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RESUME

Le codage progress7f d'image permet
1'amélioration progressive de la qual7te de 1'image
visualisée au fur et & mesure gque ['information est
regue. Cette technique s' avére étre tout a fait utile
dans le cas d'accéss interactif avec une base de
données d'images par canaux de transmission & faible
capacité. Un tel codage s'effectue par décomposition
en formes, definies a priori, par filtrage passe-bas
ou par des techniques de transformations. La méthode
presentee ici est basée sur une decompos7t7on beaucoup
moins contraignante. Grace & ]'obtention d'une
représentation hiérarchique, les contours irréguliers
de ]'image peuvent Etre transmis par ordre
d'importance décroissante. L'image est ainsi
progressivement rest7tuee en details, et les contours
principaux  sont préservés, sans 8tre distordus
géométriquement ni rendus flous comme dans d' autres
techniques. Les mots source nécessaires a la
description de chaque contour supplémentaire ont été
mis en évidence et les techniques de codage qui
permettent de les representer de fagon adéquate ont
été développées.

1. Introduction

Low capacity transmission channels  present
considerable challenges to image coding schemes. 1In
recent years, progressive image transmission has been
proposed as a means of providing a user with a
worthwhile, interpretable image as soon as possible in
the specific situation where he/she is interactively
interrogating an image database over a low capacity
transmission channel, such as the Public Switched
Telephone Network (PSTN). This allows a decision to
be made as to whether to continue with a more detailed
reconstruction, or to terminate it (and, perhaps, go
on to the next of a series of images to be reviewed).
A particular application is “photographic videotex",
in which high-quality images may be embedded in normal
videotex pages. Other large digital image databases,
such as those emerging in the medical environment,
could benefit from progressive coding [1].

Common image coding schemes, such as DPCM, are
not well suited to these applications, because the
image is built up slowly at full resolution; the
subjects of interest may not be revealed until well
into the reconstruction {2]. With  progressive
transmission, the image is represented in a pyramidal,
hierarchical fashion, and information is transmitted
from broader levels of the pyramid as time progresses.

Previous schemes have generally followed one of
three different approaches. The earliest work [2,3]
involved regular decomposition of the image. The
entire 1image 1is initially represented by a small
number of very large regular blocks. These are
successively decomposed in a regular way to reveal an
increasing amount of detail in the image. A second
approach is to low-pass filter the image and then
subsample it in a series of stages. This is the basis
of the "Laplacian pyramid" of [4]. The third approach
utilises the hierarchical nature of the coefficients
of a transformed image. For instance, the low
frequency, or sequency, coefficients contain
information about the large, important features in the
image. This method has been discussed in [1,5], among
others.
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SUMMARY

Progressive image coding involves the gradual
improvement in the quality of a displayed image as
more information is received. Such a system is useful
for interactive access to an image database over low
capacity transmission channels.  Approaches to this
coding task have included the use of a priori fixed
decomposition  patterns, low-pass filtering and
transform domain techniques. Here, a method 7is
presented which is based on decomposition, but without
such stringent constraints. A hierarchical image
representation is obtained, which permits irregularly
shaped region borders to be transmitted in order of
decreasing importance. Image detail is built up
gradually, in a way which allows the important, global
features to be interpreted early in the
reconstruction. The perceptually important edges are
maintained, neither being geometrically distorted nor
blurred as in other technigques. The source words
necessary to describe each additional border, and
coding techniques appropriate to represent them, are’
identified. Resulting images are presented, and the
advantages and disadvantages of the method are
discussed.

The most important features of an image are the
large objects and sharp edges which define their
limits [6]. However, all of the above coding
techniques cause severe distortion of these features
in the early stages of reconstruction. Either an
artificial structure is imposed, which forces the
boundaries onto the edges of large rectangular blocks,
or blurring occurs due to low-pass filtering (either
directly or through the limitation on the number of
transform coefficients). We propose that it may be
possible to convey the most important information
earlier in  the reconstruction by accurately
representlng a small number of these features. The
progressive codlng method to be described is a spatial
domain approach in which regions of the image are
successively split into two in a hierarchical fashion.
However, control of the boundaries and the oxder in
which the regions are divided is determined by the
properties of the image rather than an externally-
imposed regular mechanism. Boundaries are irregularly
shaped, but represent the edges of image features much
more accurately. The increased number of bits
necessary to define an irregular boundary are traded
for the gain in perceptual quality resulting from
accurate representation of features.

2. Hierarchical Segmentation Procedure

The hierarchical representation of the image is
obtained from the region merging procedure described
in [7] for the application of image segmentation.
Pixels in the image are progressively merged with
their neighbours (here, attention is restricted to the
4-connected case) according to a cost function which
defines how "similar" the pixels, or groups of pixels,
are. Merged pixels are assigned the mean intensity of
all pixels in the group, and the cost function between
it and its neighbouring groups is re-evaluated after
each merger. The links between pixels, and their
order of selection, are stored and the resulting list
defines a spanning tree of a graph representing the
original image. Removal of the last N links from the
list defines a spanning forest of N+1 regions. The
method therefore permits the definition of as many of
the most s;gnlflcant regions in the image as desired,
Anra +ha aenannina +ree has been aenerated.
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in [7], the absolute difference in mean intensity
was taken as the measure of linking cost. However, a
cost function which seeks to minimise the Sum Squared
Error (SSE) over the image gives better results from
the subjective and coding rate points of view. The
adoption of this cost function means that the
segmentatlon method is similar to the one employed
in [8], but treated in a graph theoretic context.
Wwhile this cost function seems to give good results,

it is not necessarily optimal in terms of subjective
image assessment. Other cost functions are under
investigation.

The image representation resulting from the above
method is well suited to a progressive coding scheme.
The structure is hierarchical in that the removal of
an extra link will split an existing.region into two
others. A boundary is added within a region, but no
existing boundaries are affected.

3. Source Coding

Division of an existing image region into two new
regions involves a description of the border and the
new intensities, and assignment of codewords to the
resulting source words.

3.1 Boundary Description

Additional region boundaries are defined by
tracing the line dividing the pixels in either region
rather than the pixels on one side or the other of it.
This means that there are 3 instead of 4 possible
relative directions in which to turn from one line
element to the next. The source code set is therefore
smaller. Also, the chosen method of representing the
sequence of 1line elements is simplified by not being
able to reverse direction.

Before tracing the border, a starting address
must be specified. Because the pixel edges are being
defined, the operation must be carried out on the
array of pixel corners rather than pixel centres. For
an image of dimensions X pixels by Y pixels, this
array is of size (X+1).(Y+1) points. The 4 image
corner points cannot be starting addresses, so there
are XY+X+Y-3 valid starting addresses.

An example boundary line to be specified is shown
in figure 1. For relatively large regions describing
familiar objects, the boundaries are not 1likely to
change direction randomly. In fact, there is
considerable redundancy to be exploited in lines
describing straight or gently curved objects. A study
of thin-line coding techniques appropriate to this
application has revealed that a good compromise coding
scheme is one in which the 1line 1is segmented into
portions consisting of elements in one of two adjacent

directions from the set of four, The 1line elements
are then run length coded. The method, illustrated in
figure 1, is a modification of +that described by

Kaneko and Okudaira [9]. Each line segment 1is
represented by the number of run lengths in the
segment, followed by the sequence of run lengths.
This is repeated for each segment as necessary to
completely define the line. There is no ambiguity in
the change of direction from segment to segment. There
are three possible relative directions to move in
tracing along a pixel edge from any point. If the
current set of runs is complete, then the line segment
to follow must not belong to a known two of these.
Therefore, it must start off in the third. By rotating
the valid pair of coordinates by one, the need to
explicitly state the new direction is avoided. an
explicit direction need only be stated once at the

start of each 1line (after the starting address has
been specified), and this will require 2 bits (since
there are 4 possible starting directions). In our

implementation we assume a default for the other of
the first segment's pair of wvalid directions.
Additional look-ahead processing could be used to find
and transmit the correct one at an additional cost of
1 bit per boundary.
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Figure 1. Addition of a new border, showing its
representation as two line segments, one

having 11 runs and one having 9.

The line terminates when it
boundary, the image border or its own starting point.
There is therefore no requirement for additional
codewords to specify these conditions.

encounters another

The boundary line is defined by codewords from
two source sets, representing the number of run
lengths and the run lengths themselves. Though most
of the numbers and runs are likely to be quite small,
the coding scheme must be capable of dealing with any
possible situation. Run lengths may be anything from
1 to the maximum dimension of the image D , So the
run lengths R will be from the source set" kR defined by

ReR=1(1,2 ...,D ), p & pax(x, ¥). (1)
) The‘greatest possible number of consecutive runs
in a line segment would be the result of a diagonal
region border, spanning the smallest image dimension.
It can be shown readily that such a border could have

up to 2.D_ . -1 yun lengths in it, so the run count
source word ¢ is from the set C defined by
Cec=1{1,2 ..., 20 -1), p 8 nin(x, v)(2)

3.2 Intensity Description

Assume that a particular
reconstructed image, of intensity I

N pixels, is d1v1ded into two new regions, with
%ten51t1es I and and pixel counts N, and N
There are two propertle% in particular that' may ﬁe

exploited for coding purposes.

region in  the
and consistlng of

1. High correlation may be expected between the
divided and original region intensities. That
is, only a small intensity change is expected
upon region division.

lIu - I1| and 'Iu - Izl should both be small.

2. To within integer round-off, I jis a weighted
mean of I1 and 12 0
NU.I0 = N1.I1+N2.I2 and N0 = N1+N2. (3)

The first property suggests that a differential
coding technique would be an effective approach, so
the quantities to be transmitted are

a .
&2 Iu I2 (4)

Id1 4 IO~I1 and I

Assume that I , is the first transmitted, which

defines I_, then property 2 suggests a method by which

the seconh intensity might be estimated. It is clear
from equations 3 and 4 that

1,00 = 1, <0,

42 I 1(0 = 1,30

d2
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and Id1=0 = 1d2=0
In practice, integer rounding means that  these
conditions must be relaxed slightly;
I
41°0 = 1,40, 1,0 = 1,30
and Id1=0 does not imply the sign of I,-
As long as the first differential intensity

received by the decoder is not zero, its sign alone is

sufficient to deduce the sign of the second
differential intensity. About one bit can therefore be
saved in this way for each new boundary defined. This
technique was used to code the intensities and obtain
the results to be presented in Section 4.

There are, therefore, two additional source word
sets needed to code the intensities. For 8-bit
monochrome pictures, the range of differential
intensities could be from -255 to +255. The first
differential intensity code word for each region
division must be from this double-sided distribution,
and so the codeword I,, is from the set

I, e 1D = {-255, -254,

0 ., +254, +255)  (5)

The source set for the second received intensity code
word I . then depends upon the value of I,

l, e if 1, =0,

[y e 15 =40, 1, ..., 254, 255} otherwise. (6)

Note that more sophisticated prediction methods
are quite possible. In particular, equation 3 permits
both sign and magnitude of the second intensity to be
estimated. In order to do this, however, counts of
the numbers of pixels in each region must be made and
stored as each 1is «created. This would mean a
considerable increase in complexity and memory
requirements of the decoder. One of the aims of any
progressive coding scheme will be to minimise decoder
complexity. Since +the contribution to overall rate
from the intensity components is relatively small
anyway (see Section 4), it was decided not to
incorporate this feature. A practical realisation may
not even incorporate the above-described simple sign
prediction procedure.

3.3 Codeword Assignment

As the added boundaries may commence anywhere in
the image, and 1in general there is little reason to
expect correlation from one address to the next, there
is little potential for redundancy reduction of this
source by codeword assignment. A simple fixed length
word was assumed in simulations, and the number of
address bits required may be calculated simply by
[log, (XY+X+Y-3)1 bits, where [x] means the smallest
integer greater than x.

The other four source word sets R, ¢, ID and IS
all  exhibit sharply peaked distributions, and
therefore offer potential savings by variable length
coding. While the minimum bit rate is achievable by
the use of Huffman coding, the large cardinalities and
very peaked probabilities of these source sets mean
that very long words would have to be accommodated.
This would lead to a very complex word decoder, though
most of the words would almost never be encountered.
The solution adopted is the use of a truncated Huffman
code, where the most probable words are allocated
variable length codes, and one extra code word acts as
an indicator that a word outside of these is to be
sent. The word 1is then sent (and expected by the
decoder) in simple fixed length binary form.

To illustrate, assume that V variable length
words are to be assigned to represent V-1 most
probable source words in a source set S plus one word
used as the “marker", indicating that a fixed length
word is to follow. An incoming variable length word w.
will be interpreted as follows; !

V : Find source word from lookup table.
\

4
= : Expect B bit word to follow.

i
i
The B bit word represents all remaining less probable
source words. B may easily be found from the number of

words remaining; B = [log, ( ¢(s)-(V-1) )], where C(S)
is the cardinality of set S.

Codeword assignments based on this scheme have
been performed for each of the above source word sets,
using the accumulated statistics from several images.
Comparison of the average rate per word with the
entropy for each source set showed that there is very
little penalty to pay for use of this method with
quite a small number of variable length words. The
number of variable length code words chosen was 16 for
R, 16 for ¢, 32 for IS and 64 for 1ID. With this
arrangement, no code word was longer than 11 bits.

4. Results

The coding scheme described in the previous
Section was used to simulate the results attainable in
a real implementation. The time taken to transmit a
certain number of borders was calculated by dividing
the total number of bits by the transmission rate.
This does not take into account additional line coding
which would be necessary to give the system a degree
of error tolerance, since a single bit error could
corrupt all future reconstructions in the described
system. A “border end" code word, with the facility
for requested retransmission, may be sufficient error
protection. The simulation also takes no account of
processing delay, but this is expected to be small
compared with the transmission time. The results,
therefore, reflect the time taken to transmit the raw
data at the given data rate.

A test image of 256x256 pixels and 8 bit/pixel
resolution 1is shown in figure 2a. Figures 2b and 2c¢
show the coded image after 5 and 30 seconds
transmission time at the modest transmission rate of
1200 bit/s. This rate is easily attainable by use of
modems over the PSTN, and is commonly used for
videotex services. It can be seen that after only 5
seconds, there is sufficient detail in the image for
identification of +the major features. After 30
seconds, all of the principal features of the original
have emerged. These results may be compared with a
PCM-coded alternative, in which transmission of the
entire image would require 450 seconds at the same
rate.

It should be noted that the system becomes less
efficient as the number of regions increases due to
the addressing overheads. The proportion of the total
rate which 1is due to each component is plotted in
figure 3 for the test image. It can be seen that the
fixed overhead becomes a significant proportion of the
total as the transmission progresses. So, although
the method reveals the principal features in an image
very rapidly, and a useful representation is obtained
after only a few seconds, it is not efficient if an
exact reproduction of the image is required. In this
case, a dual mode of operation would be a solution. If
transmission has not been terminated after a certain
number of regions (of the order of several hundred)
have been displayed, the system could switch to a
differential coding mode. The error between the coded
and original image could then be transmitted in a
simple serial scan fashion.

5. Practical Considerations

Practical implementation of the system described
above requires the generation of the hierarchical
structure of Section 2. It is unlikely that it would
be practical to do this each time an image is
displayed because of the computation required; an
additional, unacceptable delay would almost certainly
be involved. The system is much better suited to an
archival approach, where the linked spanning tree is
generated and stored along with the image when it is
added to the archive. Each link requires a pixel
index plus an extra bit to indicate whether it is a
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(a) (b) (c) i
Figure 2. Original 256x256 pixel image (a), with reconstructions after 5 (b) and 30 (c) sgconds at 1200 bit/s
using the proposed progressive coding scheme.

. o ion
100 6 Conclusi

AK The challenge of transmitting pictorial

-\, information over low capacity channels has been
discussed in this paper. Progressive coding is a
method which minimises the effect of this restriction,
by presenting limited, but important, information to
the user as quickly as possible. Previous approaches
to this method were briefly described before a new
method, involving irregular spatial decomposition of
the image, was presented. This method presents the
user with the perceptually most important features of
the image without distorting outlines. A coding method
has been described, resulting images presented and
practical considerations for implementation discussed.
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Figure 3. Proportion of total rate due to coding of
line segments (sources ¢ and R), addressing
overhead and intensities. Full scale on the
horizontal axis corresponds to about 60
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