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Abswract. The JBIG coding standard like the G3 and G4 facsimile standards defines 2 method for the lossicss (bit=preserving}
compression of bi-level (two-tone ot black /white) images. One advantage it has over G3 /G418 superior compression, especially
on bi-leve] images rendering grevscale via halftoning. On such images compression improvements as large as a factor of ten
are common. A second advantage of the JBIG standard is that it can be parameterized for progressive coding. Progressive
coding hes epplication In image databases that must serve displays of differing resolution, image databases delivering images
10 CRT displays over medium rate (say. 9.6 to 64 kbir/s) channels. and image rransmission services vsing packet networks
having packet priority classes. It it also possible 10 parameterize for sequential coding in applications not benefiting from
progressive buildup. It is possible to effectively use the JBIG coding standard for coding greyscale and color images as well as

bi-level images. The simple strategy of treating bit-plancs as independent bi-level images for JBIG coding vields compressions
- atleast comparable w and sometimes better than the JPEG standard in its losslese mode. The exeellent compression and great
flexibility of JBIG coding make it attractive in = wide vagiety of environments.
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1. I_ntroduction

The Joint Bi-level Image Experts Group (JBIG)
is under the awspices of ISO-IEC/ITCl /8C28/
WG9 and CCITT/SGVIIT/QI6. Tt was formed in
1938 10 establish a standard for the progressive
coding of bi-level (two-tome or black /whire)
images. As of this writing its work is nearing
completion and an ISO CD ballot has begun
[10, 11, 228,

Like the one-dimensional modified Huffman
(MH) and the two-dimensional modifiecd READ
{MR) and modified-modified READ (MMR)
coding schemes of CCITT recommendations T .4
[3, 8] (G3) and T.6 [4] (G4 and G3), JBIG coding
is lossless (bit-preserving). Hence there is no image
quality issue. Decoded images are digitally iden-
tical 1o the images at the encoder input.

One advantage of JBIG coding over G3/G4
coding is superior compression. On images
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containing text and/or line art JBIG compression
is generally 1.1 to 1.5 times that of MMR coding,
the most efficient of the G3/G4 techniques. On
bi-level images rendering greyscale via haiftoning
JBIG’s compression ratio advantage Uypically
increases to a factor of 2 1o 30.

A second advantage of the JBIG standard is that
it can be parameterized for progressive coding.
Progressive coding is defined and applications for
it are cited n the next section.

It is also possible to effectively use the JBIG
standard for the lossless coding of greyscale and
color images. The simple strategy of coding bit-
planes as independent bi-level images can yield
good compression. There are various ways I
which such bit-planes might be created. One good
choice for greyscale images is to let the bits of a
folded-binary (Gray) representation [7] of
intensity define bit-planes. If this is done, com-
pression ratios at least comparable 10 those of Joss-
less JPEG [9] coding are obtained. If the intensity
resolution is coarse, say, less than 8 bits, JBIG
compression can be significantly better.

The JBIG approach to lossless greyscale and
color image coding offers coding unification. One
underlying algorithm efficiently serves for coding
bi-level images, greyscale photographic images,
color photographic images and compuler-gener-
ated tmages with bit-plane overlays.

In the remainder of this paper we will restrict
attention to bi-level images not because the exten-
sions for greyscale and color are seen as unimpor-
tant, but rather because they are so
straightforward.

A JBIG encoder working progressively needs 1o
generate half-resolution versions of images. The
JBIG standard describes an algorithm ¢alled PRES
(progressive reduction standard) that can be used
for this purpose. The half-resolution images it
generates are of excellent subjective quality and far
superior to those generated by simply subsampling
every other row and column. This is tue for both
images containing text and/or line art and images
containing greyscale rendered by halftoning or
dithering. The PRES algorithm will be useful in
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its own right whenever half-resclution images are
needed.

2. Coding medes
2.1. Progressive coding

When decoding an image that has been progres-
sively encoded, a low-resolution rendition of the
original is made available first with subsequent
doublings of resolution as more data is decoded.

One application for progressive coding is
image databases serving output devices with widely
differing resolntion capability. Using a non-pro-
gressive coding technique like MMR requires that
irnages be stored as ¢compressions of the image at
the resolution of the highest-resolution device to
be served, say, 2 laser printer. When an image is to
be displayed on 2 low-resolution device like a CRT,
the compressed image must be decoded 10 high
resolution and then mapped to low resolution,
often by simply discarding N~ 1 of every N rows
and columns. There are obvicus transmission and
processing inefficiencies. Additionally, if the map-
ping to low resolution is via the above subsampling
technique, the subjective quaiity of the displayed
image 1s worse than it need be for the resolution
available.

Storing the database images in progressive form
solves both problems. Only that information in the
compressed Image required for reconstruction
the resolution of the display is transmitted and
decoded and the displayed image has subjective
quality nearly as good as is possible for the display
resolution available.

If after viewing the image at low resolution addi-
tional resolution enhancement is desired for, say,
a paper copy, only the needed updating informa-
tion has to be additionally sent and processed.

Another application for pregressive coding is in
image browsing over medium rate communication
inks. A low resolution rendition can be rapidly
transmitted and displayed, and thea followed by as
rouch resolution enhancement 23 is desited. Each
stage of resolution enbhancernent builds on the
previous stage. Progressive coding makes it easy
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for z user to quickly recognize the image being
displayed, which in turn makes it possibie for that
user to quickly interrupti the transmission of an
vawanted image.

This advantage for progressive coding only
occurs on medium rate links, roughly those with
speeds between 9.6 and 64 kbit/s when bi-level
images are being retrieved. If the communication
link is slower, no viewer will have the patience
needed for image browsing no matter what the
form of presentation. On high speed links the
ilage comes so fast relative 1o human reaction
times that how it develops is immaterial.

A third application for progressive coding 1s in
packet nctworks where packels can or must be
priority classified as droppable or non-droppable.
Priority classification is being considered for
broadband ISDN. The packets carrying the infor-
mation for the final resolution doubling would be
sent at low priority and if they had to be dropped
the only penalty would be a slightly less sharp
image. No entire regions would be lost or
destroyed.

The resolution Ry of the top layer in 3 progres-
sive hierarchy is not restricted. Choices such as 400
or 200 dots per inch (dpi) provide 2 hierarchy of
resolutions commensurale with current facsimile
standards. Choosing Rp a5 600 or 300 dpi gives a
progressive hierarchy more compatible with laser
printer resolution available as of this writing.

‘When progressive coding is desired, it is antici-
pated that D, the number of resolution doublings,
will nsually be chosen so that the bottom layer
resolution is roughly 10 to 25 dpi. Typical bi-level
images when reduced to suck a resohution are not
legible, but nonetheless such Jow-resolution rendi-
tions are still quite useful in that they function as
automatically generaied icons. Page layout is usu-
ally apparent and recognition of particular pages
that have been seen before at higher resolution is
often possibie.

2.2. Compatible progressive/sequential coding

Compatible progressive/sequential coding i3 a
feature of the JBIG standard that can be quite
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Table !

Possible deta ardeﬁngs

HITOLO  SEQ Example order

0 0 0.1.2 3,45 6738
0 1 0,3,¢€ 1.4,7 2,58
1 0 5,7, 3.4,5 0,1,2
1 1 6,3¢ 7,41 8352

useful, but unfortunately it is often somewhat
difficult to understand at first. Itis of primary inter-
est for the application of a datebase serving dis-
plays of different resolution. Progressive coding is
desirable 1o efficiently serve the various displays,
but hardeopy displays have no need for the lower
resolution renditions developed along the way in
decoding to their final resolution. JBIG exploits
this fact to eliminate the usual progressive-coding
need for a frame bufer at the next-to-the-highest
resolution (Rp-1).

‘Compatible progressive/sequential coding is
achieved by breaking an image into smaller parts
before compression. These parts are created by
dividing the image in each of its resolution layers
into horizontal bancs called stripes. Typically the
stripes are quite small and 30 to 40 make up the full
image. For simplicity though, Fig. 1 shows suipe
decomposition when there are only 3 stripes. It
makes the further assurption that there are threc
resolution layers, which is again a somewhat
smaller than typical number.

Each stripe s at each resolution 4 is coded into
a subfile C,4. The JBIG fle to describe the total
image is a concatenation of header information
and the C. . subfiles. Four ways of concatenating
the stripe codings are defined in Table L.

.............

4 7
5 2
50 dgi 100 dpi
a=1 =2

Fig. 1. Stripe decomposition with 3 layers and 3 suipes.
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An cncoder likes 1o work from high resolution
down, so in normal progressive operation it pro-
cesses stripes in the second-last order shown in the
table. However, alternatively it could choose to
proceed ‘stripewise’ as in the last row. An advan-
tage in doing so is that there is no need for a 50 dpi
frame buffer. A “stripe buffer’ now serves the same
purpose. Here that stripe buffer is 1/3 the size of a
frame bufier, but more typically it is just 1/30 to
1/40 of 2 frame buffer and the saving is substantial.
Decoders work naturally from low resolution up
and so prefer the first two orderings of the table,

The key point is that the tota]l information in
the JBIG compressed file is the same for all data
orderings. Decoders working in nermal progressive
fashion as well as decoders working in compatible
sequential fashion are both supported from the
same database. Moreover, the decoders neither
know nor care about the order in which the subfiles
were concatenated by the enceder for transmission
1o the database.

2.3, Single-layer coding

The JBIG specification does not restrict the
rnumber D of resolution doublings. It can be set to
0 if progressive coding is of no utility, as is the
case, for example, in hardcopy facsimile. Doing so
retains JBIG’s compression advantage over G3/
G4 (and, in fact, usually increases it somewhat),
while eliminating the need for any buffering and

I

simplifying the algorithm somewhat. Single-iayer
JBIG coding has potential applications identiczl to
those of G3/G4 coding. Images compressed by
a single-resolution-layer enccder will be readable
by decoders capable of prosressive decoding,
although of course only the lowest resolution
version of a progressively epcoded image will be
decodable by a single-resolution-layer decoder.

3. Functional blecks

We will describe some of the main functional
blocks of an encoder. Since decoders are similar
and in fact somewhat simpler because resolution
reduction is not needed, they will not be described.
Also, to make the presentation as simple as pos-
sible, decomposition into stripes will be ignored by
assuming there is only one stripe per image. Full
detail is of course i the specification.

Conceptually a JBIG encoder ¢an be decom-
posed {see Fig- 2) into a chain of D differential
layer encoders followed by 2 bottom-layer encoder.
In Fig. 2, I, denotes the image at layer 4 and C;
depotes its encoding. A hardware implementation
would in all likelihood time-share onme physical
differential layer enceder, but for heuristic pur-
poses the decomposition of Fig. 2 is helpful.

Each differential laver encoder can be decom-
posed into the functional blocks shown in Fig. 3.

’p D-1 pz o
iz —
Diff. Diff. Botlom
{ayer Layer Layer

Encoder Encoder Ernicoder

e = ¢ 0
S O o,
¢p
Fig, 2, Decomnposition of an encoder.
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‘4 |Resolution Tp;
Reduction
- c
| Adaptive d
Arithmeric T
4 ¥ Encoder
. y 1
Typical Deter. Adaptive Model i
Prediction mimste Templates Template
(DIft) Prediction P P

Fig. 3. Differental layer encoder.

The botiom-layer encoder has the somewhat sim-
pler decomposition of Fig. 4.

3.1, Resolution reduction

The resolution-reduction block accepts a high-
resolution image and creawes z low-resolution
image with, as nearly as possible, half as many
rows and half 2s many columns as the original.
(There need not in general be an even number of
rows and columns in the input image.) The particu-
Izt resolution-reduction method suggested by the
JBIG standard has been carefully designed and
extensively tested [23]. As noted earlier, it creates
excellent quality low-resolution renditions for text,
Iine art, dithered greyscale, halftoned greyscale and
error-diffiised greyscale.

1t is a table based zlgonthm. The low resolution
image is created pixe! by pixel in the usual raster
scan order, that is, from top 1o bottom and lefi 10
right. The color of any given low resolution pixel
is uniquely determained by the colors of nine
particular high-resolution neighbors that are in
fixed spatial relationship 1o it and three particular
low-resolution neighbors that are in causal and
fixed spatial relationship 1o it

3.2. Differential-layer typical prediction

The differential-tayer typical prediction (TP)
block [5] provides some coding gain, but its
primary purpose is to speed implementations,
Differential-layer TP looks for regions of solid
color and when it finds that a given current high-

ggﬁn Adaptive
(Bottom} Templates

Model Adaptive | C,
Templates > AEnntl'nmenc———-——:»

E

Fig. 4. Bottom-layer encoder.
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resolution pixel for coding is in such a region, none
of the processing normally done in the determin-
stic prediction, adaptive templates, model tem-
plates and arithmetic coding blocks is needed. On
text or line-art images, differential-layer TP usually
makes it possible to avoid coding over 95% of the
pixels. On bi-level images rendering greyscale, pro-
cessing savings like this are not possible.

The key idea behind differential-layer TP is that
if 2if the pixels in an eight-neighborhood of a low-
resolution pixel are the same color, then it is ex~
tremely likely that ali four high-resolution pixels to
be associated with it are that same color. Unforiun-
ately, it Is not certain that this is so, but exceptions
occur infrequently enough that it is efficient and
reasonable to flag them. In particular, an encoder
notes at the beginning of each high-resolution line
palr whether or not a decoder would ever go wrong
on that line pair if it always were 1o ‘typically
expand’ any low resolution pixels it found to be
within 2 common~olor eight-neighborhood into
four high-resolution pixels of that color. The fail-
ure or success of this strategy for the line pair is
coded and sent fo the decoder. Note that “failure’
here is not that some low-resolution pixel in the
line pair is not within 2 common-<color eighi-
neighborhood, but rather that some low-resolution
pixel in the line pair and in 2 common-color eight-
neighborhood is not to be associated with four
high-resolution pixels of that color. Failure in this
sense is extremely rare and on many images never
occurs. When success Is coded, both the encoder
and decoder skip over high-resolution pixels assoc-
iated with any Jow-resolution pixels found 10 be
within a common-color eight-neighborhood. If
failure must be coded, the only penalty is that
no skipping ¢an be done for the line pair and
everything must be coded.

3.3 BéztamJayer typical prediction

Typical prediction in the bottom layer is quite
different from that in the differential layers. The
algorithm used is a line-skipping algorithm. A
given line is szid to be “typical’ and all its pixels are
Sigral Processing ! Jrage Co eptior
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declared “typical’ if it is identical to the line above
it. Which lines are typical is again transmitied 1o
the decoder. Both the encoder and decoder skip
the coding of all pixels in typical lines and generate
them instead by line duplication.

Bottom-layer TP like differental-layer TP is
primarily intended to speed processing. It s not,
however, able 1o achieve as high a percentage of
skipped pixels. On imagss vith ‘text and line ar,
bottom-layer TP allows skipping about 40% of the
pixels.

3.4. Deterministic prediction

The purpose of the deterministic-prediction
(DP) block [20] is to provide coding gain, typically
about 7%. When 1mages are reduced in resolution
by a particular resclution-reduction aigorithm, it
sometimes happens that the value of a particular
current high-resolution pixel to be coded is infer-
able from the pixels already known 1o both the
encoder and decoder, that is, all the pixels in the
low-resolution image and those in the high-resolu-
tion image that are causally related (in a raster
sense) to the current pixél. When this occurs, the
current pixel is said 10 be deterministically pre-
dictable. The DP block flags any such pixels and
inhibits their coding by the arithmetic coder.

DP is a table driven algcrithm. The values of
particular surrounding pixels i the low-resolution
image and causal high-resolution image are used
to index into 2 table to check for determinicity
angd, when it 1s present, obiain the deterministic
prediction. DP tables are highly dependent on the
particular resolution reduction method used. Pro-
vision is made for an encoder to download DP
tables to a decoder if it is using a private resolution
reduction algorithm. Decoders are required to
always know the DP tables wseful for the suggested
resolution reduction scheme. Hence, if the sug-
gested resolution reduction algorithmn is used, no
3P tzble need be sent.

3.5. Model templazes

For each high-resclution pixel to be coded, the
model-templates block provides the arithmertic
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coder with zn integer called the comtext. For
differential-layer coding this inieger is determined
by the colors of six particular pixels in the causal
high-resolution image, by the colors of four par-
ficular pixels in the already available low-resolu-
tion image, and by the spatial phase of the pixel
being coded. The term spatial phase denotes which
of the four possible orientations the high-resolu-
tion pixel has with respect to its corresponding low-
resolution pixel. The six particular high-resolution
pixels and four particular low-resolution pixels
whose colors {along with spatial phase) define the
context are known as the coding texnplate or model
template.

The arithmetic coder maintains for each context
an estimate of the conditional probability of the
symbol given that context. The greatest coding gain
is achieved when this probability estimate is both
accurate and close to 0 or 1. Thus good templates
have good predictive value, so that when the values
of the pixels in the template are known, the value
of the pixel to be coded is highly prediciable.

For bottom-layer coding, the coding template
only includes high-resolution pixels. There are no
low-resolution pixels to incorporate nor is there
any analog of the spatiai-phase concept in diifer-
ential-layer coding. A JBIG parameter allows
choosing between two different boftom-layer
coding templates both of which have ten pixels. In
the first, three pixels are from the line two above
the pixel being coded, five are from the line immedi-
ately above it, and the remaining two are the two
immediately preceding it on the current line. This
template is referred to as the three-line bottom-
layer template. The alternative is a two-line tem-~
plate with six pixels from the line immediately
above and four from the current line. Some soft-
ware implementations may execute somewhat faster
with the two-line template. The price paid for the
faster execution is zbout 2 3% loss im coding
efficiency.

3.6. Adaptive templaies

The adaptive-templates (AT) block provides
substantial coding gain, sometimes as much 235 2

Jovd CEO9BPEZEL Al

factor of two, on images rendering greyscale with
halfionming. AT looks for a horizontal periodicity
in the image and on finding it changes the iemplate
so that the pixel preceding the current pixel by
exactly this periodicity is incorporated into it. Such
z pixel has excellent predictive value.

Any such changes should be made infrequently,
and when one occurs, a control sequence is multi-
plexed into the output data stream. Hence,
decoders need not do any processing to search for
the correct setting for AT. )

How an encoder determines when 2 template
change is desired and where the AT pixel should
be placed is a private matter for it since the decoder
tracks via the control information. However, one
particular algorithm for determining the when and
where for AT pixel movements is suggested in the
IBIG standard. This particular algorithm uses &
bank of counters. Zach counter has a number
called a ‘lag’ associated with it and counts the
number of color coiricidences between pairs of pix-
els horizontally separated by that particular lag.
Hence an approximation to the autocorrelation
function is created. When the count at some lag is
unusually high and close to the mazimum possible,
it is likely thar the image is haiftoned and an AT
change 1o Incorporate a pixel at that lag would be
beneficial. _

The JBIG specifization defines controls struc-
tures allowing vertical as well ashorizontal move-
ment of the AT pixel. However,, algorithms to
control vertical movement have not yet been
investigated.

3.7. Arithmetic coder

Arithmetic coders are entropy coders, that is,
they are coders that obtain 2 coding advantage by
exploiting the fact that the symbols to be coded are
not equally likely. What distinguishes arithmetic
coders from other forms of entropy coders is that,
conceptually at least, they are mapping a string of
input symbols into a real number x on the unit
interval. What is transmitied or stored instead of
the original sequence of symbols is the bivary
expansion of x.

Vol. 4. No, 2. April 1552
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The particular number x to which the input
sequence maps Is determined by recursive probabil-
ity interval subdivision as in the Elias coder [1).
Figure 5 shows an example of such interval division
through ar initial sequence 0, 1, 0, 0 to be coded.

The portion of the unit interval on whick x is
known to lie after coding an initial sequence of
symbols is known as the current coding interval.
For each binary input the current coding interval
is divided into two sub-intervals with sizes propor-
tional 1o estimates of the relative probabilities of
symbo] value occurrences. The new current coding
interval becomes the portion of the old coding
interval that is associated with the symbol value
that actually occurred. The fact that most fre-
quently the symbol to be coded will be the more
probable one and that this Is coded onto the lazger
of the two sub-intervals means that most of the
time the coding interval is not reduced in size by as
much as 1/2 and an input symbol is coded without
generating as much as one bit in the binary expan-
sion of x. It is true that whenever the less-probable
symbol does happen to occur more than one
output bit is generated, but the central result of
information theory is that on the average there is
still less than one bit geperated for each input
symbol. ‘

The Elias coder described above was conceived
soon after Shannon’s seminal paper giving birth to
Information Theory in 1948 [19]. It was of litile

1_@ - . -
A . .
AQLY :
AQDD AQION
10;
A0 A0160)
AD} : :
- A{0O)
0.000
Symbols o be coded: 0 1 9 g

Fig. 5. Interval subdivision.
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practical use, however, until ways were found in
the mid 1970s 1o perform all the necessary
arithmetic with finite precision arithmetic and in a
pipeline fashion so that a clecoder could start its
processing without having to wait for an encoder
to finish [14, 17, 18, 21].

In some arithmetic coding applications the con-
ditional probabilities with which the input symbols
take on their two values arz known 2 priori and
fixed. More usually though they are not known 2
priori and may even be lime varying and hence
must be estimated on the fiy. This is true in the
JBIG application. Adaptively estimating probabil-
ities for each of the contexts is a non-irivial statist-
ical problem [6, 15]. A balance must be struck
between obtaining extremely accurate estimates
and the conflicting need of adapting quickly to
changing underlying statistics.

The arithmetic problems associated with interval
subdivision and the problem of adaptively estimai-
ing probabilities are conceptually disjoint. By
merging them, however, it is possible to gain imple-
mentation efficiency by exploiting some of the vari-
ables created to perform finite precision arjthraeric
to also help with adaptive probability estimation
[2,12, 13, 16].

The arithmetic encoder of Fig. 2 notes the out-
puts of the TP and DP blocks to determine if it is
even necessary to code a given pixel. Assuming it
is, it then notes the context and uses its internal
probability estimator 1o estimate the conditional
probability that the current pixel will be a given
color. Often the pixel is highty predictable from the
context so that the conditioral probability is very
close to 0 or 1 and a large entropy coding gain is
realized. The arithmetic encoder of Fig. 4 operates
similarly, but has no bottom-layer analog to the
output of the DP block.

The JBIG arithmetic coder is identical to the
arithmetic coder used by the JPEG standard in
some of its modes of compression.

4. Implementation

Hardware implementations of the full JBIG
algorithm are underway. Implementing JBIG takes
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more circuitry than implementing the MH, MR
and MMR algorithms of G3 and G4, but 2 single-
¢chip realization still appears reasonable. Coding
speeds comparable to those of available devices for
G3/G4 coding (50 to 100 mega-pixels per second)
look possible.

The JBIG algorithm has now been implemented
in software by many different programmers.

Because of its adaptive nature, it appears that JBIG-

software will never execute quite as fast as G3/G4
software. Experiments to date show G3/G4 10
have a speed advantage of from 2.5 to 10. Even so,
JBIG coding in software can be fast and for many
applications it will be accepiably fast. RISC type
MiCroprocessors execuling compiled code have
decoded typical 200 dpi typewritien pages in less
than 2 seconds.
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