, given by

P(z,y) = 0122y + a2’y + aszy® + a2’ + aszy + asy® + arz +asy+ao  (2.1)

is used to model the shape of a local surface. Coefficients a;, 1 < i < 9, can be
determined by finding the best fit to the surface determined by nine DC values in an
array of 3 x 3 blocks. Once coefficients ay, - - -, ag are determined, low-frequency AC
coefficients required to reproduce the quadratic surface can be calculated by a set of
equations represented in terms of these nine DC values. To avoid the introduction
of a large distortion value, predicted AC coefficients are confined to their original
quantization intervals. Based on this framework, Lakhani [27] proposed a set of
improved prediction equations by using a smaller block of 4 x 4 pixels, instead of
the original size of 8 x 8. The performance is improved at the cost of a higher
computational complexity. This approach requires the least amount of computation
among all methods, and it can be carried out on the fly during decoding. However,
the quadratic surface assumption only works for the smooth area. The prediction
is generally not valid in the edge or texture areas. Moreover, at very low bit rate
coding, the modification of only five lowest AC coeflicients is not sufficient for a good

deblocking performance.
¢ Wavelet-based Deblocking

The wavelet-based denoising algorithm was first proposed by Donoho [8] to reduce
the white Gaussian noise in noisy signals. Gopinath et al. [12] applied Donoho’s

algorithm directly to deblocking. There is however a problem. As point out by
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Coifman and Donoho in [5], de-noising with traditional (i.e. orthogonal and max-
imally decimated) wavelet transforms exhibits visual artifacts, such as the Gibbs
phenomenon in the neighborhood of discontinuities that corresponds to the ringing
effect in the image case. They suggested to use a shift-invariant (or equivalently
undecimated) wavelet transform. Based on the suggestion of Coifman, the overcom-
plete wavelet representation is adopted by most researchers under this framework.
Besides, with the observation that the blocking effect is a structured noise, similar
methods are proposed by Lu [31] and Xiong et al. [58] to handle the denoising
problem. They applied Mallat’s multiscale edge representation [36] to identify edge
positions, and blocking artifacts are reduced by thresholding wavelet coefficients at
block boundaries, except pixels where an edge is located.

Although the reported deblocking performance seems good. This approach still
has some problems. First, the complexity of the overcomplete wavelet transform is
O(N log N) for a 1-D signal with N samples. For a 2-D image of size N x N, the
complexity is O(N?log N), which is too high for real-time applications. Second, to
extend this approach to deringing is not straightforward. The performance relies on
the robustness of edge-detection algorithms. Third, additional artifacts may occur
due to improper thresholding of edges. Finally, the memory requirement is another
major concern. It requires at least O(N%log N) for the storage of overcomplete

wavelet coefficients.
e Other Techniques

There are other types of postprocessing techniques, such as the VQ enhanced de-
coding proposed Wu and Gersho [56] and the perception-based deblocking proposed
by Macq et al. [35]. In the former approach, the inverse DCT operation in the
JPEG decoder is replaced with a nonlinear interpolation obtained by table lookup.
The later considering about masking effect [6] in human visual system (HVS). The

artifact-free image is obtained by cancellation of the unmasked noise.

2.1.2 Postprocessing via Image Restoration

The image restoration approaches treat artifact removal as an ill-posed image recov-

ery problem, they can be generally classified into the following three categories:
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1. criterion-based methods. The solution is found by some predefined opti-
mality criterion. For images, the commonly used criterion is MSE. Examples of
this approach include the minimum least squares (MLS), the minimum mean

square error (MMSE), or the maximum a posteriori (MAP) estimation.

2. constrained optimization-based methods. This class of methods opti-
mizes an optimality criterion subject to constraints on the solution. A well-

known method of this type is constrained least squares (CLS).

3. constraint-based methods. One example in this class is projection onto
convex sets (POCS).

The above techniques applied to compression artifact reduction have been widely
studied. Since details about these techniques can be found in image restoration

literatures, we only review methods that are closely related to our work.
¢ Minimum Mean Square Error (MMSE) Estimation

Let y be the decompressed image of the original image x. The degradation due to

compression can be formulated as
y=Xx+e, (2.2)

where e is the compression error. We would like to find an estimate X of the original

image so that the cost

E{[% — x|/} (2.3)

is minimized. The best estimate X can be obtained by using a linear or a nonlinear
estimator acting on the observed image y. In the case that linear-based estimators
are used, this approach become the classical Wiener filters. Nakajima et al. [38] first
applied this approach to reduce coding artifacts in MPEG coded video. A similar
work for deblocking of JPEG compressed images was proposed by Hong et al. [14].
Both of them obtained the error variance empirically by training the test data. Choy
et al. [4] applied this technique in the transform domain with the assumption that
quantization noise is uniformly distributed.

There are two problems with this approach. First, for the pure space domain

processing [38, 14], the formulation in (2.3) has the underlying assumption that
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the error is with the Gaussian distribution. This is clearly not a correct model for
JPEG blocking artifacts. Second, the linear-based estimator does not work well at
the discontinuity region, since it assumes the Gaussian distribution for the samples
as well. This becomes a more serious problem when the linear estimator is applied
to the transform coefficients as in [4]. The reason why their algorithm still works
is due to the additional quantization constraint imposed on estimated transform

coefficients.
e Maximum A Posteriori (MAP) Estimation

In MAP-based restoration, the criterion is to maximize the probability density of
the original image conditioned on the observation. Let y be the observed image that
contains compression artifacts. The original image x can be estimated by a MAP
estimate X via

% = arg max Pr(x]y).

By applying Bayes’ rule and the log-likelihood function, we obtain

X = arg m)zca.x{log Pr(y|x) + log Pr(x) — log Pr(y)}, (2.4)
= arg m)?.x{log Pr(y|x) + log Pr(x)}. (2.5)

Since Pr(y) is constant with respect to the optimization parameter x, the term
log Pr(y) can be dropped. The first term of (2.5) models the data fidelity which
is the different between the resulting estimate and the original image. The second
term models the smoothness of the estimate based on the prior assumption about
the original image. Stevenson [48, 41] first applied this Bayesian framework for
reduction of coding artifacts. In his approach, a Huber function is used to regularize
the image smoothness. Considering the difficulty of modeling data fidelity in spatial
domain, the first term of (2.5) is imposed by projecting the estimate onto the original
quantization bins in the transform domain. The estimate that best fits the model
in (2.5) can be determined by several iterative techniques, including the gradient
projection method [48, 41], or the iterative conditional mode (ICM) [33]. Li and
Kuo [28] proposed a multiscale MAP method, in which the decoded image was
enhanced from coarse to fine scales. Postprocessing at coarse scales improves the

global appearance of the image and reduces long range artifacts such as ringing,
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while postprocessing at finer scales preserves the sharpness of edges. It achieved a
better performance than the single-scale MAP method in terms of ringing artifact
reduction and computational speed. Another type of MAP-based formulation is to
apply the line process to model the discontinuity in images. It was proposed by
Ozcelik et al. [42]. Unfortunately, the line process is not convex so that the solution
cannot be computed by using the deterministic technique. The stochastic mean field
annealing was used in [42] for optimization.

With a proper model, the MAP-based postprocessing algorithms can reduce all
kinds of artifacts in a single framework. It is the state-of-the-art postprocessing
technique from the viewpoint of artifact reduction performance. The major draw-
back with this approach is the high computational complexity and the large memory

requirement.
e Projection Onto Convex Sets (POCS)

In POCS approach, a constraint set is defined as a closed convex set whose members
are consistent with a priori knowledge of the original image. For m known properties,
we can construct m closed convex sets, C;,i = 1,2, ...,m. A feasible solution, which
is in the intersection of all sets, can be found via an iterative process. That is, we
start from an initial guess, and project the result onto each constraint set in sequence
until it converges to the final solution.

In the context of image postprocessing, two constraint sets are commonly used
in POCS. One is the quantization constraint set (C,) determined from the known
quantization intervals of each DCT coefficient in the transform domain. The other is
the smoothness constraint set that captures the smoothness properties of the original
image (C;) in the spatial domain. Let P, and P, be the two projection operators
which project a solution onto C, and Cj, respectively. Then, the artifact-free image

can be obtained by performing the iteration
fi+1 = P, Py, (2.6)

where f; is the postprocessed image at the kth iteration. The projection operator
P, simply restricts each DCT coefficient to its original quantization interval. The

definition of P, is more critical for noise smoothing. The concept of POCS for
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artifact reduction was first proposed by Rosenholtz and Zakhor [46]. However, the
low-pass filter used in their experiments cannot result in a closed convex set so
that their algorithms did not converge to a single solution after iterations. Yang
et al. [60] proposed the first POCS-based postprocessing algorithm that follows the
strict definition of “convex constraint sets”. He further improved it by considering
spatial adaptivity [61]. Kwak and Haddad [26] improved the complexity of Yang’s
algorithm by canceling out the IDCT and DCT pairs in POCS iterations. There
are other postprocessing techniques mentioned in the literature under the name of
POCS. However, they are actually not POCS according to the strictest definition.
All POCS methods described above aim at reducing the blocking effect. If there
are other types of artifacts present in the image, additional constraint sets are re-
quired and the corresponding computational complexity increases as well. Also, it
is challenging to determine the proper constraint for non-blocking artifacts. For

example, the constraint set for the ringing artifact is very difficult to define.

2.1.3 Summary

We summarize some of the trade-offs of these postprocessing techniques in Table 2.1.

2.2 Review of Inverse Halftoning Techniques

Several inverse halftoning algorithms have been proposed in the past ranging from
simple lowpass filtering to sophisticated iterative optimization techniques. Since
order dither and error diffusion will result in different halftone artifacts, they must
be treated differently when performing inverse halftoning. Here we emphasize on
the review of inverse halftoning for error diffusion, although some of them may also
be used for ordered dither halftone with slight modification. We categorized these
inverse halftone into frame-based and scanned-based approaches according to their

operation and buffer requirements.

2.2.1 Frame-based Approaches
¢ MAP Estimation
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Stevenson [50] applied the MAP estimation technique to the inverse halftone prob-
lem. The formulation is the same as his work for compression artifact reduction,
i.e. (2.5), in the previous section. By assuming the Huber-Markov random field
model(HMRF) for the ideal image distribution, the inverse halftoning problem can
be reduced to a well-posed constrained optimization algorithm that minimizes the

following cost function:

3

Y Ve(z) =223 pr(dijm2); (2.7)

ceC i j m=0
where c is a clique that defines the neighboring pixels, z is the pixel value, p(-) is the
Huber potential function , and T is the coefficient in the Huber function that controls
the amount of smoothing. To perform better smoothing in flat and slow varying
areas, d} ; . is defined as an finite difference approximation of second-order derivative
!, The minimization of (2.7) can be obtained by steepest descent search. The global
optimization only ensures the result close to the prior image model. However, an
image may contain features that cannot be modeled by HMRF. Consequently, an
additional projection operation is needed in each iteration to avoid some features
being over smoothed. The projection operation ensures that the resulting grayscale
image produces the same halftone as the original one. This scheme however requires
the knowledge of the halftone scheme and the halftone kernel. This is one of the
major drawbacks of this scheme. This method also suffers from a high computational

complexity and a high memory requirement.

e POCS

Since inverse halftoning does not have a unique solution, POCS-based algorithms (13,
1] incorporate all available information to improve the quality of the solution. A
feasible solution is obtained by alternative projection between two or more convex
constraint sets as formulated in (2.6). The definition of the constraint set is critical
to the performance of POCS algorithm.

Most commonly used constraint sets are defined in the space and the frequency

domains. The simplest frequency-domain constraint set is a set that contains all

1This is different from artifact reduction case that only first-order residue is used
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band-limited images. This is based on the assumption that halftone noise is high
frequency so that an image containing only low frequency components must be
free from halftone noise. The projection to this set can be easily performed by
lowpass filtering. The halftone image itself provides another spatial constraint. This
constraint is defined as a set contains all continuous-tone images that can produce
the same halftone as the given one. The implicit assumption of this projection is the
halftone process must be known beforehand. Projection to the original halftone in
the space domain usually requires iterative methods such as the constrained least-
square technique. The projection operation is done by iteratively modifying values
in the resulting grayscale image so that it can produce exactly the same halftone
as the original one. However, these constrained optimization techniques always face
some numerical problems such as the convergence rate and stability.

There are other constrained sets such as edge information in the wavelet scale-
space domain. However, projection onto this domain is even more difficult to apply,
and the quality improvement may not be significant. Except the frequency pro-
jection, projection onto other spaces are very difficult and often iterative. If the
projection operator is improperly performed, the performance will degrade signif-
icantly. Clearly, POCS has a very high complexity and is not practical for many

applications.
e Wavelet Denoising

Xiong et al. [57] proposed an inverse halftoning algorithm using wavelets. This
method is similar to his work for JPEG deblocking [58] with slight modification. The
block diagram of this wavelet-based scheme is shown in Figure 2.1. Conventional
inverse halftoning techniques only use information of the low-pass band (i.e. Sy f) of
a halftone image. In this approach, the information in all frequency bands are used
to recover the edge information.

Because halftone noise has very low SNR, some halftone patterns are still visible
in S;f after one step wavelet decomposition. To reduce visible noise in S; f, two
more scales wavelet decomposition are performed. Then, cross-scale correlations
among higher frequency subbands W f's(j = 2,3,0 € {H,V}) are used to identify
the edge location. Then, for those coefficients not at edge positions, their values are

set to zero. After reconstruction, S, f is free from halftone patterns. However, W f
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and WY f also contain halftone noise. A Gaussian filter with 02 = 2 is applied for
smoothing in these subbands. The inverse halftoning result is reconstructed from
smoothed S, f, WH f and W/ f.

This method can be performed with or without knowing the-halftone kernel, and
the PSNR value has been reported to be the best. However, there are problems
with this approach. First of all, the reconstruction procedure is not specified in the
original paper, which is critical. In Mallat’s miltiscale edge detection method, the
wavelet is defined as a quadratic spline with compact support. Since the decompo-
sition is not orthogonal, the reconstruction from wavelet maxima requires iterative
projection. Another issue is the memory requirement. Since the wavelet decomposi-
tion is an over-complete one, each subband has the same size as the original image.
Thus, at least nine floating-point copies of the original image have to be stored at

the same time in memory. This is not practical for low cost devices.

S.f Edge-preserving
X noise removal \
Jtmn) | one scale le Edge extraction one scale
WT IWT

WI% Edge extraction

Figure 2.1: Block diagram of wavelet-based inverse halftoning scheme.

2.2.2 Scan-based Approaches

o Adaptive Smoothing

A linear adaptive filter for inverse halftoning is proposed by Kite et al. in [23]. A
separable 7 x 7 FIR filter, which is parameterized by the strength of horizontal and
vertical gradients, is applied to each pixel in the halftone image. Filter coeflicients

of a 1-D 7-tape filter can be found by normalized the vector,

[xZ — Ty + 2, z2, 1‘1,4,1:1, T2, T2 — T + 2],
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where z; and z; are chosen such that the filter satisfies the passband and stop-
band specification. In their implementation, z; is determined by the gradient esti-

mation, and the value of =, can be found by
zg = 0.463123 — 2.4262% + 4.660z; — 3.612.

For robustness, the gradient is estimated across scales. The edge is preserved due to
a smoothing operation that is in parallel to edges while noise is reduced. A strong

filter can be applied when edges are present.
¢ Nonlinear Denoising

A nonlinear de-noising method is proposed in [7]. A lowpass filter is first applied
to the given halftone and then the edge information is extracted from the filtered
result by using the bandpass filter and binary operations. The edge locations of the
lowpass filtered image are enhanced with the computed edge map to get the final
grayscale image. This method can deliver comparable PSNR at a fractional time of

frame-based approaches.

2.2.3 Summary

The comparison of different inverse halftone schemes is summarized in Table 2.2.
From these reported data, all methods have comparable PSNR results, so that there
is no clear winner. We can only comment that there is a trade-off between complexity
and robustness. Besides, some schemes assume that the halftone kernel is known,

which may or may not be reasonable depending on applications.
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Suitable  Artifact

Technique Artifact Reduction Complexity Memory Robustness
Type Performance

Adaptive  blocking moderate low low moderate

Filtering  ringing

AC blocking moderate low low poor

Prediction

Wavelet blocking good high high moderate

De-noising

LMMSE  blocking moderate moderate =~ moderate moderate

MAP blocking, good high high good
ringing

POCS blocking, good** high high good
ringing*

* with additional constraints
** if the constraint is properly formulated

Table 2.1: Comparison of postprocessing techniques.

Blind Noise
Technique Inverse Reduction Complexity Memory Robustness
Halftoning Performance
MAP No good high high good
POCS No good* high high good
Wavelet  Yes good median high moderate
Adaptive  Yes good low low moderate
filtering
Nonlinear Yes good low low moderate
Denoising

* if the constraint is properly formulated

Table 2.2: Comparison of inverse halftoning techniques.
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Chapter 3

Robust Estimation and Artifact Reduction

Robust estimation, which describes how to fit a large group of data to a prede-
termined cost function, has been applied to computer vision and image restoration
applications in the context of segmentation, surface fitting, and noise reduction for
many years. In this work, we apply robust estimation to compression artifact reduc-
tion, particularly for the smoothing of blocking and ringing artifacts that exhibit in
the DCT- and wavelet-based compression.

The proposed postprocessing algorithm is inspired by the excellent artifact-
reduction performance of MAP-based techniques (or, more generally, Bayesian-based
restoration). However, they are not practical for real-time applications due to the
computational complexity. To reduce the complexity, we introduce a non-iterative
filtering method to obtain the suboptimal solution. Basically, our approach includes

the following three steps.

e Derive a generic model that accounts for both distortion and image smoothness

for various type of compression schemes.
e Identify parameters of the model according to dominating artifacts.

e Obtain a suboptimal solution of this model by using the nonlinear filter.

This chapter is organized as follows. The theoretical background is first provided
in Section 3.1. Then, a generic model used to solve the artifact reduction problem is
given in Section 3.2. A nonlinear filtering algorithm is proposed to get the suboptimal

solution. The filter and its efficiency are detailed in Section 3.3. The application to
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inverse halftoning problem is described in Section 3.4 followed by concluding remarks

in Section 3.5.

3.1 Background

3.1.1 Robust Estimation

It is well-known that least-squares estimators are sensitive to the presence of outliers
that violate the underlying assumption about the distribution of data. Many robust
estimation techniques have been proposed in the last three decades to overcome this
problem. One popular robust estimation technique is known as the M-estimator. To
explain the idea of M-estimator, we consider the following simple example. Let v,
Vg, - -+, Uk be k samples and r; with 1 <7 < k be the residual of the ith samples (i.e.
the difference between the ith samples and its fitted value). The standard least-
squares estimation minimizes y_; r?, which is however sensitive to the outliers. The
reason is that the outliers contribute “too much” to the overall solution. To handle
this problem, the M-estimator tries to reduce the effect of outliers by replacing the
quadratic residual function r? with other potential functions p(-) (or called the cost

functions). In other words, we want to solve a new problem of the following form:
min ) _ p(r;). (3.1)

The influence function %(-), which is defined as the first derivative of p(-), mea-
sures the influence of a datum on the value of estimate. The robustness of an
M-estimator is determined by the shape of its influence function. If we define a

weight function w(z) = ¥(z)/z, Eq. (3.1) can be rewritten as

minZw(r,(k-l))r?, (3.2)

where w(r,(k_l)) indicates the weight in the kth iteration. This shows that the M-
estimator is actually equivalent to the weighted least-squares formulation.
It is often required that the potential function be a symmetric, positive-definite

function with a unique minimum at zero and an increasing slope less than that of the
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quadratic function. Any function that satisfies these requirements can be a potential
function to be used in the M-estimator. However, the M-estimator is robust only
when its influence function is bounded and p(-) should contain a strictly convex
part. A few commonly used potential functions are listed Table 3.1 and they are

graphically depicted in Figure 3.1.

Type p(z)
L? 72
Ll ||
“Fair” vlz| — 72 log(1 + &)
z* o] <7
Huber z) = ) 1Z] S
o) { Y4+ 2v(lz| =) Slzl >~
L |z]" 1 <y <2
Truncated L?> min{yz?% 1}
Lorentzian log(1 + %(3)2)
Y11 —(2)213 <
Tukey p(z) = { ’;;2(1 [1 (.,) 1®) Slz| <~y
6 ) |.’B| >

Table 3.1: Commonly Used M-estimators.

The above potential functions differ in convexity, boundedness, differentiability,
etc. It is important to choose a potential function so that the estimate will agree
with the prior expectations and requirements. The are few comments about these

functions.
e L? estimators are not robust since the influence function is not bounded.
e L' estimators are not robust since the absolute value is not strictly convex.

e L" is robust only if 1 < v < 2, particularly with v = 1.2. However, difficulties

in computation may be encountered.

e Huber function provides a good trade-off between robustness and complexity
and is therefore recommended for almost all situations. This function still suf-
fers from a minor numerical problem due to its discontinuous second derivative

at +7.
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Figure 3.1: The qualitative shapes of some potential functions
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e The influence functions of L?, “Fair”, and Huber are bounded. The line pro-
cess models, such as Truncated L? and Lorentzian, reduce or even cut off the
influence from a large gross error and can avoid the oversmoothing problem.
However, these functions contain concave parts which may trap the solution to
a local minimum. To avoid this situation, the computation of these estimators

usually requires the stochastic relaxation technique.

3.1.2 Generic Image Model

To solve the artifact-reduction problem with robust estimation framework, a prob-
abilistic model is required to characterize both source signal and the noise. Markov
random field (MRF) theory that provides a theoretic basis for modeling the joint
probability to the prior contextual constraints is a commonly adopted model for
many vision and image restoration problems. It is often incorporated with MAP
estimation criteria and Gibbs distribution assumption to form a cost function for
optimizing the solution of a given the problem. Based on this approach, our problem
can be formulated as follows.

To reconstruct the artifact-free image u from a decompressed image d that con-

tains compression artifacts, the MAP estimate G is given by

4 = argmax{log Pr(uld)}, (3.3)
= argmax{log Pr(u,d) — log Pr(d)}, (3.4)

where log Pr(d) can be dropped in determining 1 since it is a constant indepedent

of u. With the assumption of the Gibbs random <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>