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Bit-plane dependent signal compression

The present invention generally relates to signal compression techniques, and
more particularly to a compression technique that includes dividing the source signal into
sub-signals and then encoding each of the sub-signals.

Bit-plane compression of digital signals is a popular coding method for many
multimedia applications. For example, bit-plane coding of audiovisual signals enables
progressive and scalable transmission of these signals. Typically, an audio or a visual signal
undergoes some type of a transform prior to bit-plane coding. Examples of such transforms
include the Discrete Cosine Transform (DCT) or the Discrete Wavelet Transform (DWT).

After performing one of the above-described transforms, each bit-plane
included in the signal is then scanned and coded starting with the Most-Significant-Bit
(MSB) representétion of the signal and ending with the Least-Significant-Bit (LSB).
Therefore, if each of the transform coefficients is represented by z bits, there are n
corresponding bit-planes to be coded and transmitted.

Depending on a particular fidelity criterion (e.g., maximum allowable
distortion) or a bit-rate budget constraint, the coding of the signal may be limited toa
particular bit-plane. This approach provides the progressive feature of bit-plane compression
especially when the coding is taking place in real-time, which can be at the same time the
signal is being transmitted. For signals coded off-line or prior to transmission, bit-plane
coding results in an embedded and scalable bit-stream. This enables the sender to limit the
transmission of the stream at or within a particular bit-plane in response to, for example, to
network conditions such as available bandwidth.

Consequently, bit-plane compression, in general, provides a very Fine-
Granular-Scalability (FGS) coding of the signal. Depending on the particular method used for
coding the bit-planes, this granularity could be as fine as a single bit or as coarse as an entire
bit-plane. Therefore, if a signal is bit-plane coded using » planes and a total number of b bits,
the resulting compressed stream could include anywhere between n and b progressive
representations of the original signal embedded in that stream.

The present invention is directed to a method for compressing a signal. The

method partitions the signal into a plurality of sub-signals and codes each of the sub-signals
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according to a different coding technique. Further, the sub-signals either include different bit-
planes or different bits from the same bit-plane of the signal.

The present invention is also directed to method for compressing a signal that
determines a "best choice" partition for the signal. The signal is partitioned into a plurality of
sub-signals according to the "best choice" partition and then codes the sub-signals. The "best
choice" partition is determined by defining a number of different partitions for the signal.
Further, an entropy value for each of the partitions is calculated and the partition having a
minimum entropy value is selected.

The present invention is also directed to a method for de-compressing a signal
including sub-signals and partition information indicating how the signal was partitioned into '
sub-signals. The method includes decoding each of the sub-signals and then combining the
sub-signals according to the partition information.

Referring now to the drawings were like reference numbers represent

corresponding parts throughout:

Fig. 1 is a diagram showing one example of the bit-plane partitioning
according to the present invention;

Fig. 2 is a diagram showing another example of the bit-plane partitioning
according to the present invention; |

Fig. 3 is a block diagram illustrating one example of the bit-plane compression
according to the present invention;

Fig. 4 is a block diagram illustrating one example of the bit-plane de-
compression according to the present invention; and

Fig. 5 is a block diagram of one example of a system according to the present

invention.

As previously described, bit-plane compression, in general, provides a very
Fine-Granular-Scalability (FGS) coding of the signal. However, the fine-granularity of bit-
plane coding potentially comes at the expense of loosing coding efficiency. This has led most
popular video compression standards (e.g., MPEG-1, MPEG-2, and MPEG-4 video) to adapt

schemes, which scan and code the transform coefficients as a whole versus scanning and
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coding the individual bit-planes of the transform coefficients in a progressive manner. This
standard approach leads to an efficient coding of the signal, however, scalability is sacrificed.

In view of the above, the present invention is directed to a variable coding of
the bit-planes of a source signal. This includes first partitioning or grouping the different bit-
planes into sub-signals and then coding each sub-signal. This technique enables an encoder
according to the present invention to control and achieve a desired trade-off point between
scalability and coding-efficiency. Therefore, in cases where bit or bit-plane level granularity
is not required, coding efficiency can be improved by combining two or more bit-planes prior
to coding. In addition, since the statistical nature of each bit-plane is different, the level of
grouping used across the bit-planes can vary.

As described above, the present invention is based on partitioning the source
signal into variable depth sub-signals prior to coding. For the purpose of the discussion, it is
assumed that the source signal has been previously digitized and has undergone some kind of
transform such as either the Discrete Cosine Transform (DCT) or the Discrete Wavelet
Transform (DWT). However, according to the present invention, it is also contemplated that
the source signal is only digitized.

One example of the partitioning according té the present is shown in Figure 1.
In this example, the source data is partitioned so that each of the sub-signals s;- s4 includes
different bit-planes. In the partitioning of Figure 1, the source signal S includes 7 bit-planes.
Here it is assumed that every coefficient in S is represented with n bits prior to the coding of
S. Therefore, the signal can be divided into the n bit-planes: b() , j=1, 2, ..., n.

Further, m sub-signals s; are defined to represent S, where each sub-signal
includes one or more of the bit-planes b(j). Let k; be the number of consecutive bit-planes
grouped within sub-signal s;, /=1, 2, ...m. Consequently, a sub-signal s; includes the bit-

planes:

5, ={ b+ 5K, B@+IE), bl ~1+ 3k, BK,) ) 1)
i=1 i=1 i=1 i=1

Based on this partitioning, 2 k;, = n . For example, the signal § consists of
1

eight bit-planes. If the S signal is divided into four sub-signals using k1=4, k=2, ks=1 and
ks=1, this leads to the sub-signals si, s, s3 and s4 with four, two, one, and one bit-planes,
respectively as shown in Figure 1. In this example, s;={5(1), b(2), b(3), b(4)}, s:={b(5),
b(6)}, s3={b(7)}, and s4={b(8)}.
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Another example of the partitioning according to the present invention is
shown in Figure 2. In this example, the source signal is partitioned so that not all of the sub-
signals s;- s4 include entire bit planes. In other words, the partitioning of Figure 2 uses a
variable number of bits from different coefficients of the source signal when partitioning into
the sub-signals. This could be very useful for transformed signals (e.g., DCT or DWT) since
different coefficients have different significance in terms of the amount of energy they
contain. Therefore, a variable number of bits are used within each layer (or sub-signal) to
improve the overall coding performance of that particular sub-signal.

In the example of Figure 2, a particular bit-plane may have bits belonging to
more than one sub-signal. Therefore, the source signal S is partitioned so that sub-signals s;
and s, each include different bits of bit-planes b(2), 5(3), and b(4).

One example of the bit-plane compression according to the present invention
is shown in Figure 3. As can be seen from Figure 3, bit-plane partitioning 2 is performed on
the source signal S in order to generate the sub-signals s;, 2, ..., S, According to the present
invention, the bit plane partitioning 2 can be performed in a predetermined manner similar to
Figures 1 or 2. However, it is preferred that the partitioning 2 be variably performed in order
to maximize the coding efficiency for a given source si gﬁa] S.

In order to perform the partitioning variably, a process is included to
determine partition information 4 that indicates the "best choice partition" for a given signal S
that maximizes the coding efficiency for the signal S. In regard to this process 4, the superset
I, is defined. Each element in I, is a vector of integers v=(kj, k3, ..., k) such that the sum of
these integers equals to n (here n represents the number of bit-planes in the signal S). In other

words:
L= { v=(kz, k2, ..., k) : such that Y k, =n wherem=1,2, ...,;n} ()
i=1

A special member of I, is the vector v = (n) which includes only the single
integer. This is the only permissible vector when m=1 (i.e., when S is partitioned into a single
sub-signal). Another special member of I is the all-one vector v = (1, 1, 1, ..., 1). This is the
only permissible vector when m = n (i.e., when S is partitioned into n sub-signals).

Based on the set of integer-vectors I, a set Sy is defined of all possible ways of
partitioning a signal S (consisting of # bit-planes) into the sub-signals s1, $2, ..., S Such that s,
consists of the k; most-significant bit-planes, s ; consists of the next (consecutive) k; bit-
planes, and so on:

Sn = { §= (Sls S2’ seey Sm) . SuCh that (k17 k2> seey km) € In } . (3)
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Here s denotes to a member of S,. Thus, finding the partition information is
based on identifying the element s, in Sy, that meets the following criterion:

s, =min H(s) )

se8,
Here, H(s) is a measure of the total entropy of the partition s (which is a

member of Sp):
H(s)= Y, wls;;n)-H(s) )

The weighting factor w is a function of the sub-signal s; and other network-
related variables (which are represented by the parameter 7). For example, if the system is
trying to cover a bit-rate (or bandwidth) range over which the data may be transmitted, then
the different weighting factors (w’s) can measure how much granularity the decomposition s
provides in covering the desired bit-rate range. In this case, and since we are looking for the
minimum (as expressed in Equation 4), then the more granularity (i.e., the finer) the
decomposition s provides over the desired bit-rates, the smaller the values for w should be.

The partition s, is referred to as the "best" choice partition. According to
Equation (4), the "best choice" partition s, will have a minimum total entropy measure for the
sub-signals included in that ’partition of the signal S. It is important to note that s, corresponds
to a unique integer-vector v, from the set I. The integer-vector v, is referred to as the "best"
choice vector and thus in the example of Figure 3 will be preferably used as the partition
information P. Thus, the bit plane partitioning 2 will be performed according to the partition
information P in order to maximize the coding efficiency for the signal S. Further, the
partitioning information P will also be coded by a partition information encoder 8 and
transmitted to a decoder(s), as shown.

The entropy measure H can significantly influence the selection of the "best”
choice partition. There are several approaches that can be used to measure the entropy H.
Ideally, one would measure the entropy taking into consideration the method used for
encoding each sub-signal resulting from the partition. Therefore, and as shown in 3, one
possibility is that the process used for selecting the best choice s, (from the set Sy) takes into
consideration (as an input to the process) the different entropy encoders used by the system.
(Encoders that can be used in such a system are described below.)

Further, another possible approach for computing H would be to use the
classical well-known Shannon measure for entropy. This later case is an example of a

scenario when the selection process may not need to use (as an input) the different types of
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encoders actually being used by the system. Consequently, this can simplify the selection
process. Yet another possibility is to use an entropy measure which can approximate or
estimate the actual sub-signal encoders used by the system.

Since the number of possible partitions of S (i.e., the number of members in
the set S,) could be very large (= 2(”'1)), it is desirable to consider a subset of these all-
possible partitions. In other words, we can consider a subset J, of the superset I, of integer
vectors: J, € I,. For example, in addition to the condition 2 k, = n , other constraints can be

i=1
added on the integer vectors v=(ki, k», ..., ki) to define the subset J;. One possible constraint

is to consider integer vectors with monotonically decreasing integers: k1 2 k2 2 ... ki1 2 k!
Jo=A{ v=(ki, ko, s k) © Doy =m and ki 2 ka2 ... k1 2 ki, Where m =1, 2, ...,n} (6)
i=1

In this case, Equation (2) can be modified by simply replacing I,, by its sub-set J;:
Sa = { (51, 82, ..., Sw) : such that (ky, ks, ..., k)€ Ju } @

As previously described, it is preferable that the bit plane partitioning 2 will be
performed according to the partition information P that indicates the "best choice" partition in
order to maximize the coding efficiency for the signal S. After partitioning the bit-planes into
the sub-signals s;, each of these sub-signals are then coded. As can be seen from Figure 3, it
is preferable that each of the sub-signals may be coded starting with sub-signal s; and ending
with sub-signal s,, by using corresponding separate encoders 6.

Employing separate encoders 6 is desirable since it enables the use of different
scanning and entropy-coding techniques for each sub-signal. In other words, a different
encoding strategy can be used for each of the sub-signals shown in Figure 3. In this case,
each encoding strategy can be designed and optimized for the particular sub-signal resulting
from the original data partitioning.

Examples of the encoders 6 that can be employed for the coding of the sub-
signals are DCT-based run-length encoders, such as the ones employed by the MPEG-1,
MPEG-2, MPEG-4, H.261, and H.263 video standards. In particular, for a sub-signal which
consists of a single bit-plane, the MPEG-4 bit-plane Fine-Granular-Scalability (FGS) encoder
can be used. A generalization of FGS for coding sub-signals consisting of multiple bit-planes
can also be used. Moreover, the family of Embedded Zero-tree Wavelets (EZW) encoding
methods can also be used to encode any sub-signal of S. This include the popular SPIHT
encoding method, the EZW-based texture coding method adopted by MPEG-4. Approaches
that have been proposed to and/or adopted by the JPEG 2000 standard are also good
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candidates. Another class of entropy encoders that can be used here is the class of Matching
Pursuit encoders.

Independent of the type of encoding strategy used, it is preferred that the
output compressed-signal includes the different coded sub-signals 07, 03 G in an embedded
manner. This enables the scalable feature of bit-plane dependent coding. The scalable feature
of an embedded signal is useful when the signal is transmitted to the decoder in real-time, or
if the signal is stored for later transmission over a variable bandwidth channel. Therefore, if
sm includes the most-significant bit-plane of the source signal S, then the corresponding
coded sub-signal 6, is transmitted first. In this case, s; contains the least-significant bit-
plane, and o is transmitted last.

Further, according to the present invention, a single encoder system
alternatively can be used to code each of the sub-signals in place of the separate encoders 6
shown in Figure 3. The use of single encoder system would be desirable in this case the same
overall encoding strategy (e.g., the order of scanning and the type of entropy coding) can be
applied to all sub-signals. The advantage of the latter approach is the simplicity of the
corresponding system. A third option exists where some of the sub-signals may share the
same encoding strategy and other sub-signals may have their own dedicated encoders.
Moreover, the design of the entropy encoder system and/or its parameters could also be
influenced by the pre-process used for selecting the best choice s, described above (see
Figure 3).

One example of bit-plane de-compression according to the present invention is
shown in Figure 4. As previously described, the compressed signal C according to the present
invention includes the coded sub-signals 0. Gy.; O, and the partition information P. As
previously described, it is preferred that the partition information P indicate the "best choice”
partition, However, according to the present invention, the partition information P also can
indicate just a predetermined partitioning such as shown in Figures 1 or 2.

As can be seen from Figure 4, separate decoders 10 are also used to decode the
coded sub-signals 07...Op.1, 0. Each of the decoders 10 is configured to decode one of the
coded sub-signals 07... 0.1, 0w according to the coding technique performed on the encoder
side. A partition information decoder 11 is also included for decoding the partition
information P.

Since the coded sub-signals 07.. 0.1, 0, Were either preferably stored or

transmitted in an embedded fashion, a single decoder can alternatively be used instead of the
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separate encoders 10 shown in Figure 4. The single decoder would first decode the partition
information P transmitted by the encoder. The single decoder then would decode the coded

sub-signals 07,0y, .1 preferably in an embedded and progressive fashion starting from the
most-significant received sub-signal oy, which is an encoded representation of sy and ending
with the least significant received sub-signal oy which is an encoded representation of s.

If on the encoder side, the sub-signals were coded with different encoding
techniques the single decoder would have to be capable of changing its coding technique
according to the incoming coded sub-signals 0y.. 0.1, Gin. This can be accomplished by
including additional information in the compressed signal C indicating the coding technique
used for each of the sub-signals.

Further, a combiner 12 uses the decoded partition information P to combine
the decoded sub-signals into the corresponding bit-planes that were previously partitioned on
the encoder side. In performing this operation, the combiner 12 would preferably take into
consideration the significance (position) of the bit-planes within the signal. This should result
in the original source signal S being present at the output of the combiner 12. However, if a
transform was used on the encoder side, only an approximation of thé source signal S will
result. Therefore, an inverse transformer 14 is required to perform an inverse transform (e.g.,
Inverse DCT - IDCT - or Inverse DWT - IDWT) on the output of the combiner 12 if such a
transform was used on the encoder side.

One example of a system in which the present invention may be implemented
is shown in Figure 5. By way of examples, the system 16 may represent a television, a set-top
Box, a desktop, laptop or palmtop computer, a personal digital assistant (PDA), a video/image
storage device such as a video cassette recorder (VCR), a digital video recorder (DVR), a
TiVO device, etc., as well as portions or combinations of these and other devices. The system
16 includes one or more video/audio sources 18, one or more input/output devices 20, a
processor 22 and a memory 24. The video/image source(s) 18 may represent, e.g., a
television receiver, a VCR or other video/image storage device. The source(s) 18 may
alternatively represent one or more network connections for receiving video/audio from a
SErver or Servers over, e.g., a global computer communications network such as the Internet,
a wide area network, a metropolitan area network, a local area network, a terrestrial broadcast
system, a cable network, a satellite network, a wireless network, or a telephone network, as
well as portions or combinations of these and other types of networks.

The input/output devices 20, processor 22 and memory 24 communicate over

a communication medium 30. The communication medium 30 may represent, €.g., a bus, a
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communication network, one or more internal connections of a circuit, circuit card or other
device, as well as portions and combinations of these and other communication media. Input
video/audio data from the source(s) 18 is processed in accordance with one or more software
programs stored in memory 24 and executed by processor 22 in order to generate output
video/images supplied to a display device 26 and to supply output audio/sound to an audio
player 28. The display device 26 and audio player 28 can be separate devices or can be
included in a single device such as a television or personal computer.

In a preferred embodiment, the bit-plane compression and de-compression
according to the present invention is implemented by computer readable code executed by
the system 16. The code may be stored in the memory 24 or read/downloaded from a
memory medium such as a CD-ROM or floppy disk. In other embodiments, hardware
circuitry may be used in place of, or in combination with, software instructions to implement
the invention. For example, the elements shown in Figures 3 and 4 can be implemented as
discrete hardware elements.

While the present invention has been described above in terms of specific
examples, it is to be understood that the invention is not intended to be confined or limited to
the examples disclosed herein. For example, the invention is not limited to any specific
coding strategy frame type or probability distribution. On the contrary, the present invention
is intended to cover various structures and modifications thereof included within the spirit

and scope of the appended claims.
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CLAIMS:

1. A method for compressing a signal, comprising the steps of:
e partitioning the signal into a plurality of sub-signals (2); and

e coding each of the sub-signals according to a different coding technique (6).

2. The method according to claim 1, wherein the sub-signals include different
bit-planes of the signal.
3. The method according to claim 1, wherein a number of the sub-signals include

different bits from a bit-plane of the signal.

4. The method according to claim 1, wherein the partitioning is performed

according to a "best choice" partition.

5. The method of claim 4, wherein the "best choice" partition is determined by:

defining a number of different partitions for the signal;

calculating an entropy value for each of the partitions; and

selecting the partition having a minimum entropy value.

6. : The method according to claim 1, which further includes storing or

transmitting the sub-signal after coding in an embedded fashion.

7. A method for compressing a signal, comprising the steps of:

e determining a "best choice" partition for the signal;

e partitioning the signal into a plurality of sub-signals according to the "best choice"
partition (2); and

¢ coding the sub-signals.

8. The method of claim 7, wherein determining the "best choice" partition

includes:
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e calculating an entropy value for each of the partitions; and

o selecting the partition having a minimum entropy value.

9. A memory medium including code for compressing a signal, the code

comprising:

e adetermining code to determine a "best choice" partition for the signal;

e a partitioning code to partition the signal into a plurality of sub-signals according to the
"best choice" partition; and

e an encoding code to encode the sub-signals.

10. A method for de-compressing a signal including sub-signals and partition
information indicating how the signal was partitioned into sub-signals, the method
comprising the steps of:

e decoding each of the sub-signals (10);

e combining the sub-signals according to the partition information (12).

11. The method according to claim 10, wherein the partitioning information

indicates a "best choice" pa}tition.

12. The method of claim 10, wherein the partition information indicates a number

of the sub-signals include different bits from a bit-plane of the signal.

13. The method according to claim 10, wherein each of the sub-signals was

previously coded according to a different coding technique.

14. A memory medium including code for de-compressing a signal including sub-
signals and partition information indicating how the signal was partitioned into sub-signals,
the code comprising:

e adecoding code to decode each of the sub-signals; and

¢ acombining code to combine the sub-signals according to the partition information.
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