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Abstract

Digital preservation requires a strategy for the storage of large quantities of
data, which increases dramatically when dealing with high resolution images.
Typically, decision-makers must choose whether to keep terabytes of images in
their original TIFF format or compress them. This can be a very difficult
decision: to lose visual information though compression could be a waste of the
money expended in the creation of the digital assets; however, by choosing to
compress, the costs of storage will be reduced. Wavelet compression of JPEG
2000 produces a high quality image: it is an acceptable alternative to TIFF and a
good strategy for the storage of large image assets.

Moreover, JPEG 2000 may be considered a format that can guarantee an
efficient robustness to bit errors and offers a valid quality with transmission or
physical errors: this point of view is confirmed by the case study results that we
report in this article, concerning image quality after occurrence of random
errors by a comparison among different file formats. Easy tools and freeware
software can be used to improve format robustness by duplicating file headers
inside or outside the image file format, enhancing the role of JPEG 2000 as a
new archival format for high quality images.

Introduction: current trends

In recent years the JPEG 2000 format has been widely used in digital libraries,
not only as a "better" JPEG to deliver medium-quality images, but also as new
"master" file for high quality images, replacing TIFFL images. One of the
arguments used for this policy was the "lossless mode" feature of JPEG 2000;
but this type of compression saves only about the half of the storage
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requirements of TIFF, so it is unlikely that this was the only reason that digital
libraries moved in this direction. The only reasonable choice was the standard
lossy compression, which offers a 1:20 (color) or 1:10 (grayscale) ratio. This
provides a significant savings in terms of storage, considering that the quality of
images in digitization projects has increased dramatically in the past few years:
the highest standards for image capture are now very common in digital
libraries.

Thus, the argument turned from the "mathematically lossless" concept to a
softer "visually lossless" definition, and the question became: what do we lose in
choosing the JPEG 2000 "lossy" mode? Let's focus on the following definitions:

"The image file will not retain the actual RGB color data, but it will
look the same because screens and our eyes are so forgiving"?2

"... many repositories are storing "visually lossless" JPEG 2000 files:
the compression is lossy and irreversible but the artifacts are not

noticeable"3

As mentioned above, some institutions began to store JPEG 2000 files in their

digital repositories as the "archival format"4. This policy was sometimes
officially declared, or in some cases was adopted de facto.

“The migration process involves creating a derivative master from the original
archival master..." or, as shown in the example of the following migration
rationale:

"<migration rationale> Create JPEG 2000 datastream for
presentation and standardize on JPEG 2000 as an archival master

format. </rulibadmin:migration rationale>">

One of the most relevant and specific examples of format migration to JPEG
2000 was made at the Harvard University Library (HUL):%

"HUL chose to perform a migration of various image files to the JPEG
2000 format. There is great local interest at Harvard in the
retrospective conversion of substantial numbers of existing TIFF
images to enhance their utility by permitting the dynamic image
manipulation facilitated by the JPEG 2000 format. The three goals that
guided the design of the migration were:

e To preserve fully the integrity of the GIF, JPEG, and TIFF source
data when transformed into the JPEG 2000 (JP2) format

e To maximize the utility of the new JP2 objects

e To minimize migration costs"

The Xerox Research Center, namely Robert Buckley, was involved in this
strategy, producing studies about the integration of JPEG 2000 in the OAIS

Reference Model and defining it as a digital preservation standard.”

Although Buckley's Technology Watch Report has been accepted and promoted
by the Digital Preservation Coalition in the UK, many relevant experts in this
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field still seem to show some skepticism and continue to take a "wait and see"
position:8

"... some institutions engaged in large-scale efforts are considering a
switch to JPEG 2000 ... However, the standard is not yet commonly
used and there is not sufficient support for it by Web browsers. The
number of tools available for JPEG 2000 is limited but continues to

grow".g
Tim Vitale's opinion on JPEG 2000 was very clear in his 2007 report: 10

"It is not an archival format ... Existing web browsers (mid-2007) are
not yet JPEG 2000 capable. One of the biggest problems with the
format is the need for viewing software to be added to existing web
browsers ... There are very few implementations of the JPEG 2000
technology, more work needs to be done before general understanding
and acceptance will be possible."

However, this is no longer the case: most common commercial, digital imaging
programs now support JPEG 2000, not to mention JPEG 2000 support by some
excellent shareware.l! The real problem is that the JPEG 2000 format allows the
storage of very large images, and no current programs can manage the
computer memory in an intelligent way: this is the commercial reason for
professional image servers and encoders, which are relatively costly,12 or
specific viewers for geographic images (generally freel3), or browser plug-ins
(free as well).

1. Image compression of continuous tone images

The primary objection to JPEG 2000 compression remains the possible loss of
visual information. Our approach in arguing against this will not focus on how

the wavelet approach works,14 but why it works, with some very basic elements

of compression theory.l® In other words, preserving visual information deals
mainly with how the images are perceived visually, and only secondarily deals
with the mathematical aspects of the physical signal (materials, procedures,
techniques).

Some would argue that images look the same as they did before compression
simply because humans don't see very well, and that a deeper examination (or a
better monitor) would reveal errors and losses. This is not true: even when JPEG
2000 images are enhanced by magnification, no human could perceive any
errors or losses. A digital surrogate is not necessarily a bad copy of the original,
and compression does not always mean loss of information.

Some people also may think that compression is the equivalent of the "sampling"
of a signal; for example, if we choose 300 points per inch to represent an object,
sub-sampling might take only 150 or 100 points instead, which creates the risk
of losing some information essential for reconstructing that signal. Any sampling
below the Nyquist rate produces aliasing effects: if we represent the signal as a
wave, the sampling interval should match exactly the shape of the wave.
Otherwise, original images are "misunderstood" and appear as artifacts. But
compression is not a kind of sub-sampling made after the capture of an image.
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We can either eliminate redundant information (a sequence of identical values),
or we can have some kind of lossless compression, but below the physical-
mathematical reality, we can operate on the human perception of it. Since we
are dealing with the information that we perceive with our eyes, we can
compress irrelevant information, i.e., what is less relevant to our senses. The
human eye is less sensitive to colors than to light, so the chrominance signal can
be compressed more than the luminance signal can, without any loss of
perception.

This is very important with digital images of historical documents, as they are
usually either color or grayscale images, i.e., "continuous tone" images. As
opposed to a "discrete tone" image (as a printed or typed document in black and
white), in a continuous tone image any variation of adjacent pixels is relevant: in
other words, pixels are "correlated" with each other. We cannot retrieve a
sequence of identical values to compress, and we need a more sophisticated
strategy.

We can select a part of the image, an array of pixels, and calculate the average
of the values; then, we can calculate the difference of any single value from the
average. This is called "de-correlation" of the image pixels, and at the end of this
process we will find that many of the differences from the basic average value
are 0, or almost zero, so we can easily compress the image by assigning them

the same values (quantization).!® When we separate the three color channels,
each of them can be considered as a grayscale image, and we can use the "bit
planes" technique.l’ For example, let us take three adjacent pixels in a

grayscale image, with very different values, in a decimal and in a binary code:

Figure 1: An 8-bit grayscale image and its bit planes.

10 = 000001010
3 = 000000011
-7 = 100000111

The image is at 8-bit depth, so we have 1+8 bits (the first represents +/- sign).
At positions 2,3,4,5 (i.e. at bit-plane 2,3,4,5) we find only "0", and at position 8
find only "1": this is also expressed by saying that the relevance of the

information or energy (low frequencies) concentrates at certain levels, and the

other levels (high frequencies) can be easily compressed.!18 This is very clear in
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the following representation of an image in 8-bit planes: continuous tone
variations between adjacent pixels are now turned in eight separate contexts,
where it is now possible to compress adjacent values.

.tf“ ¢

Figure 2: A corrupted JPEG file.

There are two main methods for de-correlating pixels: orthogonal transform and
subband transform. The concept of "transform" is easy to understand from a
geometrical point of view: a transform, as a reflection, "is a mathematical
concept, but it is not a shape, a number, or a formula"; it is more "a way to move

things in space"!9 to operate the Hi/Lo frequency separation mentioned above.
The DCT (discrete cosine transform) is the typical orthogonal transform that has
been used in JPEG compression for many years.

In the JPEG compression, color images are decomposed in an YCbCr color space
(Y is the luma, or the brightness in an image, Cb and Cr are blue and red
chroma components, respectively): the luminance component is the most
relevant to human eyesight, so it is less compressed than the other two
components. JPEG can use DCT to break up an image to its spatial frequency
components, and it compresses the low-frequency component first. This
important - but optional - feature is called progressive encoding. Unfortunately,
JPEG is generally used in a sequential mode, rather than in a progressive mode,
so when data is corrupted, the encoding/decoding process fails and the rest of
the image is lost.

2. JPEG 2000

The subband transform implies that we consider a signal in the frequency
domain, applying different algorithms than the Fourier DCT, currently known as
"wavelets",29 as these mathematical functions are graphically represented as
small waves moving up and down the x axis. The wavelet transform is
bi-dimensional: it splits the array of values in the upper/lower and then the
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right/left elements, calculating the average and concentrating low frequencies in
the top-left side of the array. This process of subband decomposition is repeated
again and again in a progressive mode. In the reverse decoding, we can see a
blurred image that becomes increasingly sharp, because each subband level
adds new details to the basic graphic information stored at the top-left of the
image array.

-

Figure 3: Progressive subband decomposition.

The consequence of this process is a "multi-resolution"?! image: in the file we
have the same image at different resolutions, from the high-resolution version to

the thumbnail preview that we can use on our catalogue webpage.22 With the
current availability of the ISO Standard multi-resolution format JPEG 2000,
there is no reason for keeping three different formats of the image - i.e., an
original TIFF in high quality resolution, a medium resolution JPEG for Internet
display, and a thumbnail for the catalogue webpage. The software - in either a
local or a remote client/server context - will choose for us the resolution

required.23 Moreover, the main feature of wavelet compression is quality.24 Not
only in the lossless mode (ratio 1:2), but also in the standard lossy compression
(1:10 for grayscale, 1:20 for color), it is very hard to detect differences with the
original TIFF: with JPEG 2000 the DCT transform (discrete cosine transform) is
replaced by a DWT (discrete wavelet transform), and we can no longer see the

typical "pixelization" effect that we saw when using the previous JPEG format.2°

Compared to the previous JPEG, the JPEG 2000 format offers others several new
features:

e We can store color information at 48-bit color depth; this is important
because this can be done with the TIFF format while it could not be done
with the previous version of JPEG. Therefore, we will not loose color depth
if we compress the image in JPEG 2000, and 48-bit or 16-bit depth is
relevant, especially in digitized photographs.

e We can manage large images and very large images. Multi-resolution
formats, in fact, were developed to manage satellite mosaic images and for
large geographic maps.

e We can also specify a ROI (region of interest26) for implementing very high
resolution in some parts of the image and leave the rest at a lower
resolution.

e We can store metadata inside the file format, in particular geographic
coordinates. (In the geo-TIFF format we needed separate files for
coordinates.)
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e Finally, we can manage Intellectual Property Rights (IPR) effectively,
because for high quality (or "master") images, we can prevent the
download of the whole image. The user will see only the portion of the
image that he or she requires, and we can eventually watermark on-the-fly
the visualization window.

How does JPEG 2000 work in practice? Colors are separated in three
components: YCbCr. (This was possible in the previous JPEG format too, but it
was only an option as progressive coding/decoding.) The image in each
component is usually divided into more parts (tiles), and subdivided again in a
grid (precincts) and small portions (code-blocks) that are scanned with the
algorithm. All the data are then packed in a tagged file structure that we can
imagine as a "matrioska" system of boxes. At the beginning of the main box is
the "header box", inside the box we find other boxes for each tile with a "tile
header" at the beginning, and inside these boxes there are markers and packet
streams containing image data.

It is easy to guess that these headers are more relevant than the rest of the
information: if they are corrupted, the entire image, or the tile or a portion of
the tile, will be lost. As the extension of the headers comprises a very small
percentage of the whole file, it would be easy to improve the robustness of the

file, by making a copy of this information inside or outside the file:2” this
principle of redundancy is frequently used in information technology to protect

the data.28

3 File structure and robustness

As was recently shown by Judith Rog, the old concept of compression techniques
as an obstacle to the digital preservation of images seem to vanish considering
deeper file formats structure .

In the error control features offered by JPEG 2000, two types of errors are
considered: bit errors and packet losses (during transmission). The use of error
control mechanisms depends on the coder and decoder implementation. The
impact of bit errors mainly affects the error location, while packet losses have a
dramatic effect on the image because an error involving packets implies a
synchronization loss between coder and decoder. Bit errors hence affect only the
concerned code-block; for this reason code-blocks are coded independently.

In the case of packet losses, JPEG 2000 offers the opportunity to use two kinds
of termination strategies of the arithmetic coder on bit-plane level, enabling the
detection of bit errors and the deletion of corrupted data. In addition, using
smaller precincts increases the robustness against bit errors, although the
coding efficiency is decreased. In particular, maintaining synchronization plays
an important role in JPEG 2000. Therefore, Start Of Packet (SOP) marker
segments can be inserted into the data stream prior to each packet. Using small
precincts also increases error robustness in the packet loss scenario, because
the amount of lost data is reduced.

In order to maintain synchronization, the sequence numbers contained in each
of the SOP marker segments have to be counted. If the sequence number does
not increment by one, a packet has been lost, and it is replaced by an empty
packet with a correct sequence number. In the case of transmission, the packets
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belonging to lower bit-planes in the same precinct have to be discarded as well.
In addition, the same technique can be applied in the case where an SOP marker
segment is not found at the expected position, which means that a bit error has

occurred in the previous packet header.29

lodedlt e Ao hodwls Lodeds

Figure 4: Kodak images test set.

4 Testing robustness

We investigated the impact of random errors on the JPEG 2000 bit stream by
conducting some experiments. The image set we chose, proposed by Kodak,
offers all possible chromatic and color-depth cases: the 24 images (Figure 4) are
bitmap. They have 24-bit color depth and a dimension of 768 x 512 (1.153 KB for
each one).

Original bitmap files were converted in TIFF (uncompressed) and then in JPEG
and JPEG 2000 files. On every test image, we applied different compression
ratios, which were selected considering preliminary studies. The following ratios
were chosen: lossless, 1:5, 1:10, 1:15, 1:20, 1:25, and 1:30. We excluded major
values because, usually, both JPEG and JPEG 2000 are used with 1:10 for
grayscale images and 1:20 for true color images. We introduced errors writing a
byte <0> if the pixel we changed had a value greater than or equal to <127>,
and a byte of <255> if the pixel value was less than <127>. The error number
was related to image dimension: 0.01% (around 10 byte); 0.1% (around 100
byte) and 1% (around 1000 byte). We didn't exceed the 1% errors because we
found that after 1%, the errors percentage of any image format collapses.

The basic point is that all errors do not occur in the header (for TIFF, JPEG and
JPEG 2000), where a single corrupted byte can compromise the integrity of the
whole file. For this reason, we created a particular routine, generating numbers
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that make the position of random errors evident, between the header and the
end of file.30

After this step, we tested every image by adopting a mathematical measure. The
most widely used objective quality metrics is root-mean-squared error (RMSE)
defined as:

A
mr§§[1<1=1>-1 @NI

RMSE = \/

where I is an MxN image and I* is the corresponding reconstructed image after
compression and decompression. For each component (RGB) we estimated the
RMSE and then we calculated the average. If an image could not be opened, we

imposed RMSE values as 255.31

error 0.01% error 0.1% error 1%

Figure 5: a corrupted JPEG 2000 image, compression ration 1:20

As shown in Figure 5a, an error rate of about 0.01% doesn't imply serious
effects: the reconstructed image is very similar to the original. In Figure 5b,
"noise" can be seen on a huge part of the image, but the subject of the image
and its main characteristic are preserved. Figure 5c shows a bad result: in this
case, we lost around 1Kb of information in different parts of the file (crucial tile,
markers, etc.).

error 0.01% error 0.1%
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b L
TIFF; No compression

JPEG:; 1:20
Figure 6: corrupted JPEG and TIFF images

Figure 6a is a JPEG format: The image is irremediably corrupted with only
0.01% of errors: a simple error can affect the entire bitstream and prevent
correct decoding. With increasing errors, the file image cannot be opened.

In Figure 6b, we see some of the consequences of errors on a TIFF format. At
0.1% of errors the image has some lines corrupted. The TIFF format has an
end-line dedicated byte; therefore, removing or corrupting this value can
damage a strip. In other cases, it is not possible to open the files if 0.1% errors
are introduced (7 have failed: 30% tested image, see Table 1) and 1% errors
occur (24 have failed: 100% tested image) .

Table 1 - Experimental Results: TIF error 0.1%
IMAGE RMSE IMAGE RMSE
KodimO01 5.21 |Kodim13 255.00
Kodim02 255.00 |Kodim14. 5.86
Kodim03 5.00 [Kodim15 10.43
Kodim04 255.00 [Kodim16 5.35
Kodim05 6.02 |Kodim17 7.25
KodimO06 7.68 |Kodim18 255.00
KodimO07 5.22 |Kodim19 5.32
Kodim08 255.00 [Kodim20 7.00
Kodim09 4.93 |Kodim21 5.19
Kodim10 5.00 |Kodim22 255.00
Kodim11 5.48 |Kodim23 255.00
Kodim12 5.55|Kodim24 5.62

As shown in Table 2 and Fig.7, JPEG 2000 offers good performance in most
situations. TIFF offers stability and quality only if error numbers are less than
0.1% with respect to image dimension. The previous JPEG format appears to be
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the worst format for preservation: in every case (high or low error rate), noise
and error propagation is present on images.

Table 2 - Experimental Results: RMSE values with
different % error

Error (%) 0.01 0.1 1

TIFF 1.667| 78.651| 255.000
JPEG 101.982| 115.392| 255.000
JP2 lossless 4.755 38.604 92.297
JI%Z compression ration 5.660| 48.377| 102.456
JZ%Z compressionration| 14 103| 35459| 91.646
%%2 compressionration| 14 g5a| 42478| 95.784

JPEG 2000, however, uses markers, headers and dedicated coding to prevent
coding errors or transmission errors. It offers good performance at any error
rate and with several compression ratios. It is significant to note that JPEG 2000
lossless files are not more robust than lossy ones. In particular, we tested
compression at the ratio of 1:10, typically used for grayscale images, and 1:20,
used for color image; the compression ratio 1:30 is only tested to show a
possible trend in quality loss, because with JPEG 2000, there is no purpose for
adopting any compression ratio more than 1:20. Otherwise, just as with TIFF
and JPEG, JPEG 2000 has problems whenever errors exceed 1% (around 1Kb):
some images cannot be opened, or a significant part of the information is no
longer visible.

H
J

[y
B

Aaimein iman srwr

Figure 7: Experimental results: JPEG, TIFF and JPEG 2000 1:20.

5. Smart tools for image file preservation: FixIt!: for JPEG
2000

JPEG 2000 file structure is not only robust itself, but moreover it is possible to
add some additional robustness enhancements to the file structure. In all
formats, the header image is a crucial element: the header supplies the basic

http://www.dlib.org/dlib/july08/buonora/07buonora.html



information enabling the image to be visualized. It is a sequence of binary
values, usually at the beginning of a file, where width, height, color information,
and other information is held. The image may appear corrupted or not
accessible even if only some bytes in the header are lost. For example, if we
manipulate an original JPEG 2000 image header (see example in Figure 8a and
8b) introducing some error (only 4 bits), we cannot open the image, although
the rows are integral in the remaining part. If we could duplicate this header
and keep it inside or outside the image file format, we would dramatically
improve its robustness.

to
SF 4C §F 4C SF &
4F 41 I7 64 90 1

#1 60 #8 )

x D)
E 03 2% 10 48 C2 Fs

Figure 8a - JP2000 header:

. . . Figure 8b - Impact on the image of
highlighted valllleeisglll*:present lmage corrupted header height values

FixIt! JPEG 2000 is a freeware and shareware utility implemented by the
Laboratorio Digitale of the Centro di Fotoriproduzione, Legatoria e Restauro of

the Italian State Archives, and can be downloaded from our website.32 It can
extract the JPEG 2000 header; test and eventually fix corrupted image files;
analyze a file's information and main markers, and save it in XML format. It can
be also used in a recursive mode for a large number of files in a directory tree
(see Figure 9a and 9b).

Contoade | Tot wofe - [ Lo

Dbt 2000 bnage o) Dbt Chre oy bbedos [y Feldor PTineee ] Folleo JP2 Moatew Some

i s gt g b bt D bt M e e \Dovamants Suf SuBngAAtamAtunAO A nsve \OStoments S0 SoERGAAAASRASatigt iy

P N Fie N Flotnage S@ Hantn
v “adn it

EXTRACT =] | Comaptnd e

Figure 9a - Extracting and testing

image headers Figure 9b - Fixing corrupted files

6. Conclusion

Based on the results of our studies, we conclude that JPEG 2000 compression is
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a good current solution for our digital repositories. But we do not have to
provide solutions only in our cultural institutes: the digital assets created in our
society in everyday life will eventually become a part of the cultural heritage.
Implementing wavelet compression, and saving crucial information in extra file
headers, offers everyone a flexible and inexpensive strategy for maintaining

image data into the future.33

Comparing file format robustness
TIFF 121:)%(3 JPEG
Lossless -
Compression ! !
Lossy Compression Vv \ v
Large Images -
Management ! !
Quality Compression v \ Vv
Region of Interest ~ \ ~
Error Robustness v \ ~
v = optimal Vv =low ~ = none
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