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ABSTRACT

JPEG 2000, the new I1SO/ITU-T standard for still image cod-
ing, is about to be finished. Other new standards have been
recently introduced, namely JPEG-LS and MPEG-4 VTC.
This paper puts into perspective the performance of these by
evaluating JPEG 2000 versus JPEG-LS and MPEG-4 VTC,
aswell asthe older but widely used JPEG. The study concen-
trates on compression efficiency, although complexity and
set of supported functionalities are also evaluated. Lossless
compression efficiency aswell asthelossy rate-distortion be-
havior isdiscussed. The principlesbehind each algorithm are
briefly described and an outlook on the future of image cod-
ing is given. The results show that the choice of the “best”
standard depends strongly on the application at hand.

1 INTRODUCTION

It has been three years since the call for proposals [14] for
the next ISO/ITU-T standard for compression of still im-
ages, JPEG 2000, has been issued. Now JPEG 2000 Part |
(the core system) isin its final stage to become an Interna-
tional Standard (1S). It has been promoted to Final Commit-
tee Draft (FCD) [3] in March 2000 and will reach IS status
by the end of the same year. A great effort has been made to
deliver a new standard for today’s and tomorrow’s applica-
tions, by providing features inexistent in previous standards,
but also by providing higher efficiency for features that ex-
ist in others. Now that the new standard is nearing finaliza-
tion, atrivia question would be: How good is JPEG 2000
when compared with other popular still image coding tech-
niques? This paper aims at providing an answer to this triv-
ia but somewhat complex question. The paper compares
JPEG 2000 to other coding standards on the basis of com-
pression efficiency as well as functionality set, and provides
an outlook on the future of image coding. Section [2 provides
a brief overview of the techniques compared. Section [J ex-
plains the comparison methodology employed in the results
shown in section[4l. Section[d providesalook into the future
of image coding and conclusions are drawn in section

2 OVERVIEW OF EVALUATED STANDARDS

This paper compares JPEG 2000 to the following three stan-
dards: JPEG [5], MPEG-4 Visua Texture Coding (VTC) [2]
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and JPEG-LS [1]. The last two have been chosen because
they are new standardsthat start appearing in various applica-
tionsand represent the state-of -the-art in image coding, while
the first is the most widely used. In the following a brief ex-
planation of the principlesbehind the algorithmsused in each
of these standards s given.

21 JPEG

Thisis the very well known ISO/ITU-T standard created in
the late 1980s. There are several modes defined in JPEG,
however, here we refer to only two: baseline and lossless.
The baseline modeisthe most popular one and supportslossy
coding only. The lossless mode is not popular but provides
for lossless coding, athough it does not support lossy.

In the baseline mode, the image is divided in 8x8 blocks
and each of these is transformed with the DCT. The trans-
formed blocks are quantized with a uniform scalar quantizer,
zig-zag scanned and entropy coded with Huffman coding.
The quantization step size for each of the 64 DCT coeffi-
cientsis specified in a quantization table, which remains the
same for all blocks. The DC coefficients of all blocks are
coded separately, using a predictive scheme. Hereafter we
refer to this mode simply as JPEG.

The lossless mode is based on a completely different al-
gorithm, which uses a predictive scheme. The prediction is
based on the nearest three causal neighbors and seven differ-
ent predictors are defined (the same one is used for all sam-
ples). The prediction error is entropy coded with Huffman
coding. Hereafter we refer to this mode as L-JPEG.

The other modes defined in JPEG provide variants of the
previoustwo basic modes, such as progressive bitstreamsand
arithmetic entropy coding. One such other mode, whichisin-
creasingly popular, is progressive JPEG, in which the quan-
tized samples are sent progressively by a mixture of spectral
sel ection and successive approximation.

22 MPEG-4VTC

MPEG-4 Visua Texture Coding (VTC) isthe algorithm used
in MPEG-4 to compress visua textures and still images,
which are then used in photo realistic 3D models, animated
meshes, etc., or as smple till images. It is based on the
discrete wavelet transform (DWT), scalar quantization, zero-
tree coding and arithmetic coding. The DWT isdyadic. The
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guantization is scalar and can be of three types: single (SQ),
multiple (MQ) and bi-level (BQ). With SQ each wavelet co-
efficient is quantized once, the produced bitstream not being
SNR scalable. With MQ a coarse quantizer is used and this
information coded. A finer quantizer is then applied to the
resulting quantization error and the new information coded.
This process can be repeated several times, resulting in lim-
ited SNR scalability. BQ is essentially like SQ, but the infor-
mation is sent by bitplanes, providing general SNR scalabil-
ity. Two scanning modes are available: tree-depth (TD), the
standard zero-tree scanning, and band-by-band (BB). Only
the latter provides for resolution scalability. The produced
bitstream is resolution scalable at first, if BB scanning is
used, and then SNR scalable within each resolution level,
if MQ or BQ is used. VTC supports coding of arbitrarily
shaped objects, by the means of a shape adaptive DWT, but
does not support lossless coding.

2.3 JPEG-LS

JPEG-L Sisthelatest ISO/ITU-T standard for lossless coding
of gtill images. It also providesfor “near-lossless’ compres-
sion. It isbased on adaptive prediction, context modeling and
Golomb coding. In addition, it features aflat region detector
to encode these in run-lengths. Near-lossless compressionis
achieved by alowing a fixed maximum sample error. This
algorithm was designed for low-complexity while providing
high lossless compression ratios. However, it does not pro-
vide support for scalability, error resilience or any such func-
tionality.

24 JPEG 2000

JPEG 2000, as noted previously, isthe next ISO/ITU-T stan-
dard for dtill image coding. In the following we restrict
the description to Part | of the standard, which defines the
core system. Part I will provide various extensions for spe-
cific applications, but is still in preparation. JPEG 2000
is based on the discrete wavelet transform (DWT), scalar
guantization, context modeling, arithmetic coding and post-
compression rate alocation. The DWT is dyadic and can
be performed with either a reversible filter, which provides
for lossless coding, or a non-reversible one, which provides
for higher compression but does not do lossless. The quan-
tizer follows an embedded dead-zone scalar approach and is
independent for each sub-band. Each sub-band is divided
into blocks, typically 64x64, and entropy coded using context
modeling and bit-plane arithmetic coding. The coded datais
organized in so called layers, which are quality levels, using
the post-compression rate allocation and output to the code-
stream in packets. The generated code-stream is parseable
and can be resolution, layer (i.e. SNR), position or compo-
nent progressive, or any combination thereof. JPEG 2000
also supports error-resilience, arbitrarily shaped region of
interest, random access, multicomponent images, palletized
color, compressed domain lossless flipping and simple rota-
tion, to mention afew.

3 COMPARISON METHODOLOGY

Although one of the major, and often only, concern in cod-
ing techniques has been that of compression efficiency, it is
not the only factor that determines the choice of a particular
algorithm for an application. In this paper we concentratein
compression efficiency, since it is still one of the top priori-
ties in many imaging products, but we also devote attention
to complexity and functionalities.

3.1 Compression efficiency

Compression efficiency is measured for lossless and lossy
compression. For lossless coding it is simply measured by
the achieved compression ratio for each one of the test im-
ages. For lossy coding the root mean square error (RMSE) is
used, as well as the corresponding peak signal to noise ratio
(PSNR), defined as —20 log,,(RMSE/(2° — 1)), where b is
the bit depth of the original image.

Although RM SE and PSNR are known to not alwaysfaith-
fully represent visual quality, it is the only established, well-
known, objective measure that works reasonably well across
awide range of compression ratios.

3.2 Complexity

Evaluating complexity is a difficult issue, with no well-
defined measure. 1t meansdifferent thingsfor different appli-
cations. It can be memory bandwidth, total working memory,
number of CPU cycles, number of hardware gates, etc. Fur-
thermore, these numbersare very dependent on the optimiza-
tion, targeted applications and other factors of the different
implementations.

As arough indication of complexity we provide the run
times of the different algorithms on a Linux workstation.
This only gives an appreciation of the involved complexity.

3.3 Functionalities

Most applications necessitate other features in a coding al-
gorithm than simple compression efficiency. This is often
referred to as functionalities. In the next section we provide
a functionality matrix which indicates the set of supported
features in each standard and an appreciation of how well
they are fulfilled.

4 RESULTS

The results have been generated on a PC with a 550 MHz
Pentium™ |11 processor, 512 kB of cache and 512 MB of
RAM under Linux 2.2.12. The softwares used for cod-
ing the images are the JPEG 2000 Verification Model (VM)
6.1 (ISO/IEC JTC1/SC29/WGL1 N 1580), the MPEG-4 Mo-
MuSys VM of Aug. 1999 (ISO/IEC JTC1/SC29/WG11 N
2805), the Independent JPEG Group JPEG implementation
(http://www.ijg.org), version 6b, the L ossless JPEG codec of
Cornell University (ftp://ftp.cs.cornell.edu/pub/multimed),
version 1.0, and the SPMG JPEG-L S implementation of the
University of British Columbia (http://spmg.ece.ubc.ca), ver-
sion2.2.
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Table 1: Lossless compression ratios.

JKg | JPEG-LS | L-JPEG | BZIP2
bike 1.77 1.84 161 172
cafe 1.49 157 1.36 1.40
cmpndl | 3.77 6.44 3.23 5.65
chart 2.60 2.82 2.00 2.39
aerial2 147 151 1.43 1.63
target 3.76 3.66 2.59 7.34
us 2.63 3.04 241 3.22
average | 2.50 2.98 2.09 334

Theimagesused are from the JPEG 2000 test set, covering
various types of imagery. The images “bike” (2048x2560)
and “cafe” (2048x2560) are natural, “cmpndl” (512x768)
and “chart” (1688x2347) are compound documents consi st-
ing of text, photographs and computer graphics, “aerial2”
(2048x2048) is an aeria photography, “target” (512x512)
is a computer generated image and “us’ (512x448) an ultra
scan. All these images have a depth of 8 bits per pixel.

4.1 Losslesscompression

Here the JPEG 2000, JPEG-L S and L-JPEG a gorithms have
been tested. MPEG-4 VTC has been omitted because it does
not support lossless coding. In the case of JPEG 2000 the
reversible DWT filter, which is referred to as J2K z, has
been used. In the case of L-JPEG optimized Huffman tables
and the predictor yielding the best compression performance
have been used for each image. In addition, the results of the
genera purpose“bzip2” compressor commonly found on re-
cent UNIX machines are also reported (version 0.9.5¢c with
the maximum compression level has been used).

Table[d] shows the lossless compression ratios obtained for
each image, as well as the average for each agorithm. It
can be seen that JPEG-L S provides the best compression ra-
tios for amost al images, while JPEG 2000 achieves com-
petitive results. One exception is the “cmpndl” image, in
which JPEG-L S achieves much larger compression. Thisim-
age contains, for the most part, black text on a white back-
ground, which statistics are best captured by JPEG-LS. As
for L-JPEG, the compression performance is not very good
and shows alower adaptability to different image types. One
surprise is BZIP2, which achieves impressive results given
the fact that it does not take into account that the data rep-
resent images. This is specialy true for synthetic images,
specially “target” which contains mostly patches of constant
grey level aswell as gradients. In average BZIP2 performs
the best. However, thisis solely due to the very large com-
pression ratio it achieves on “target”. Generally speaking,
JPEG-L S provides the best compression ratios.

Table 2] shows the execution times, relative to JPEG-LS,
for compression. It shows that JPEG-LS, in addition to pro-
viding the best compression ratios, is the fastest algorithm,
and therefore presumably the least complex. JPEG 2000 is
considerably more complex. L-JPEG isin between, but does
not provide any compression efficiency advantage.

Table 2: Lossless encoding times, relative to JPEG-LS, and
JPEG-L S absolute timesin secs.

JKpr | L-JPEG | BZIP2 || JPEG-LSabs.
bike 4.6 1.9 4.7 2.01 secs.
cafe 49 19 54 2.08 secs.
cmpndl | 7.1 3.6 34 0.07 secs.
chart 51 25 49 1.09 secs.
aerial2 4.8 1.9 4.6 1.64 secs.
target 55 2.8 5.0 0.06 secs.
us 5.3 1.0 3.8 0.06 secs.
average | 5.3 22 4.6 -

4.2 Lossy compression

Here the JPEG 2000, baseline JPEG, and MPEG-4 VTC al-
gorithms have been tested at bitrates of 0.25, 0.5, 1.0 and
2.0 bits per pixel (bpp). For each, one bitstream is created,
fully decoded and the distortion of the reconstructed image
evaluated by means of the RMSE. Although JPEG-LS sup-
portslossy compression it has been designed for lossless and
“near-lossless’ only and is not suited for running at the tested
bitrates. Thisiswhy it is not included in the lossy compres-
sion comparisons.

For JPEG 2000 a resolution progressive bitstream is cre-
ated using both the reversible and non-reversible DWT fil-
ters, referred to as J2K r and J2K y g, respectively. For JPEG
flat quantization tables and optimized Huffman tables are
used to improve the RMSE. For MPEG-4 VTC single quan-
tization is used, generating a non-scalable bitstream.
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Figure 1: PSNR corresponding to average RM SE, of all test
images, for each algorithm when performing lossy encoding
at 0.25, 0.5, 1 and 2 bpp.

Figure [ depicts the average rate-distortion behavior of
each algorithm. As it can be seen, JPEG 2000 outperforms
all other algorithms; the non-reversiblefilter provides higher
compression efficiency when compared to the reversible, but
with the latter it is possible to perform a lossless decoding
(not shown in the figure). JPEG provides, as expected for
older technology, inferior results, showing a considerable
quality difference at any given bitrate. MPEG-4 VTC pro-
vides results that are in between JPEG and JPEG 2000.

Table[d shows the execution times, relative to JPEG, for
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Table 3: Lossy encoding times at 2 bpp, relative to JPEG,
and JPEG absolute timesin secs.

J2Kgr | 2Kyr | VTC || JPEG abs.
bike 5.3 5.9 17.2 || 1.67 secs.
cafe 59 6.5 169 || 1.7 secs.
cmpndl | 3.6 4.4 135 || 0.14 secs.
chart 45 5.0 155 || 1.22 secs.
aerial2 54 6.1 16.9 || 1.41 secs.
target 37 4.3 13.6 || 0.09 secs.
us 4.0 4.8 13.6 || 0.08 secs.
average | 4.6 53 153 -

compression. It shows that JPEG is the fastest algorithm
and therefore presumably the least complex. JPEG 2000 is
considerably slower, but provides extra compression perfor-
mance. A surpriseisMPEG-4 VTC, whichis extremely slow
compared to the other algorithms, without providing any bet-
ter compression than JPEG 2000. This could be due to badly
written software and these numbers should be considered as
arough indicative measure only.

4.3 Functionalities

Table [4 summarizes the comparison from a functionality
point of view. Thisclearly showsthat JPEG 2000 is the stan-
dard offering the richest set of features in an efficient man-
ner and integrated a gorithmic approach. However, MPEG-4
VTC is the only standard supporting the coding of arbitrary
shaped objects.

5 FUTURE OF IMAGE CODING

The results in the previous section show that there have not
been any truly significant advancements in image compres-
sion efficiency in the past decade, despite the intensive re-
search activity of the field. Commonly used image sources
(scanners, digital cameras, etc.) provide a pixel-based rep-
resentation of image data, which is kept by the compression
algorithms. However, there is an increasing number of com-
puter generated images which are not originally pixel-based,
but are currently converted to such a representation prior to
compression. New compression algorithms could work on
the specific nature of these images and keep a representation
based on other mathematical constructs. While compression
of pixel-based images appears to reach a limit, this new ap-
proach could open the door for increased compression effi-
ciency for computer generated images while having the ad-
vantage of being resolution independent.

6 CONCLUSIONS

The results presented in previous sections show that new
standards do not provide any truly substantial improvement
in compression efficiency and are significantly more com-
plex than JPEG, with the exception of JPEG-LS for lossless
compression. However, from a functionality point of view
JPEG 2000 is a true improvement, providing lossy and loss-
less compression, progressive and parseabl e bitstreams, error

Table 4: Functionality matrix. A “+" indicates that it is sup-
ported, the more “+” the more efficiently or better it is sup-
ported. A “-” indicatesthat it is not supported.

J2K JPEG-LS | JPEG | VTC
lossless comp. +++ ++++ +a -
lossy comp. +++++ + +++ |
progressive ++++ - +P oy
ROI coding +++ - - +3
arbitrary shaped

1 - - - ++
objects
random access ++ - - -
low complexity ++ +HHH+ | HH n
error resilience +++ + + Tt
non-iterative

+++ - - +
rate control
genericity® +++ +++ ++ T+

a0nly using the lossless mode of JPEG.

bOnly in the progressive mode of JPEG.

®Region Of Interest.

4Tile-based only.

€Ability to efficiently compress different types of imagery across awide
range of bitrates.

resilience, random access, region of interest and other fea-
turesin one integrated algorithm.

In any case the choice of a standard for a particular appli-
cation or product will depend on its requirements. JPEG-LS
stands out as the best option when only lossless compression
is of interest, providing the best compression efficiency at
alow complexity. In the cases where lossy compression is
of interest and low complexity is of high priority JPEG till
provides agood solution. On the other hand JPEG 2000 pro-
vides the most flexible solution, if the added complexity is
acceptable. As for MPEG-4 VTC, it appears to be of lim-
ited interest, except when the ability to code arbitrary shaped
objectsisrequired.
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