US 20020101367A1

a9 United States

a2 Patent Application Publication
Geiger et al.

(10) Pub. No.: US 2002/0101367 Al
(43) Pub. Date: Aug. 1, 2002

(54

(75)

(73)

@D
(22

(63)

SYSTEM AND METHOD FOR GENERATING
OPTIMALLY COMPRESSED DATA FROM A
PLURALITY OF DATA
COMPRESSION/DECOMPRESSION
ENGINES IMPLEMENTING DIFFERENT
DATA COMPRESSION ALGORITHMS

Inventors: Peter D. Geiger, Austin, TX (US);
Manuel J. Alvarez II, Austin, TX
(US); Thomas A. Dye, Austin, TX (US)

Correspondence Address:
Jeftrey C. Hood

Conley, Rose & Tayon, P.C.
P.O. Box 398

Austin, TX 78767 (US)

Assignee: Interactive Silicon, Inc., Austin, TX
Appl. No.: 10/044,785
Filed: Jan. 11, 2002

Related U.S. Application Data

Continuation-in-part of application No. 09/818,283,
filed on Mar. 27, 2001, which is a continuation-in-part
of application No. 09/421,968, filed on Oct. 20, 1999,
now Pat. No. 6,208,273, which is a continuation-in-

part of application No. 09/239,659, filed on Jan. 29,

1999.
Publication Classification
(51)  Int. CL7 oo HO3M 7/34
(52) US. Cli e evieneecnsecnne 341/51

57 ABSTRACT

Embodiments of a compression/decompression (codec) sys-
tem may include a plurality of data compression engines
each implementing a different data compression algorithm.
A codec system may be designed for the reduction of data
bandwidth and storage requirements and for compressing/
decompressing data. Uncompressed data may be com-
pressed using a plurality of compression engines in parallel,
with each engine compressing the data using a different
lossless data compression algorithm. At least one of the data
compression engines may implement a parallel lossless data
compression algorithm designed to process stream data at
more than a single byte or symbol at one time. The plurality
of different versions of compressed data generated by the
different compression algorithms may be examined to deter-
mine an optimal version of the compressed data according to
one or more predetermined criteria. A codec system may be
integrated in a processor, a system memory controller or
elsewhere within a system.
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CONTINUATION DATA

[0001] This application is a continuation-in-part (CIP) of
U.S. patent application Ser. No. 09/818,283 titled “SYS-
TEM AND METHOD FOR PERFORMING SCALABLE
EMBEDDED PARALLEL DATA COMPRESSION” filed
Mar. 27, 2001, whose inventors were Manuel J. Alvarez 11,
Peter Geiger, and Thomas A. Dye; which is a continuation-
in-part of U.S. patent application Ser. No. 09/421,968 titled
“SYSTEM AND METHOD FOR PERFORMING SCAL-
ABLE EMBEDDED PARALLEL DATA COMPRESSION”
filed Oct. 20, 1999 whose inventors were Manuel J. Alvarez
II, Peter Geiger, and Thomas A. Dye, now U.S. Pat. No.
6,208,273; which is a continuation-in-part of U.S. patent
application Ser. No. 09/239,659 titled BANDWIDTH
REDUCING MEMORY CONTROLLER INCLUDING
SCALABLE EMBEDDED PARALLEL DATA COM-
PRESSION AND DECOMPRESSION ENGINES” filed
Jan. 29, 1999 whose inventors were Thomas A. Dye, Manuel
J. Alvarez 11, and Peter Geiger.

FIELD OF THE INVENTION

[0002] The present invention relates to computer system
architectures, and more particularly to a system and method
for selectively generating compressed data from one of a
plurality of data compression engines, wherein each of the
data compression engines implement a different data com-
pression algorithm.

DESCRIPTION OF THE RELATED ART

[0003] Computer system and memory subsystem architec-
tures have remained relatively unchanged for many years.
While memory density has increased and the cost per
storage bit has decreased over time, there has not been a
significant improvement to the effective operation of the
memory subsystem or the software which manages the
memory subsystem. The majority of computing systems
presently use a software implemented memory management
unit which performs virtual memory functions. In a virtual
memory system, the non-volatile memory (e.g., hard disk) is
used as a secondary memory to provide the appearance of a
greater amount of system memory. In a virtual memory
system, as system memory becomes full, least recently used
(LRU) pages are swapped to the hard disk. These pages can
be swapped back to the system memory when needed.

[0004] Software-implemented compression and decom-
pression technologies have also been used to reduce the size
of data stored on the disk subsystem or in the system
memory data. Current compressed data storage implemen-
tations use the system’s CPU executing a software program
to compress information for storage on disk. However, a
software solution typically uses too many CPU compute
cycles and/or adds too much bus traffic to operate both
compression and decompression in the present applica-
tion(s). This compute cycle problem increases as applica-
tions increase in size and complexity. In addition, there has

Aug. 1,2002

been no general-purpose use of compression and decom-
pression for in-memory system data. Prior art systems have
been specific to certain data types. Thus, software compres-
sion has been used, but this technique limits CPU perfor-
mance and has restricted use to certain data types.

[0005] Similar problems exist for programs that require
multiple applications of software threads to operate in
parallel. Software compression does not address heavy
loaded or multi-threaded applications, which require high
CPU throughput. Other hardware compression solutions
have not focused on “in-memory” data (data which reside in
the active portion of the memory and software hierarchy).
These solutions have typically been I/O data compression
devices located away from the system memory or memory
subsystem. In general, the usage of hardware compression
has been restricted to slow input and output devices usually
located at the I/O subsystem, such as the hard drive.

[0006] Mainframe computers have used data compression
for acceleration and reduction of storage space for years.
These systems require high dollar compression modules
located away from the system memory and do not compress
in-memory data in the same memory subsystem for
improved performance. Such high dollar compression sub-
systems use multiple separate engines running in parallel to
achieve compression speeds at super computer rates. Mul-
tiple separate, serial compression and decompression
engines running in parallel are cost prohibitive for general
use servers, workstations, desktops, or mobile units.

[0007] TLower cost semiconductor devices have been
developed that use compression hardware. However, these
devices do not operate fast enough to run at memory speed
and thus lack the necessary performance for in-memory
data. Such compression hardware devices are limited to
serial operation at compression rates that work for slow I/O
devices such as tape backup units. The problem with such
I/O compression devices, other than tape backup units, is
that portions of the data to compress are often too small of
a block size to effectively see the benefits of compression.
This is especially true in disk and network subsystems. To
operate hardware compression on in-memory data at
memory bus speeds requires over an order of magnitude
more speed than present day state-of-the-art compression
hardware.

[0008] The amount of system memory available for
executing processes within Prior Art computer systems is
generally limited by the amount of physical memory
installed in the system. It is desirable to provide a method of
increasing the effective size of system memory without
increasing actual physical memory, and to thus allow pro-
cessors and/or I/O masters of the system to address more
system memory than physically exists. It is also desirable to
improve data transfer bandwidth in computer systems. It is
also desirable that this method be applicable to other aspects
of computer operation such as the transmission and recep-
tion of data via a network.

SUMMARY OF THE INVENTION

[0009] Embodiments of a compression/decompression
(codec) system may include a plurality of data compression
engines each implementing a different data compression
algorithm. The codec system may be designed for the
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reduction of data bandwidth and storage requirements and
for compressing / decompressing data.

[0010] In one embodiment, uncompressed data may be
compressed using a plurality of compression engines oper-
ating concurrently, i.e., in parallel, with each engine com-
pressing the data using a different lossless data compression
algorithm. At least one of the data compression engines may
implement a parallel lossless data compression algorithm. In
one embodiment each of the data compression engines
implements a different parallel lossless data compression
engine.

[0011] The plurality of different versions of compressed
data generated by the different compression algorithms may
be examined to determine a “best” or “most qualified”
version of the compressed data according to one or more
predetermined criteria or metrics. In one embodiment, the
version with the highest compression ratio is selected. In
another embodiment, the version that compresses the fastest
is selected. In another embodiment, the selection examines
both time and compression ratio metrics.

[0012] In one embodiment, each of the data compression
engines implements a parallel lossless data compression
algorithm. For example, each of the data compression
engines may implement a parallel version of an LZ-based
data compression algorithm. In this example, a first com-
pression engine may implement a parallel L.Z-based data
compression algorithm which uses tag-based encoding,
while a second compression engine may implement a par-
allel L.Z-based data compression algorithm which uses
“escape” characters to differentiate among compressed and
“raw” data characters (and which does not use a tagbased
coding scheme). In another embodiment, a first compression
engine may implement a parallel LZ-based (or dictionary
based) data compression algorithm, a second compression
engine may implement a parallel RLE (run length encoding)
algorithm, and a third compression engine may implement a
parallel Huffman-based encoding scheme.

[0013] A codec system as described herein may be
included in any of various devices, including a memory
controller; memory modules; a processor or CPU; peripheral
devices, such as a network interface card, modem, IDSN
terminal adapter, ATM adapter, etc.; and network devices,
such as routers, hubs, switches, bridges, etc., among others.
Where the codec system is included in a device, data
transfers to and from the device can thus be in either of two
formats, these being compressed or normal (non-com-
pressed). Thus compressed data from system /O peripherals
such as the non-volatile memory, floppy drive, or local area
network (LAN) may be decompressed in the device and
stored into memory or saved in the memory in compressed
format. Thus, data can be saved in either a normal or
compressed format, retrieved from the memory for CPU
usage in a normal or compressed format, or transmitted and
stored on a medium in a normal or compressed format.

[0014] Embodiments of a parallel compression engine as
described herein may implement an improved system and
method for performing parallel data compression designed
to process stream data at more than a single byte or symbol
(character) at one time. The parallel compression engine
may examine a plurality of symbols in parallel, thus pro-
viding greatly increased compression and decompression
performance. More specifically, a parallel compression
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engine may operate to examine each of a plurality of
symbols with each of a plurality of entries in a history buffer
concurrently, i.e., in a single clock cycle. The codec system
may also include a parallel decompression engine that
operates to examine a plurality of compressed symbols
concurrently, i.e., in a single clock cycle and may operate to
produce a plurality of decompressed symbols concurrently,
i.e., per clock cycle. These parallel compression and decom-
pression engines may be referred to herein as parallel codec
engines. In one embodiment, the parallel compression and
decompression engines may implement a modified single
stream dictionary based (or history table based) data com-
pression and decompression method, such as an LLZ based
method, to provide a scalable, high bandwidth compression
and decompression operation.

[0015] The integrated data compression and decompres-
sion capabilities of the codec system removes system bottle-
necks and increases performance. This allows lower cost
systems due to smaller data storage requirements and
reduced bandwidth requirements. This also increases system
bandwidth and hence increases system performance. Thus
the present invention provides a significant advance over the
operation of current devices, such as memory controllers,
memory modules, processors, and network devices, among
others.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] A better understanding of the present invention can
be obtained when the following detailed description of the
preferred embodiment is considered in conjunction with the
following drawings, in which:

[0017] FIG. 1 illustrates the compression of uncom-
pressed data using a plurality of parallel compression
engines in parallel according to one embodiment;

[0018] FIG. 2 illustrates the decompression of com-
pressed data using a plurality of parallel decompression
engines in parallel according to one embodiment;

[0019] FIG. 3 is a flowchart illustrating one embodiment
of a method of splitting uncompressed data among a plu-
rality of parallel compression engines to produce com-
pressed data;

[0020] FIG. 4 is a flowchart illustrating one embodiment
of a method of splitting compressed data among a plurality
of parallel decompression engines to produce uncompressed
data;

[0021] FIG. 5 illustrates the concurrent compression of
uncompressed data by a plurality of compression engines
implementing different lossless data compression algorithms
and the selection of one of the compressed outputs as the
optimal compressed data based on one or more criteria
according to one embodiment;

[0022] FIG. 6 illustrates the decompression of com-
pressed data by one of a plurality of decompression engines
implementing different data decompression algorithms
according to one embodiment;

[0023] FIG. 7 is a flowchart illustrating one embodiment
of a method of compressing uncompressed data using a
plurality of compression engines in parallel to determine an
optimal output compressed data;
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[0024] FIG. 8 illustrates a computer system having an
integrated memory controller (IMC) including a compres-
sion/decompression engine (codec) system according to one
embodiment;

[0025] FIG. 8b illustrates a computer system having a
North Bridge memory controller including the codec system
according to one embodiment;

[0026] FIG. 8c illustrates a computer system having a
CPU including the codec system according to one embodi-
ment;

[0027] FIG. 84 illustrates a computer system having at
least one memory module including the codec system
according to one embodiment;

[0028] FIG. 8¢ illustrates a computer system having a
network interface device including the codec system accord-
ing to one embodiment;

[0029] FIGS. 9a and 9b illustrate a memory module
including the codec system according to one embodiment;

[0030] FIG. 10 illustrates a network device including the
codec system according to one embodiment;

[0031] FIG. 11 illustrates a personal digital assistant
including the codec system according to one embodiment;

[0032] FIG. 12 is a high-level flowchart diagram illustrat-
ing operation of a parallel compression engine according to
one embodiment;

[0033] FIG. 13 is a more detailed flowchart diagram
illustrating operation of the parallel compression engine
according to one embodiment;

[0034] FIG. 14 is a table illustrating the header informa-
tion presented to a lossless decompression engine according
to one embodiment;

[0035] FIG. 15 illustrates four stages used for the parallel
lossless decompression algorithm according to one embodi-
ment;

[0036] FIG. 16 illustrates eight decoder stages used to
generate the start counts used for the parallel decompression
process according to one embodiment;

[0037] FIG. 17 illustrates a single decoder block used by
the stage one input selector and byte counter of FIG. 15
according to one embodiment;

[0038] FIG. 18 illustrates a portion of the second of the
four stages illustrated in FIG. 15 for calculating selects and
overflows according to one embodiment;

[0039] FIG. 19 illustrates a portion of the third of the four
stages illustrated in FIG. 15 for converting preliminary
selects generated in stage two into final selects according to
one embodiment;

[0040] FIG. 20 illustrates a portion of the fourth of the
four stages illustrated in FIG. 15 for generating uncom-
pressed output bytes from selects generated in the first three
stages according to one embodiment;

[0041] FIG. 21 illustrates the data flow through the par-
allel lossless decompression engine according to one
embodiment;
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[0042] FIG. 22 illustrates a decompression engine with
four input bytes, three decoders, and four output bytes
according to one embodiment;

[0043] FIG. 234 is a high-level flowchart of the operation
of a parallel decompression engine according to one
embodiment;

[0044] FIG. 23b is a flowchart illustrating a parallel
decompression method according to one embodiment;

[0045] FIG. 23c is a flowchart illustrating a process for
examining a plurality of tokens from the compressed data in
parallel according to one embodiment;

[0046] FIG. 234 is a flowchart illustrating a process for
generating a plurality of selects to symbols in a combined
history window according to one embodiment;

[0047] FIG. 23¢ is a flowchart illustrating a process for
writing uncompressed symbols from the combined history
window to the output data according to one embodiment;
and

[0048] FIG. 23f is a flowchart illustrating a process for
writing symbols uncompressed by the current decompres-
sion cycle to the history window according to one embodi-
ment.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0049]

[0050] U.S. Pat. No. 6,208,273 titled “System and Method
for Performing Scalable Embedded Parallel Data Compres-
sion”, whose inventors are Thomas A. Dye, Manuel J.
Alvarez II, and Peter Geiger, and which issued on Mar. 27,
2001, is hereby incorporated by reference in its entirety as
though fully and completely set forth herein.

Incorporation by Reference

[0051] U.S. Pat. No. 6,145,069 titled “Paralle]l Decom-
pression and Compression System and Method for Improv-
ing Storage Density and Access Speed for Non-volatile
Memory and Embedded Memory Devices”, whose inventor
is Thomas A. Dye, and which issued on Nov. 7, 2000, is
hereby incorporated by reference in its entirety as though
filly and completely set forth herein.

[0052] U.S. Pat. No. 6,173,381 titled “Memory Controller
Including Embedded Data Compression and Decompression
Engines”, whose inventor is Thomas A. Dye, and which
issued on Jan. 9, 2001, is hereby incorporated by reference
in its entirety as though fully and completely set forth herein.

[0053] U.S. patent application Ser. No. 09/239,659 titled
“Bandwidth Reducing Memory Controller Including Scal-
able Embedded Parallel Data Compression and Decompres-
sion Engines” and filed Jan. 29, 1999, whose inventors are
Thomas A. Dye, Manuel J. Alvarez 11, and Peter Geiger, is
hereby incorporated by reference in its entirety as though
fully and completely set forth herein.

[0054] U.S. patent application Ser. No. 09/491,343 titled
“System and Method for Performing Scalable Embedded
Parallel Data Decompression” and filed Jan. 26, 2000,
whose inventors are Thomas A. Dye, Manuel J. Alvarez I,
and Peter Geiger, is hereby incorporated by reference in its
entirety as though fully and completely set forth herein.
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[0055] U.S. patent application Ser. No. 09/818,283 titled
“System And Method For Performing Scalable Embedded
Parallel Data Compression”, and filed Mar. 27, 2001, whose
inventors are Manuel J. Alvarez II, Peter Geiger and Thomas
A. Dye, is hereby incorporated by reference in its entirety as
though fully and completely set forth herein.

[0056] U.S. patent application Ser. No. 09/821,785 titled
“System And Method For Performing Scalable Embedded
Parallel Data Decompression”, and filed Mar. 28, 2001,
whose inventors are Manuel J. Alvarez II, Peter Geiger and
Thomas A. Dye, is hereby incorporated by reference in its
entirety as though fully and completely set forth herein.

[0057] U.S. patent application Ser. No. titled
“System And Method For Managing Compression And
Decompression Of System Memory In A Computer Sys-
tem”, and filed Jul. 26, 2001, whose inventors are Peter
Geiger, Manuel J. Alvarez II, and Thomas A. Dye, is hereby
incorporated by reference in its entirety as though fully and
completely set forth herein.

[0058] Parallel Compression/Decompression Engines in
Parallel

[0059] FIG. 1 illustrates the compression of uncom-
pressed data using a plurality of parallel compression
engines (also called slices) operating in parallel according to
one embodiment. The plurality of compression engines 570
may each implement a parallel lossless data compression
algorithm. An example of a compression engine that imple-
ments a parallel lossless data compression algorithm and
that may be used in one embodiment is illustrated in FIGS.
12-13 and further described in U.S. Pat. No. 6,208,273 titled
“System and Method for Performing Scalable Embedded
Parallel Data Compression” which was previously incorpo-
rated herein by reference.

[0060] Inone embodiment of FIG. 1, each of the plurality
of parallel compression engines 570A-D implements the
same parallel compression algorithm. In another embodi-
ment of FIG. 1, each of the plurality of parallel compression
engines produces compressed data in the same format, thus
allowing the compressed data streams from each engine 570
to be combined to create a single compressed data stream.

[0061] Inone embodiment, data compression system may
include splitting logic 240, a plurality of compression
engines 570 coupled to outputs of splitting logic 240, and
merging logic 260 coupled to outputs of the plurality of
compression engines 570. FIG. 1 shows four compression
engines, although a greater or lesser number (two or more)
may be used.

[0062] In one embodiment, the data compression system
or logic may comprise a single engine. In another embodi-
ment, the splitting logic 240, plurality of compression
engines 570, and merging logic 260 may be located in
different components of a computer system or computing
appliance. The various components shown in FIG. 1 may be
implemented in hardware, in software or in a combination of
hardware and software. In one embodiment, the data com-
pression system may further include one or more data
decompression engines and may be referred to as compres-
sion/decompression (codec) logic.

[0063] A system that includes the data compression logic
as illustrated in FIG. 1 may have uncompressed data 230A
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that needs to be compressed. Uncompressed data 230A may
come from any of various sources, for example, from system
memory, from non-volatile storage (e.g. a hard drive) or
from another device or Input/Output (I/O) port (e.g. a
network interface). Uncompressed data 230A may be a unit
of data (such as a page of memory or a file) or a stream of
data. Uncompressed data 230A may be provided to an input
of splitting logic 240. Splitting logic 240 may divide the
uncompressed data 230A into a plurality of parts or portions
of the uncompressed data 230A, with one portion for each
of the plurality of compression engines 570 coupled to
splitting logic 240. Splitting logic 240 may then provide the
plurality of portions of the uncompressed data 230A to the
plurality of compression engines 570.

[0064] Each of the plurality of compression engines 570
may then compress the particular portion of the uncom-
pressed data 230A that was provided to it by splitting logic
240 to produce a compressed portion of the original uncom-
pressed data 230A. The plurality of compression engines
570 thus may compress the plurality of portions of the
uncompressed data 230A to produce a plurality of com-
pressed portions of the original uncompressed data 230A. In
one embodiment, the plurality of compression engines 570
may perform the compression operation on the plurality of
portions of the uncompressed data 230A in a parallel fash-
ion. In other words, the compression of the plurality of
portions of the uncompressed data 230A by the plurality of
compression engines 570 may occur concurrently.

[0065] In addition, since each of the individual compres-
sion engines 570A, 570B, 570C and 570D is a parallel
compression engine, each parallel compression engine
570A, 570B, 570C and 570D operates to compress a plu-
rality of symbols concurrently, i.e., each parallel compres-
sion engine may operate to compress a plurality of symbols
per clock cycle. In one embodiment, each engine may
operate to compare a plurality of symbols with each of a
plurality of entries in a history buffer concurrently, i.e., in a
single clock cycle. In one embodiment, each parallel com-
pression engine 570A, 570B, 570C and 570D has its own
history buffer. In another embodiment, the plurality of
parallel compression engines 570A, 570B, 570C and 570D
share a common history buffer.

[0066] The plurality of compression engines 570 may
output the plurality of compressed portions of data 230A to
merging logic 260. In one embodiment, merging logic 260
may multiplex the plurality of compressed portions to pro-
duce compressed data 270A, which is a compressed version
of the input uncompressed data 230A. In this embodiment,
the merging logic 260 may order the compressed portions of
the data in compressed data 270A in the same order as the
original uncompressed portions of the data from which they
were generated. For example, if uncompressed data 230A is
a data stream, merging logic 260 may output a compressed
data stream corresponding to the uncompressed data stream.
As another example, if uncompressed data 230A is a page or
a file, merging logic 260 may output a compressed page or
compressed file. In another embodiment, the compressed
portions of the data may be output as compressed data 270A
from merging logic 260 in a different order from the original
order of the uncompressed portions of the data 230A from
which they were generated.

[0067] Depending upon the particular function for which
the data compression logic is being used, compressed data
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270A may be written to volatile memory (e.g. system
memory), non-volatile memory (e.g. a disk drive), or alter-
natively may be written to a bus, device, or I/O port (e.g. a
network interface).

[0068] In some cases, the entire uncompressed data 230A
(whether a unit or a stream) may not be compressed in one
pass using the data compression logic. In one embodiment,
parts of the uncompressed data may be compressed by the
data compression logic in a pipelined fashion. In other
words, the data compression logic may receive a first part of
uncompressed data 230A, break the first part into a first
plurality of portions, and compress the first plurality of
portions and output a compressed first part. While the
compression of the first part is being performed, a second
part of the uncompressed data may be received. This process
may continue until the entire uncompressed data 230A is
compressed.

[0069] FIG. 2 illustrates the decompression of com-
pressed data using a plurality of parallel decompression
engines operating concurrently or in parallel according to
one embodiment. The plurality of decompression engines
550 may each implement a parallel lossless data decompres-
sion algorithm. An example of a decompression engine that
implements a parallel lossless data decompression algorithm
that may be used in one embodiment is illustrated in FIGS.
14-23f. In one embodiment of FIG. 2, each of the plurality
of parallel decompression engines S50A-D implements the
same parallel decompression algorithm.

[0070] Inone embodiment, data decompression system or
logic may include splitting logic 280, a plurality of decom-
pression engines 550 coupled to outputs of splitting logic
280, and merging logic 290 coupled to outputs of the
plurality of decompression engines 550. FIG. 2 shows four
decompression engines, although a greater or lesser number
(two or more) may be used.

[0071] In one embodiment, the data decompression sys-
tem or logic may comprise a single engine. In another
embodiment, the splitting logic 280, plurality of decompres-
sion engines 550, and merging logic 290 may be located in
two or more different components of a computer system or
computing appliance. The components shown in FIG. 2 may
be implemented in hardware, in software or in a combination
of hardware and software. In one embodiment, the data
decompression logic may further include one or more data
compression engines and may be referred to as compression/
decompression (codec) logic.

[0072] A system that includes the data decompression
logic as illustrated in FIG. 2 may have compressed data
270B that needs to be decompressed. Compressed data 270B
may come from any of various sources, for example, from
system memory, from non-volatile storage (e.g. a hard drive)
or from another device or Input/Output (I/O) port (e.g. a
network interface). Compressed data 270B may be a unit of
data (such as a page of memory or a file) or a stream of data.
Compressed data 270B may be provided to an input of
splitting logic 280. Splitting logic 280 may divide the
compressed data 270B into a plurality of parts or portions of
the compressed data 270B, with one portion for each of the
plurality of decompression engines 550 coupled to splitting
logic 280. Splitting logic 280 may then provide the plurality
of portions of the compressed data 270B to the plurality of
decompression engines 550.
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[0073] Each of the plurality of decompression engines 550
may then decompress the particular portion of the com-
pressed data 270B that was provided to it by splitting logic
280 to produce an uncompressed portion of the original
compressed data 270B. The plurality of decompression
engines 550 thus may decompress the plurality of portions
of compressed data 270B to produce a plurality of uncom-
pressed portions of the original compressed data 270B. In
one embodiment, the plurality of decompression engines
550 may perform the decompression operation on the plu-
rality of portions of the compressed data 270B in a parallel
fashion. In other words, the decompression of the plurality
of portions of the compressed data 270B by the plurality of
decompression engines 550 may occur concurrently.

[0074] In addition, since each of the individual decom-
pression engines S50A, 550B, 550C and 550D is a parallel
decompression engine, each parallel decompression engine
550A, 550B, 550C and 550D operates to decompress a
plurality of symbols concurrently, i.e., each parallel com-
pression engine may operate to decompress a plurality of
symbols per clock cycle.

[0075] In one embodiment, each parallel decompression
engine 550A, 550B, 550C and 550D has its own history
buffer. In another embodiment, the plurality of parallel
decompression engines 550A, 550B, 550C and 550D share
a common history buffer.

[0076] The plurality of decompression engines 550 may
output the plurality of uncompressed portions of data 270B
to merging logic 290. Merging logic 290 may multiplex the
plurality of uncompressed portions to produce uncom-
pressed data 230B, which is a decompressed version of the
input compressed data 270B. Merging logic 290 may order
the uncompressed portions of the data in uncompressed data
230B in the same order as the original compressed portions
of the data from which they were generated. For example, if
compressed data 270B is a data stream, merging logic 290
may output a corresponding uncompressed data stream. As
another example, if compressed data 270B is a compressed
page or file, merging logic 290 may output an uncompressed
page or file.

[0077] Depending upon the particular function for which
the data decompression logic is being used, uncompressed
data 230B may be written to volatile memory (e.g. system
memory), non-volatile memory (e.g. a disk drive), may be
provided to a processor such as a Central Processing Unit
(CPU), or alternatively may be written to a bus, device, or
I/O port (e.g. a network interface).

[0078] In some cases, the entire compressed data 270B
(whether a unit or a stream) may not be decompressed in one
pass using the data decompression logic. In one embodi-
ment, parts of the compressed data may be decompressed by
the data decompression logic in a pipelined fashion. In other
words, the data decompression logic may receive a first part
of compressed data 270B, break the first part into a first
plurality of portions, and decompress the first plurality of
portions and output an uncompressed first part. While the
decompression of the first part is being performed, a second
part of the compressed data may be received. This process
may continue until the entire compressed data 270B is
decompressed.

[0079] The embodiments described in FIGS. 1 and 2 are
described as including compression and decompression
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engines implementing parallel lossless compression/decom-
pression algorithms. Note that other embodiments are pos-
sible and contemplated that may include multiple parallel
compression and/or decompression engines implementing
one of several lossy compression algorithms for image,
video, sound, or other types of data.

[0080] FIG. 3 is a flowchart illustrating one embodiment
of a method of splitting uncompressed data among a plu-
rality of parallel compression engines to produce com-
pressed data. The plurality of compression engines may each
implement a parallel lossless data compression algorithm.
Uncompressed data 230A may be received and split into a
plurality of portions as indicated at 600. Assuming there are
N parallel compression engines available, the uncompressed
data may be split into N portions. Each of the portions of the
uncompressed data may then be provided to a different one
of the N parallel compression engines as indicated at 602.
Each of the N parallel compression engines then compresses
its portion of the uncompressed data as indicated at 604. The
N compression engines thus compress the N portions of
uncompressed data to produce N portions of compressed
data. The N portions of compressed data are then merged to
produce the compressed data 270 as indicated at 606. This
operation may repeat one or more times until all uncom-
pressed data 240A has been compressed.

[0081] FIG. 4 is a flowchart illustrating one embodiment
of a method of splitting compressed data among a plurality
of parallel decompression engines to produce uncompressed
data. The plurality of decompression engines 570 may each
implement a parallel lossless data decompression algorithm.
Compressed data 270A may be received and split into a
plurality of portions as indicated at 620. Assuming there are
M parallel decompression engines available, the compressed
data may be split into M portions. Each of the portions of the
compressed data may then be provided to a different one of
the M parallel decompression engines as indicated at 622.
Each of the M parallel decompression engines then decom-
presses its portion of the compressed data as indicated at
624. The M decompression engines thus compress the M
portions of compressed data to produce M portions of
uncompressed data. The M portions of uncompressed data
are then merged to produce the uncompressed data 270 as
indicated at 626. This operation may repeat one or more
times until all compressed data 270B has been decom-
pressed.

[0082] Compressing Data with Different Engines in Par-
allel to Determine Best Compression

[0083] FIG. 5 illustrates the concurrent compression of
uncompressed data by a plurality of compression engines
implementing different lossless data compression algorithms
and the selection of one of the compressed outputs as the
“best” or “selected” compressed data based on one or more
criteria or metrics according to one embodiment. The plu-
rality of compression engines 570 may include one or more
compression engines implementing different parallel com-
pression algorithms. These engines may include, but are not
limited to, a parallel Lempel-Ziv (LZ) compression engine,
a parallel run-length encoding (RLE) compression engine,
and a parallel Huffman compression engine, among others.
An example of a compression engine that implements a
parallel lossless data compression algorithm and that may be
used in one embodiment is illustrated in FIGS. 12-13 and
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further described in U.S. Pat. No. 6,208,273 titled “System
and Method for Performing Scalable Embedded Parallel
Data Compression”, which was previously incorporated
herein by reference.

[0084] In one embodiment, each of the parallel compres-
sion engines may implement a different type of parallel
dictionary based (or LZ-based) compression. For example, a
first parallel compression engine may implement a parallel
LZ compression scheme according to or similar to U.S. Pat.
No. 6,208,273 using tag-based encoding techniques,
wherein tag bits are used to differentiate among compressed
and “raw” (uncompressed) data characters or symbols. In
this example, a second parallel compression engine may
implement a parallel LZ compression scheme according to
or similar to U.S. Pat. No. 6,208,273 using an escape
character (or sequence) to indicate the beginning of (or
differentiate between) compressed and “raw” data streams
(and not using tag-based encoding techniques), etc. A third
parallel compression engine may implement a parallel LZ
compression scheme according to or similar to U.S. Pat. No.
6,208,273, wherein the history buffer is preloaded with all
256 possible symbols, and thus all received data is com-
pressed (with a pointer to a previous entry in the history
buffer). In this third parallel compression engine, tags or
escape characters are not required to differentiate among
compressed and raw data characters, as all characters or
symbols are compressed (with a pointer to a previous entry
in the history buffer).

[0085] In one embodiment, the plurality of compression
engines 570 may include one or more compression engines
implementing different serial data compression algorithms.
In another embodiment, at least one of the plurality of
compression engines may be a data compression system as
illustrated in FIG. 1 for performing parallel data compres-
sion using a plurality of parallel compression engines oper-
ating concurrently or in parallel. In another embodiment, at
least one of the plurality of compression engines may
comprise a plurality of serial compression engines operating
concurrently or in parallel.

[0086] In one embodiment, data compression system or
logic may comprise a plurality of compression engines 570
and decision logic 280 coupled to outputs of the plurality of
compression engines 570. In one embodiment, the data
compression logic may be comprised as a single unit or
system. In another embodiment, the plurality of compression
engines 570 and decision logic 280 may be comprised in
different components of a computer system or computing
appliance. The components shown in FIG. § may be imple-
mented in hardware, in software or in a combination of
hardware and software. In one embodiment, the data com-
pression logic may further include one or more data decom-
pression engines and may be referred to as compression/
decompression (codec) logic.

[0087] A system that includes the data compression logic
as illustrated in FIG. § may have uncompressed data 230C
that needs to be compressed. Uncompressed data 230C may
come from any of various sources, for example, from system
memory, from non-volatile storage (e.g. a hard drive) or
from another device or Input/Output (I/O) port (e.g. a
network interface). Uncompressed data 230C may be a unit
of data (such as a page of memory or a file) or a stream of
data.
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[0088] Uncompressed data 230C may be provided to the
data compression logic for compression. The data compres-
sion logic may send uncompressed data 230C to each of the
plurality of data compression engines 570. Each of the
plurality of data compression engines 570 may compress the
uncompressed data 230C according to its respective com-
pression algorithm to produce and output a compressed
version of uncompressed data 230C. Each compression
engine S70E, 570F, 570G and 570H may receive and com-
press the same data 230C. Also, each compression engine
570E, 570F, 570G and 570H may use a different compres-
sion algorithm. Decision logic 280 may then select one of
the versions to be the compressed data 230C output by the
data compression logic.

[0089] In one embodiment, decision logic 280 may exam-
ine one or more metrics related to the plurality of com-
pressed versions of uncompressed data 230C to determine
which of the versions of uncompressed data 230C is the
“best” or “most qualified” version. The determined most
qualified compressed version of the uncompressed data
230C may then be output as the compressed data 270C. In
one embodiment, the metric that decision logic 280 exam-
ines may be the compression ratio of each of the plurality of
compressed versions of the uncompressed data 230C. The
version with the highest compression ratio may be selected
as the “best” or most qualified version. In another embodi-
ment, the decision logic 280 selects the compression engine
that completes first (i.e., the first engine to finish compress-
ing the data), regardless of compression ratio. Thus, in this
embodiment the metric is compression time. In another
embodiment, the decision logic 280 considers both com-
pression ratio and compression time in selecting the com-
pression algorithm to be used.

[0090] To decompress the compressed data 270C, it is
necessary to know the compression algorithm that was used
to compress the data. Therefore, in one embodiment, deci-
sion logic 280 may also output compression information that
may indicate the compression type 272. In one embodiment,
compressed data 270C may include one or more headers,
and the compression type 272 may be written to at least one
of the headers. In one embodiment, if the compressed data
is a page of memory, then a page translation entry associated
with the compressed page may be marked to indicate the
particular compression algorithm used in compressing the

page.

[0091] Depending upon the particular function for which
the data compression logic is being used, compressed data
270C, along with compression type 272, may be written to
volatile memory (e.g. system memory), non-volatile
memory (e.g. a disk drive), or alternatively may be written
to a bus, device, or I/O port (e.g. a network interface).

[0092] In some cases, the entire uncompressed data 230
(whether a unit or a stream) may not be compressed in one
pass using the data compression logic. The data compression
logic may receive a first part of uncompressed data 230, pass
the first part to each of the plurality of compression engines,
and compressed using the plurality of different compression
algorithms implemented by the different compression
engines. A most qualified compressed first part of uncom-
pressed data 230 may then be selected. In one embodiment,
the data compression logic may learn and remember the
particular compression algorithm used to compress the first
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part of the uncompressed data 230. Subsequent parts of the
uncompressed data 230, when received, may be routed to a
compression engine implementing the same compression
algorithm, and not to the other compression engines imple-
menting other compression algorithms. Thus, all of the parts
of the uncompressed data 230 may be compressed using the
same compression algorithm. In one embodiment, the parts
of uncompressed data 230 may be received and decom-
pressed in a pipelined fashion.

[0093] FIG. 6 illustrates the decompression of com-
pressed data by one of a plurality of decompression engines
550 implementing different data decompression algorithms
according to one embodiment. For the decompression opera-
tion, the choice of decompression engine and associated
decompression algorithm to be used is directly determined
by the compression format of the compressed data stream
270C. For example, the choice of decompression engine and
associated decompression algorithm may be determined by
the choice of compression engine and associated compres-
sion algorithm in FIG. 5.

[0094] The plurality of decompression engines 550 may
include one or more decompression engines implementing
different parallel decompression algorithms. These engines
may include, but are not limited to, a parallel Lempel-Ziv
(LZ) decompression engine, a parallel run-length encoding
(RLE) decompression engine, and a parallel Huffman
decompression engine, among others. An example of a
decompression engine that implements a parallel lossless
data decompression algorithm that may be used in one
embodiment is illustrated in FIGS. 14-23f.

[0095] In one embodiment, each of the parallel decom-
pression engines may implement a different type of parallel
dictionary based (or LZ-based) decompression. For
example, a first parallel decompression engine may imple-
ment a parallel LZ decompression scheme for decompress-
ing a compressed stream that was compressed using tag-
based encoding techniques, wherein tag bits are used to
differentiate among compressed and “raw” (uncompressed)
data characters or symbols. In this example, a second
parallel decompression engine may implement a parallel LZ
decompression scheme for decompressing a compressed
stream that was compressed using an escape character to
indicate the beginning of (or differentiate between) com-
pressed and “raw” data sequences or streams (and not using
tag-based encoding techniques), etc. The escape character
may be any one or more characters or symbols. A third
parallel decompression engine may implement a parallel LZ
decompression scheme for decompressing a compressed
stream wherein all tokens in the compressed stream are
compressed, i.e., wherein the history buffer is pre-loaded
with all 256 possible symbols, and thus all received data is
compressed (with a pointer to a previous entry in the history
buffer). In this third parallel decompression engine, tags or
escape characters are not contained in the compressed
stream to differentiate among compressed and raw data
characters, as all characters or symbols in the compressed
stream are compressed (with a pointer to a previous entry in
the history buffer).

[0096] Inone embodiment, data decompression logic may
comprise a plurality of decompression engines 550 and
selection logic 292 coupled to inputs of the plurality of
decompression engines 550. In one embodiment, the data
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decompression logic may comprise a single system. In
another embodiment, the plurality of decompression engines
550 and selection logic 292 may be comprised in different
components of a computer system or computing appliance.
The components shown in FIG. 6 may be implemented in
hardware, in software or in a combination of hardware and
software. In one embodiment, the data decompression logic
may further include one or more data compression engines
and may be referred to as compression/decompression
(codec) logic.

[0097] A system that includes the data decompression
logic as illustrated in FIG. 6 may have compressed data
270C that needs to be decompressed. Compressed data 270C
may come from any of various sources, for example, from
system memory, from non-volatile storage (e.g. a hard drive)
or from another device or Input/Output (I/O) port (e.g. a
network interface). Compressed data 270C may be a unit of
data (such as a page of memory or a file) or a stream of data.

[0098] Compressed data 270C may be provided to an
input of selection logic 292. To choose the appropriate
decompression engine 550 to decompress the compressed
data 270C, it is necessary to know the compression algo-
rithm that was used to compress the data. Therefore, in one
embodiment, compression information that may indicate the
compression type 272 may be input into selection logic 292.
In one embodiment, compressed data 270C may include one
or more headers, and the compression type 272 may be
included in at least one of the headers. When the data 270C
is received, the header may be examined to determine the
compression algorithm used. In one embodiment, if the
compressed data is a page of memory, then a page transla-
tion entry associated with the compressed page may be
marked to indicate the particular compression algorithm
used in compressing the page. Selection logic may examine
the compression type 272 to determine the compression
algorithm used to compress the data 270C, and route the
compressed data 270C to one of the plurality of decompres-
sion engines 550 that implements a decompression algo-
rithm corresponding to the compression algorithm.

[0099] The appropriate decompression engine 550 may
then decompress the compressed data 270C that was routed
to it by selection logic 292 to produce uncompressed data
230C. Thus only one decompression engine 550 (the
selected decompression engine) operates to decompress the
data. As noted above, the decompression engine 550 is
preferably selected based on the compression format of the
received compressed data.

[0100] Depending upon the particular function for which
the data decompression logic is being used, uncompressed
data 230C may be written to volatile memory (e.g. system
memory), non-volatile memory (e.g. a disk drive), may be
provided to a processor such as a Central Processing Unit
(CPU), or alternatively may be written to a bus, device, or
I/O port (e.g. a network interface).

[0101] In some cases, the entire compressed data 270
(whether a unit or a stream) may not be decompressed in one
pass using the data decompression logic. In one embodi-
ment, parts of the compressed data 270 may be decom-
pressed by the data decompression logic in a pipelined
fashion. In other words, the data decompression logic may
receive a first part of compressed data 270, route the first part
of the compressed data 270 to the appropriate decompres-

Aug. 1,2002

sion engine determined by the input compression type, and
output a first part of uncompressed data 230. While the first
part of compressed data 270 is being decompressed, a
second part of the compressed data 270 may be received.
This process may continue until the entire compressed data
279 is decompressed.

[0102] The embodiments described in FIGS. 5 and 6 are
described as including compression and decompression
engines implementing lossless compression/decompression
algorithms, including parallel lossless compression/decom-
pression algorithms. Note that other embodiments are pos-
sible and contemplated that may include multiple compres-
sion and/or decompression engines implementing one of
several lossy compression algorithms for image, video,
sound, or other types of data, including parallel lossy
compression algorithms.

[0103] FIG. 7 is a flowchart illustrating one embodiment
of a method of compressing uncompressed data using a
plurality of compression engines in parallel to determine a
“best” or “most qualified” output compressed data. Each of
the plurality of compression engines may implement a
different lossless data compression algorithm. At least one of
the data compression engines may implement a parallel
lossless data compression algorithm. Uncompressed data
230C may be received and provided to each of a plurality of
compression engines as indicated at 700. The plurality of
compression engines may then each compress the uncom-
pressed data to produce a plurality of versions of com-
pressed data as indicated at 702. The plurality of versions of
compressed data may then be examined, and one of the
versions may be selected as the most qualified version of
compressed data 270C according to one or more criteria as
indicated at 704. In one embodiment, the version with the
highest compression ratio will be selected. In another
embodiment, the version which compresses the fastest will
be selected.

[0104] Devices including a Codec System

[0105] A wide variety of devices may include embodi-
ments of the compression decompression (codec) system
including a plurality of compression and/or decompression
engines as described herein. In this document, the term
“codec system” may be used to describe any one, or a
combination of two or more, of the embodiments of data
compression logic, data decompression logic, and data com-
pression/decompression logic as described for FIGS. 1-6.

[0106] Devices that may include a codec system may be
implemented as integrated chips (ICs), computer boards or
cards, computer peripheral devices, plug-and-play devices
and/or stand-alone devices. These types of devices may
include, but are by no means limited to, processors, bus
bridges, memory controllers including cache memory con-
trollers, storage devices including solid-state storage
devices, adapters, intelligent devices, network devices,
modems, cable modems, network appliances, set-top boxes,
digital-to-analog and analog-to-digital conversion devices,
Compact Disk reader/recorder devices, Digital Versatile
Disk (DVD) devices, Digital Audio Tape (DAT) devices.
The term “intelligent device” includes the notion of any
device that is processor-enabled. Intelligent devices may
include, but by no means are limited to, processor-enabled
switches, smart appliances, printers, scanners, personal digi-
tal assistants (PDAs), cellular/mobile phones, notebook
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computers, laptops, desktop computers, workstations, more
powerful computer systems such as mainframes and high-
end servers, even supercomputers. An “adapter” as used
herein may include the notion of a physical device that
allows one hardware or electronic interface and/or protocol
to be adapted (accommodated without loss of function) to
another hardware or electronic interface and/or protocol.
Adapters may include, but are not limited to, Integrated
Services Digital Network (ISDN) adapters, Asynchronous
transfer mode (ATM) adapters, and Digital Subscriber Line
(DSL) adapters. Network devices may include, but by no
means are limited to, hubs, switches, bridges, routers, brout-
ers, multiplexers, demultiplexers, terminal servers, and net-
work interface cards (NICs).

[0107] A device may include both a codec system that
performs both compression and decompression. Alterna-
tively, a device may include a codec system that performs
only compression or decompression. For example, a device
may include a codec system with a plurality of compression
engines in parallel, or alternatively a plurality of decom-
pression engines in parallel. As another alternative, a device
may include two or more codec systems of the same or
different types. For example, a device may include one or
more codec systems to perform compression and one or
more codec systems to perform decompression.

[0108] Example Computer Architecture with a Codec Sys-
tem

[0109] FIG. 8a is a block diagram illustrating one
embodiment of a computer system incorporating an embodi-
ment of a codec system as described herein. FIG. 8a is an
example of one embodiment, and it is noted that embodi-
ments of the codec system as described herein may be
included in any of various systems or architectures. For
example, one or more codec systems may be included in a
computer system, a television system (such as HDTV), a set
top box, Internet appliance, PDA (Personal Digital Assis-
tant), or other systems which transfer data or include
memory for storing data. The technology of the present
invention is described below with reference to a computer
system architecture, which is one example of the use of one
embodiment of a codec system.

[0110] As shown, the computer system includes a CPU
102 which may be coupled to a cache system 104. The CPU
102 may include an internal first level cache system and the
cache 104 may comprise a second level cache. Alternatively,
the cache system 104 may be a first level cache system or
may be omitted as desired. The CPU 102 and cache system
104 are coupled to a Local bus 106. The CPU 102 and cache
system 104 are directly coupled through the Local bus 106
to an integrated memory controller (IMC) 140 according to
one embodiment of the present invention.

[0111] The integrated memory controller (IMC) 140 per-
forms memory control functions and may include a codec
system 200 for improving the performance of the computer
system. It is noted that the IMC 140 can be used as the
controller for main system memory 110 or can be used to
control other memory subsystems as desired. The IMC 140
couples to system memory 110, wherein the system memory
110 comprises one or more banks of DRAM memory and
may comprise a plurality of different type memory devices.
The IMC 140 may include the codec system 200. The IMC
140 may also include a data movement engine (DME) which
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is used with the codec system 200. The codec system 200
may be embedded in the IMC 140, but alternately may be
external to the IMC or may be comprised in the CPU 102.
The entire IMC 140 may also be integrated with the CPU
102. In another embodiment, the codec system 200 may be
comprised in a North Bridge 108 (FIG. 8b), i.c., the codec
system 200 may be embedded in standard chipset logic. The
codec system 200 may perform memory compression and
decompression, system memory control, compression for-
mat, cache directory, data cache control and data multiplex-
ing to improve the effective data bandwidth and efficiency of
system memory data transfers.

[0112] The IMC 140 may couple to any of various types
of memory, as desired. In one embodiment, the IMC 140
couples to the system memory 110 through a RAMBUS
implementation. For more information on the RAMBUS
memory architecture, please see the RAMBUS references
mentioned above, which were incorporated by reference. In
another embodiment, the system memory 110 comprises
SGRAM or single in-line memory modules (SIMMs). As
noted above, the IMC 140 may couple to any of various
types of memory, as desired.

[0113] The IMC 140 may also generate appropriate video
signals for driving video display device 142. The IMC 140
may generate red, green, blue (RGB) signals as well as
vertical and horizontal synchronization signals for generat-
ing images on the video display 142. Therefore, the inte-
grated memory controller 140 may integrate memory con-
troller and video and graphics controller capabilities into a
single logical unit. This greatly reduces bus traffic and
increases system performance. In one embodiment, the IMC
140 also generates appropriate data signals that are provided
to Audio DAC 238 for audio presentation. Alternatively, the
IMC 140 integrates audio processing and audio DAC capa-
bilities and provides audio signal outputs that are provided
directly to speakers.

[0114] The IMC 140 may be situated either on the main
CPU bus or a high speed system peripheral bus. The IMC
140 may also be closely or directly integrated with the CPU
102, ¢.g., comprised on the same chip as the CPU 102. In the
embodiment shown in FIGS. 84 and 94, the IMC 140 may
be coupled directly to the Local bus 106 or CPU bus,
wherein the IMC 140 interfaces through a [.2 cache system
104 to the CPU 102. In an alternate embodiment, the 1.2
cache and controller 104 may be integrated into the CPU 102
or into the IMC 140, or not used.

[0115] An I/O subsystem controller 116 may be coupled to
the Local bus 106. The I/O subsystem controller 116 in turn
is coupled to an optional I/O bus 118. Various I/O devices
are coupled to the I/O bus including a non-volatile memory,
e.g., hard disk 120, keyboard 122, and mouse 124, as shown.
In one embodiment the 1/O bus is the PCI bus, and the 1/0
subsystem Controller 116 is coupled to the PCI bus.

[0116] The IMC 140 may include a novel system archi-
tecture that may help to eliminate system bandwidth bottle-
necks and to remove extra operations required by the CPU
102 to move and manipulate application data and/or pro-
gram code. According to one embodiment, the IMC 140
includes a codec system 200 which allows application data
and/or program code, i.e., any data in the system, to move
about the system in a compressed format. The operation of
the codec system 200 in the IMC 140 is discussed in greater
detail below.
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[0117] The codec system 200 may operate in conjunction
with a compressed memory management unit, or with com-
pression-enabled software drivers, to manage compressed
and uncompressed data in system memory 110.

[0118]

[0119] FIG. 8b is a block diagram illustrating one embodi-
ment of a system incorporating the present invention. In the
embodiment of FIG. 8b, the codec system 200 is comprised
in the North Bridge 108, i.e., the codec system 200 is
embedded in standard chipset logic.

[0120] FIG. 8c is a block diagram illustrating one embodi-
ment of a system incorporating the present invention. In the
embodiment of FIG. 8¢, the codec system 200 is comprised
in the CPU 102. The codec system 200 may be comprised in
various locations in the CPU and/or CPU L1 or L2 cache
controller, as desired.

[0121] FIG. 8d is a block diagram illustrating one
embodiment of a system, wherein the codec system 200 is
comprised on at least one memory module 110. One or more
of the system memory modules 110 thus may comprise
memory components or devices as well as the codec system
200, which includes one or more parallel compression/
decompression engines. The codec system 200 is operable to
compress/decompress data as it is transferred to/from the
memory components or devices comprised on the module.
The IMC 140 may include a data movement engine (DME),
such as a DMA controller, to move compressed and uncom-
pressed data to/from the codec 200 in the system memory
110.

FIGS. 8b-8¢: Alternate Embodiments

[0122] One or more of the frame buffer memory modules
114 in FIG. 8b may also include the codec system 200 of the
present invention. In a similar manner the one or more frame
buffer memory modules 114 may comprise memory com-
ponents or devices as well as the codec system 200.

[0123] The memory components or devices comprised on
the memory modules 110 and/or 114 may be any of various
types, such as an SDRAM (static dynamic random access
memory) DIMM (dual in-line memory module) or other
types of memory components. In addition, specialty tech-
nology such as RAMBUS can be used both in the memory
device and memory control unit to supply high bandwidth at
low pin count. For more information on the RAMBUS
memory architecture, please see “RAMBUS Architectural
Overview,” version 2.0, published July 1993 by RAMBUS,
Inc., and “Applying RAMBUS Technology to Desktop
Computer Main Memory Subsystems,” version 1.0, pub-
lished March 1992 by RAMBUS, Inc., which are both
hereby incorporated by reference.

[0124] In another embodiment of the present invention,
the codec system 200 may be distributed between the
memory controller, e.g., the North Bridge 108 or the IMC
140, and one or more of the memory modules 110.

[0125] FIG. 8eis ablock diagram illustrating one embodi-
ment of a system, wherein the codec system 200 is com-
prised on a network interface device or card 121. Thus the
network interface device 121 is operable to compress /
decompress data as data is transferred to / received from a
network, such as the Internet, a local area network (LAN) or
another type of wide area network (WAN).
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[0126] FIGS. 9a and 95—Memory Module Embodiment

[0127] FIGS. 9a and 9b show a board assembly drawing
of one embodiment of a memory module 571 which includes
a codec system 200. As shown, the memory module 571
includes a plurality of memory devices 573 as well as a
codec system 200. In one embodiment, the codec system
200 may include virtual memory logic for implementing
improved virtual memory functions using the parallel com-
pression/decompression technology described herein.

[0128] FIG. 94 illustrates the front side of the module and
FIG. 95 illustrates the back side of the module. FIGS. 9a
and 9b illustrate one embodiment of the memory module
design, which is a 256MB registered DIMM, which is
compliant with the Intel PC100 or PC133 specification.
Alternatively, other embodiments may be designed for larger
and/or smaller registered DIMMs or different form factors or
specifications. Embodiments of codes system 200 may of
course be included in other memory module designs. Addi-
tionally, the codec system 200 or variations of the codec
system 200 may be used with Rambus or Double Data Rate
DRAM devices. Other alternate embodiments may include
different DRAM population options, memory types such as
those proposed in the Joint Electron Device Engineering
Council (JEDEC) standard. Also, alternate embodiments
may include a mix of these memory types on multiple
different memory module standards.

[0129] FIG. 10—Network Device

[0130] FIG. 10 illustrates a network device 130 that
includes a codec system 200 according to one embodiment.
In a similar manner to the network interface device 121, the
network device 130 is operable to compress / decompress
data as data is transferred to/received from a network, such
as the Internet, a local area network (LAN) or another type
of wide area network (WAN). Thus the present invention
may provide the infrastructure wherein most or all data
transferred over the Internet or other networks may be
transferred in a compressed format. Network devices that
may include the codec system 200 include, but by no means
are limited to, hubs, switches, bridges, routers, brouters,
multiplexers, demultiplexers and terminal servers.

[0131] FIG. 11—PDA

[0132] FIG. 11 illustrates a personal digital assistant
(PDA) or Internet appliance 132 which includes the codec
system 200. In a similar manner to the network interface
device 121 and the network device 130, the PDA 132 may
be operable to compress / decompress data as data is
transferred to/received from internal memory or to a net-
work, such as the Internet, a local area network (LAN) or
another type of wide area network (WAN).

[0133] Parallel Lossless Compression and Decompression

[0134] The parallel compression/decompression unit or
engine 251, which performs parallel compression and
decompression functions, is now discussed. This engine may
also be referred to as a parallel codec engine 251. In one
embodiment, the parallel codec engine 251 is a dedicated
codec hardware engine, e.g., the engine is comprised of
logic circuitry. In one embodiment, the parallel codec engine
251 comprises a programmable DSP or CPU core, or pro-
grammable compression/decompression processor, with one
or more ROMs or RAMs which store different sets of
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microcode for certain functions, such as compression,
decompression, special types of graphical compression and
decompression, and bit blit operations, as desired. In this
embodiment, the parallel codec engine 251 dynamically
shifts between the different sets of microcode in the one or
more memories, depending on the function being performed.
The compression/decompression engine may also be imple-
mented using reconfigurable or programmable logic, e.g.,
one or more FPGAs.

[0135] In one embodiment, the parallel codec engine 251
may include an embedded lossless parallel data compression
engine 570 and parallel decompression engine 550 designed
to compress and decompress data as data is transferred
to/from system memory 110. The compression engine 570
and decompression engine 550 may be constructed using
any of the techniques described with reference to the parallel
codec engine 251, including hardware engines comprised of
logic circuitry, programmable CPUs, DSPs, a dedicated
compression/decompression processor, or reconfigurable or
programmable logic, to perform the parallel compression
and decompression method of the present invention. Various
other implementations may be used to embed a compres-
sion/decompression within the memory controller according
to the present invention. In one embodiment, the compres-
sion engine 570 and decompression engine 550 comprise
hardware engines in the IMC 140, or alternatively use pieces
of the same engine for compression and decompression. In
the following description, the parallel compression and
decompression unit is described as having separate com-
pression and decompression engines 570 and 550.

[0136] For a general overview of the benefits and methods
for using compression and decompression engines in the
main system memory controller, refer to US patent disclo-
sure titled “Memory Controller Including Embedded Data
Compression and Decompression Engines”, filed Jun. 5,
1995, Ser. No. 08/463,106, whose inventor is Thomas A.
Dye.

[0137] Thus, the IMC 140 includes two data formats
referred to as “compressed” data and “non-compressed”
data. The compressed data format requires less storage and
thus is less expensive. The compressed format also requires
less system bandwidth to transfer data between system
memory 110 and I/O subsystems. The decompression from
compressed data format to normal data format results in a
small performance penalty. However, the compression of
non-compressed data format to compressed data format does
not have an associated penalty, although there may be an
added latency which would normally be hidden. However, if
the data doesn’t compress well, and there is a long series of
stores which need to be compressed, the bus could be backed
up causing read and snoop delays to the processor. In one
embodiment, the compression engine 570 is implemented in
software by the CPU 102.

[0138] In one embodiment, the compression engine 570
and decompression engine 550 in the IMC 140 may com-
prise one or more hardware engines that perform a novel
parallel lossless compression method. In one embodiment,
the parallel lossless compression method may be a “parallel”
dictionary based compression and decompression algorithm.
The parallel algorithm may be based on a serial dictionary
based algorithm, such as the LZ77 (preferably LZSS) dic-
tionary based compression and decompression algorithm.
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The parallel algorithm may be based on any variation of
conventional serial L.Z compression, including LZ77, L.Z78,
LZW and/or LZRW1, among others. In other embodiments,
the parallel algorithm may be based on Run Length Encod-
ing (RLE), Predictive Encoding, Huffman, Arithmetic, Dif-
ferential or any other lossless compression algorithm.

[0139] As a base technology, any of various lossless
compression methods may be used as desired. As noted
above, in one embodiment, a parallel implementation of
LZSS compression is used, although other lossless compres-
sion methods may allow for fast parallel compression and
decompression specifically designed for the purpose of
improved memory bandwidth and efficiency.

[0140] For more information on a data compression and
decompression system using serial L.Z compression, please
see U.S. Pat. No. 4,464,650 which is hereby incorporated by
reference. The above patent presents implementations of the
LZ77 data compression method described by Lempel and
Ziv in “Compression of Individual Sequences Via Variable-
Rate Coding,” IEEE Transactions on Information Theory,
IT-5, September 1977, pages 530-537, and “A Universal
Algorithm for Sequential Data Compression,” IEEE Trans-
actions on Information Theory, Volume 23, No. 3 (IT-23-3),
May 1977, pages 337-343, wherein the above two articles
are both hereby incorporated by reference. U.S. Pat. No.
4,701,745, titled “Data Compression System,” which issued
Oct. 20, 1987, describes a variant of LZ77 called LZRW1,
and this patent is hereby incorporated by reference in its
entirety. A modified version of the LZ78 algorithm is
referred to as LZW and is described in U.S. Pat. No.
4,558,302. Another variant of LZW compression is
described in U.S. Pat. No. 4,814,746.

[0141] The IMC 140 may also utilize parallel data com-
pression/decompression techniques of the present invention
based on various types of parallel or serial data compression/
decompression methods.

[0142] FIG. 12—High Level Flowchart of the Parallel
Compression Algorithm

[0143] FIG. 12 is a high-level flowchart diagram illustrat-
ing operation of the parallel compression algorithm in the
preferred embodiment. Steps in the flowchart may occur
concurrently or in different orders.

[0144] In step 402 the method maintains a history table
(also called a history window) comprising entries, wherein
each entry may comprise one symbol. In one embodiment,
the history table may be a sliding window which stores the
last n symbols of the data stream.

[0145] Instep 404 the method maintains a current count of
prior matches which occurred when previous symbols were
compared with entries in the history table. A current count
may be maintained for the present data stream, and each
entry may maintain a Maximum Count Flag to indicate that
this entry is the starting point of the match. In an alternate
and less preferred embodiment, separate counts may be
maintained for each entry in the history table. The currently
preferred embodiment maintains a single current count and
maintains separate count flags for each entry in the history
table, since this requires less logic than maintaining a
separate count for each entry in the history table.

[0146] In the present disclosure, the term “count informa-
tion” is intended to include the count of prior matches and
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a count flag that is maintained for each entry in the history
table. The term “count information” is also intended to
include a plurality of current counts that are maintained for
each entry in the history table.

[0147] 1t is noted that maintenance of the history table and
the current count flags are performed throughout the algo-
rithm based on previously received symbols, preferably
starting when the first plurality of symbols are received for
compression.

[0148] In step 406 the method receives uncompressed
data, wherein the uncompressed data comprises a plurality
of symbols. Thus the parallel compression algorithm oper-
ates on a plurality of symbols at a time. This is different than
conventional prior art serial algorithms, which operate in a
serial manner on only one symbol at a time. The plurality of
symbols comprises 2 or more symbols, preferably a power
of 2. In the preferred embodiment, the parallel compression
algorithm operates on 4 symbols at a time. However, imple-
mentations using 8, 16, 32 or more symbols, as well as other
non-power of 2 numbers, may be readily accomplished
using the algorithm described herein.

[0149] In step 408 the method compares the plurality of
symbols with each entry in the history table in a parallel
fashion. This comparison produces compare results. Each
entry in the history table preferably compares with each of
the plurality of symbols concurrently, i.e., in a parallel
fashion, for improved speed. The parallel compression
method thus may operate to compare each of the plurality of
symbols with each entry in the history table (or history
buffer) concurrently, e.g., in a single clock cycle.

[0150] In step 410 the method determines match informa-
tion for each of the plurality of symbols based on the current
count flag, and the compare results. Step 410 of determining
match information includes determining zero or more
matches of the plurality of symbols with each entry in the
history table. More specifically, step 410 may include deter-
mining a longest contiguous match based on the current
count and the compare results, and then determining if the
longest contiguous match has stopped matching. If the
longest contiguous match has stopped matching, then the
method updates the current count flags and maximum count.

[0151] In step 412 the method outputs compressed data
information in response to the match information. Step 412
may involve outputting a plurality of sets of compressed
data information in parallel, e.g., for different matches
and/or for non-matching symbols. Step 412 includes out-
putting compressed data information corresponding to the
longest contiguous match that stopped matching, if any. The
contiguous match may involve a match from a prior plurality
of symbols. Step 412 may also include outputting com-
pressed data information solely from a prior match. Step 412
also includes, for non-matching symbols that do not match
any entry in the history table, outputting the non-matching
symbols in an uncompressed format.

[0152] For a contiguous match, the compressed data infor-
mation includes a count value and an entry pointer. The entry
pointer points to the entry in the history table that produced
the contiguous match, and the count value indicates a
number of matching symbols in the contiguous match. In
one embodiment, an encoded value is output as the count
value, wherein more often occurring counts are encoded
with fewer bits than less often occurring counts.
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[0153] Steps 402-412 are repeated one or more times until
no more data is available. When no more data is available,
then, if any current counts are non-zero, the method outputs
compressed data for the longest remaining match in the
history table.

[0154] Since the method performs parallel compression,
operating on a plurality of symbols at a time, the method
preferably accounts for symbol matches comprised entirely
within a given plurality of symbols, referred to as the
“special case”. Here presume that the plurality of symbols
includes a first symbol, a last symbol, and one or more
middle symbols. Step 410 of determining match information
includes detecting if at least one contiguous match occurs
with one or more respective contiguous middle symbols, and
the one or more respective contiguous middle symbols are
not involved in a match with either the symbol before or
after the respective contiguous middle symbols. If this
condition is detected, then the method selects the one or
more largest non-overlapping contiguous matches involving
the middle symbols. In this instance, step 412 includes
outputting compressed data for each of the selected matches
involving the middle symbols.

[0155] FIG. 13—Detailed Flowchart of the Parallel Com-
pression Algorithm

[0156] FIG. 13 is a more detailed flowchart diagram
illustrating operation of the parallel compression algorithm
in the preferred embodiment. Steps that are similar or
identical to steps in FIG. 12 have the same reference
numerals for convenience.

[0157] In the flowchart of FIG. 13, it is presumed that the
method maintains a history table comprising entries,
wherein each entry comprises one symbol. The history table
is preferably a sliding window which stores the last n
symbols of the data stream. It is also presumed that the
method maintains a current count of prior matches that
occurred when previous symbols were compared with
entries in the history table. A count flag may be maintained
for each entry in the history table. As noted above, the
maintenance of the history table and the current count flags
is performed throughout the algorithm, preferably starting
when the first plurality of symbols are received for com-
pression.

[0158] In step 406 the method receives uncompressed
input data, wherein the uncompressed data comprises a
plurality (or group) of symbols. Thus the parallel compres-
sion algorithm operates on a plurality of symbols at a time.
This is different than conventional prior art algorithms,
which operate in a serial manner on only one symbol at a
time. The plurality of symbols comprises 2 or more symbols,
preferably 4 symbols. As noted above, the parallel compres-
sion algorithm can operate on any number of symbols at a
time. The input data may be the first group of symbols from
a data stream or a group of symbols from the middle or end
of the data stream.

[0159] In step 408 the method compares the plurality of
symbols with each entry in the history table in a parallel
fashion. This comparison produces compare results. Each
entry in the history table preferably compares with each of
the plurality of symbols concurrently, i.e., in a parallel
fashion, for improved speed.

[0160] In step 422 the method determines zero or more
matches of the plurality of symbols with each entry in the
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history table. In other words, in step 422 the method
determines, for each entry, whether the entry matched any of
the plurality of symbols. This determination is based on the
compare results.

[0161] If no matches are detected for the plurality of
symbols in step 422, then in step 432 the method determines
if any previous matches existed. In other words, step 432
determines if one or more ending symbols from the prior
group of symbols matched entries in the history table, and
compressed information was not yet output for these sym-
bols since the method was waiting for the new plurality of
symbols to possibly determine a longer contiguous match. If
one or more previous matches existed as determined in step
432, then in step 434 the method outputs the previous
compressed data information. In this case, since the prior
matches from the prior group of symbols are not contiguous
with any symbols in the current group, the previous com-
pressed data information is output. After step 434, operation
proceeds to step 436.

[0162] If no previous matches existed as determined in
step 432, or after step 434, then in step 436 the method
outputs each symbol of the plurality of symbols as uncom-
pressed symbols. Since each of the plurality of symbols does
not match any entry in the history table, then each of the
plurality of symbols are output in an uncompressed format.
After step 436, in step 438 all count flags are reset to 0. In
step 472 the uncompressed symbols are added to the history
window, and operation returns to step 406 to receive more
input data, i.e., more input symbols.

[0163] If one or more matches are detected for the plu-
rality of symbols in step 422, then in step 442 the method
determines if all of the plurality of symbols are comprised in
one match. If so, then in step 444 the method increases the
match count by the number of matching symbols, e.g., 4
symbols, and sets the maximum count flag for the respective
entry. In step 474 the uncompressed symbols are added to
the history window, and operation returns to step 406 to
receive more input data, i.e., more input symbols. In this
case, the method defers providing any output information in
order to wait and determine if any symbols in the next group
contiguously match with the current matching symbols.

[0164] If all of the plurality of symbols are not comprised
in one match as determined in step 442, then in step 452 the
method determines if any previous matches existed. The
determination in step 452 is similar to the determination in
step 432, and involves determining if one or more ending
symbols from the prior group of symbols matched entries in
the history table, and compressed information was not yet
output for these symbols since the method was waiting for
the new plurality of symbols to possibly determine a longer
contiguous match.

[0165] If one or more previous matches existed as deter-
mined in step 452, then in step 454 the method selects the
largest contiguous match including the previous match. In
step 456 the method outputs compressed data information
regarding the largest contiguous match. This compressed
data information will include previous compressed data
information, since it at least partly involves a previous match
from the previous group of symbols. If the first symbol in the
current plurality of symbols is not a contiguous match with
the previous match, then the compressed data information
will comprise only the previous compressed data informa-
tion. After step 456, operation proceeds to step 462.
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[0166] Steps 462-470 may be performed for each input
symbol in a parallel fashion. In other words, steps 462-470
may be performed concurrently for each input symbol. Steps
462-470 are shown in a serial format for ease of illustration.

[0167] Instep 462 the method determines if the respective
symbol is included in any match. If not, then in step 464 the
method outputs the uncompressed symbol. In this case, the
respective symbol does not match any entry in the history
table, and thus the symbol is output uncompressed.

[0168] If the respective symbol is included in a match as
determined in step 462, then in step 466 the method deter-
mines if the match includes the last symbol. If not, then in
step 468 the method outputs compressed data information
for the match. It is noted that this may involve a “special
case” involving a match comprising only one or more
middle symbols.

[0169] If the match does include the last symbol as deter-
mined in step 466, then in step 470 the method resets the
counter to the number of symbols not included in the match.
In this case, compressed information is not output for these
symbols since the method waits for the new plurality of
symbols to possibly determine a longer contiguous match.

[0170] Once steps 462-470 are performed for each input
symbol in parallel, then in step 472 the uncompressed
symbols are added to the history window. Operation then
returns to step 406 to receive more input data, i.e., a new
plurality or group of input symbols. If no more input data is
available or is received, then in step 480 the method flushes
the remaining previous matches, i.e., provides compressed
information for any remaining previous matches.

[0171] The method of FIG. 13 also accounts for matches
within the middle symbols as described above.

[0172] Lossless Decompression

[0173] One embodiment of the parallel decompression
engine 550 for the lossless decompression of compressed
data is now disclosed. Data compression methods may
include serial compression methods, where only one symbol
from the uncompressed data is examined and compressed at
a time, and the novel parallel compression methods
described above, where a plurality of symbols from the
uncompressed data may be examined and compressed at a
time. In one embodiment, the parallel decompression engine
550 may be able to decompress data compressed by serial or
parallel decompression methods. Likewise, decompression
of compressed data using the parallel decompression tech-
nologies of the present invention produces the same uncom-
pressed data stream as decompression of the same com-
pressed data using prior art serial decompression techniques.
The compressed data created using the parallel compression
methods described above is designed to be identical to
compressed data created using serial compression algo-
rithms; therefore, decompressing data compressed with the
parallel method described above by either serial or parallel
decompression engines will result in the same uncompressed
data. Preferably, decompression is performed as fast as the
compression operation or faster. Also, in alternate embodi-
ments, decompression engines 550/555 may be placed in a
plurality of locations within the system or circuit. Multiple
decompression engines allow for a custom operation of the
decompression process and a custom bandwidth or through-
put may be designed depending on the number of stages
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used in the decompression engine 550. Therefore, below is
a parallel decompression algorithm for the parallel decom-
pression engine 550 that yields higher bandwidth than prior
art serial algorithms.

[0174] FIGS. 14-23—An Embodiment of a Parallel
Decompression Engine

[0175] The parallel decompression engine 550 may be
divided into a series of stages, preferably pipelined stages.
The stages of the decompression engine 550 are illustrated
in FIG. 15. As shown, the decompression engine 550 may
include a first stage 25501 comprising decoders, a second
stage 25505 comprising preliminary (also called initial or
primary) select generation logic, a third stage 25509 com-
prising final select generation logic, and a fourth stage 25513
comprising data selection and output logic. A pipe register
25503 may be coupled to the first stage 25501 and the
second stage 25505. A pipe register 25507 may be coupled
to the second stage 25505 and the third stage 25509. A pipe
register 25511 may be coupled to the third stage 25509 and
the fourth stage 25513. According to one embodiment, the
pipelined design is expected to utilize four stages to run at
133 MHz using a 0.25u CMOS technology. These stages
are preferably divided up, or alternatively combined, as
the silicon process technology requires. Only the last
stage in this pipeline 25513 uses the history window, and
that final stage contains minimum logic. Based on this,
this function may be extended to more than four stages
if a significantly faster clock is available. Thus, in alter-
nate embodiments, as processing improves and clock
rates increase, the stages of the decompression engine
550 may increase to raise the decompression rate with
the same input compression stream. However, for the
preferred embodiment the four stages shown are the
logical divisions of the function. Other embodiments may
include fewer than four stages. For example, a three-
stage embodiment may combine the second and third
stage into one stage.

[0176] In the preferred embodiment, the decompression
engine 550 includes a pipelined, multi-stage design. The
pipelined, multi-stage design of the decompression engine
550 enables the substantially simultaneous or concurrent
processing of data in each stage. As used herein, the term
“decompression cycle” includes operation of all stages of
the pipeline on a set of data, from analysis of tokens in an
input section of data in the first stage to production of output
uncompressed data in the last stage. Thus, multiple “decom-
pression cycles” may be executing substantially concur-
rently, ie., different stages of multiple “decompression
cycles” may be executing substantially concurrently.

[0177] For example, the first stage 25501 may receive a
first plurality of codes (also called tokens), and load the first
tokens into the decoders at the start of a first decompression
cycle. The decoders may extract various first decoded infor-
mation from the first tokens, and this first decoded infor-
mation may be latched into pipe register 25503. The first
decoded information may then be loaded into the prelimi-
nary select logic of the second stage 25505. While the
preliminary select logic of the second stage 25505 is oper-
ating on the first decoded information, a next plurality of
tokens (second tokens) may be received by the first stage
25501 and loaded into and processed by the decoders at the
start of a second decompression cycle, substantially simul-
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taneously, to produce second decoded information. When
stage two has completed generating preliminary selects from
the first decoded information in the first decompression
cycle, the preliminary selects are latched into pipe register
25507 in the second decompression cycle. Similarly, when
stage one has completed generating the second decoded
information in the second decompression cycle, this second
decoded information may be latched into pipe register
25503. The preliminary selects may then be loaded into the
third stage 25509 for resolution into final selects, while the
second decoded information generated in the first stage
25501 for the second decompression cycle is loaded into the
second stage 25505, and a next (third) plurality of tokens is
received by the first stage 25501 and loaded into the decod-
ers to begin a third decompression cycle. Thus, in the
four-stage embodiment of decompression engine 550, four
decompression cycles may be active in the decompression
engine 550 substantially simultaneously.

[0178] As used herein, in the context of the first stage
examining a plurality of tokens from the compressed data in
parallel in a current decompression cycle, the term “in
parallel” includes the notion that a plurality of tokens may
be operated on by the logic during a single pipeline stage of
the decompression engine 550. The term “in parallel” also
may include the notion that a plurality of decoders operate
on a plurality of tokens during a single pipeline stage of the
decompression engine 550. The plurality of tokens may
actually be extracted from the input data section serially or
consecutively. The plurality of tokens may then be assigned
to available decoders as they are extracted from the input
data section. Once tokens have been assigned to available
decoders, portions of the processing of the tokens by the
decoders may be performed in parallel. In addition, the term
“in parallel” may also include the notion that a plurality of
decoders output decoded information in parallel to the next
stage of the pipeline.

[0179] As used herein, in the context of generating a
plurality of selects in parallel, the term “in parallel” includes
the notion that the select logic (stages 2 and/or 3) may
concurrently process decoded information corresponding to
a plurality of tokens substantially concurrently and/or the
select logic may operate to generate selects for a plurality of
output uncompressed symbols substantially concurrently. As
described below, the select logic shares information regard-
ing the selects that are being generated in parallel for
different output uncompressed symbols.

[0180] Therefore, in general, information for decompress-
ing more than one token may be loaded into a stage,
operations of the stage performed on the tokens, and the
results for all the tokens may then be latched out of the stage
into a pipe register for processing in the next stage. In each
stage, there may be copies of the logic for performing
substantially simultaneous operations “in paralle]” on a
plurality of inputs.

[0181] For example, in the first stage 25501, an extracted
token is assigned to one decoder. In the second, third, and
fourth stages, there may be one copy of the logic for
performing the operations of the stage for each potential
output byte. Note that some operations in some stages may
have dependencies that may utilize sequential processing.
For example, loading a second token in a second decoder of
the first stage 25501 may utilize count and other information
generated by the loading of a first token in a first decoder.
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[0182] To understand this novel decompression, the table
of FIG. 14 illustrates the compression mask and index-
coding algorithm for a sample code. In alternate embodi-
ments, other codes may alter the design of the decompres-
sion unit. One embodiment may include all the codes
included in FIG. 14 except the code for compressing one
byte that uses 8 bits. In compressed input data, a code may
also be referred to as a “token.”

[0183] With the codes shown in the table of FIG. 14, the
decompression tree in FIG. 16 allows decoding of at most
8 bytes of the input in one cycle. In this example, at most 8
bytes (64 bits) are extracted from the compressed data as
input data to the decompression engine of FIG. 15 for each
decompression cycle. The smallest encoded data is 8 bits, so
the minimum number of decoders (25521-25535), indicated
in FIG. 16, for 8 bytes is 8 (64 bits/8 bits). Each of these
decoders could see one of many data inputs depending on
the prior compressed data.

[0184] FIG. 16 illustrates the decoder stage 25501, which
is the first stage of the decompression engine of FIG. 15.
The decompression tree, shown in FIG. 16, utilizes very fast
decoding at each stage to determine the proper data for the
next stage. The Window Index, Start Count and Data Byte
output (FIG. 14) are preferably latched for the next stage of
the decode pipeline of FIG. 15. This decode pipeline
requires the assembly of the output data. More detail of the
preferred Decode block can be seen in FIG. 17.

[0185] FIG. 17 illustrates the logic of one of the first stage
decoders of FIG. 16. In FIG. 17, the Check Valid block
25553 verifies that enough bits are available for the checker
25555(a-e). After extracting one or more codes from the
input data to be decoded by one or more decoders, there may
not be enough bits in the input data to construct a complete
token. For example, in the decompression engine described
above that accepts 8 bytes (64 bits) of input data in a cycle,
if six 10-bit codes are loaded into the first six decoders, four
bits would be left in the input data, not enough to construct
a complete token. In another example using 64-bit input
data, if four 10-bit codes and one 13-bit code are loaded into
the first five decoders, 11 bits are left in the input data. The
Check Valid block 25553 may then check the flag informa-
tion in the 11 bits to determine if there is a complete code
in the 11 bits (an 8, 9 or 10 bit code). If there is a complete
code, then the code is loaded in the next decoder. If the flag
information indicates that the 11 bits are an incomplete code
longer than 11 bits (a 13 or 25 bit code), then the bits are not
loaded and examined until a later decode cycle. In the
preferred embodiment, the longest path through Check Valid
25553 should be three gates, and the Byte Check 25555(a-¢)
will only add one gate because the check is an output enable.
The outputs from the Check Valid logic 25553, and the Byte
Check logic 25555 in FIG. 17 show O as the most significant
bit, and 6 as the least significant bit.

[0186] The data generate logic 25557 is a multiplex of the
input data based on the check select 25555 input. At most,
one Byte Check 25555 should be active for valid data. An
alternate embodiment may include a checker that is added to
this decoder to verify that one byte check is active for valid
data.

[0187] Referring again to FIG. 15, the second stage 25505
of the decompression engine 550 begins calculating pointers
(also called “selects™ to the appropriate bytes from the
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history window for compressed data that have been latched
in the 168-bit pipe register 25503. For each decoder, stage
two receives an index, a start count, an index valid bit, a data
byte and a data byte valid bit. In the embodiment of FIG. 15,
stage two would receive eight indexes, eight start counts,
eight index valid bits, eight data bytes, and eight data byte
valid bits, one from each of the eight decoders in stage one.
In one embodiment, the data byte is passed through without
being used by stage two. In one embodiment, the indexes,
start counts, index valid bits, and data byte valid bits from
each of the decoders are duplicated to the preliminary select
logic for each of the output bytes of stage two. Thus, in the
embodiment of FIG. 15, the preliminary select logic for
each of the 16 output bytes receives the index, start count,
index valid bit, and data byte valid bit from each of the eight
decoders in stage one.

[0188] With minimal logic, a preliminary select may be
calculated for each of the 16 output bytes of stage four
25513. The preliminary selects are latched in the 144-bit
pipe register 25507. Each select latched into 25507 is a 7 bit
encode (for a 64-entry window) with a single bit overflow.
These signals are latched 25507 and used by the next unit
25509 in 25 stage three. In one embodiment, the selects will
have the values of 0-63 if a window value is to be used for
this output byte, 64-71 if one of the eight data bytes is to be
used for this output byte, and an overflow if the data for this
output byte is a result of one or more of the other parallel
decodes occurring with this data. The third stage 25509
checks each of the overflows from the previous stage 25505.
If inactive, the 7 bit select is passed on unchanged. If active,
the select from the correct stage two decoder 25505 is
replicated on the select lines for this output byte.

[0189] The final stage of the decompression, stage four
25513 as illustrated in FIG. 15, selects the data from the
history window or the data bytes passed from the first stage
to build the output data. The output bytes that are assembled
are then added to the history window for the next decode
cycle.

[0190] Inone embodiment, the first stage may consider the
number of output bytes when decoding codes from the input
data in a cycle. For example, the maximum output of the
embodiment of FIG. 15 is 16 bytes per cycle. If a first code
being decoded in a first decoder represents more than 16
output bytes, then the first stage 25501 may leave the first
code loaded in the first decoder for as many cycles as it take
to decompress all of the output bytes represented by the first
code. Other codes that may be loaded in the other decoders
are not decoded until there are available output data bytes to
serve as destinations for the uncompressed symbols to be
generated from the tokens. For example, if the first code
loaded in the first decoder represents 24 output bytes, then
16 of the 24 output bytes may be decoded in a first cycle, and
the remaining 8 in a second cycle. This leaves 8 output bytes
for the other codes in the other decoders. Additionally, the
last stage 25513 may include data valid bits so that the
proper output data assembly can occur if fewer than 16 bytes
can be decoded for any one cycle.

[0191] FIG. 18—Calculating Initial Selects and Over-
flows According to One Embodiment of the Invention

[0192] FIG. 18 illustrates logic 26012 for calculating
initial selects and overflows according to one embodiment of
the invention. In one embodiment, this logic is included in
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the second stage 25505 of the decompression engine as
illustrated in FIG. 15. In one embodiment, there is one logic
26012 in the second stage for each output byte in the
decompression engine 550. For example, in the decompres-
sion engine illustrated in FIG. 15, there would be 16 of the
logic 26012 in stage two, one for each output byte. Logic
26012 begins the calculation of pointers to the appropriate
bytes from the history window for compressed data which
have been latched in the 168-bit pipe register 25503 from the
first stage in FIG. 15. In the embodiment shown in FIG. 18,
each logic 26012 in stage two receives a copy of the Index
26006 and Count 26000 from each decoder in stage one.
Each logic 26012 in stage two also receives a Data Byte
Valid bit 26002 and an Index Valid bit 26004 from each
decoder.

[0193] With minimal logic, a preliminary select 26010
may be calculated in stage two for each of the output bytes,
and the preliminary selects 26010 may then be latched in the
144-bit pipe register 25507 of FIG. 15. For example, each
preliminary select may be a 7 bit encode (for a 64-entry
window, plus eight data bytes) with a single bit overflow
26008. Embodiments with other sizes of history windows
and/or other numbers of data bytes may require a different
number of bits and a different numbering scheme for the
preliminary selects. The preliminary selects 26010 are
latched into 25507 and used by the next unit 25509 in stage
three as shown in FIG. 15. The selects may have the values
of 0-63 if a window value is to be used for this output byte
or the values of 64-71 if one of the eight data bytes is to be
used for this output byte. The overflow bit 26008 may be set
if the data for the preliminary select 26010 is a result of one
or more of the other parallel decodes occurring with this
data. In this case, the index may be used in stage three to
resolve the preliminary select by copying the appropriate
select from another output byte to the select for this output
byte.

[0194] Other embodiments may use history windows of
various sizes, for example, from 32 entries to 4096 (or
greater) entries. The size of the history window may be
determined by the number of gates available for the design,
the timing of stage four, and the compression ratio desired.
More history window entries may typically yield a better
compression ratio. As the history window size changes, the
size of the index, preliminary and final selects may also
change. For example, a history window with 2048 entries
would require an 11-bit index, 13-bit preliminary select (11
bits for the index, one bit to indicate data byte, one bit to
indicate overflow), and 12-bit final select (11 bits for the
index, one bit to indicate data byte).

[0195] In one example of a decode where an overflow bit
may be set, a first decoder may decode a first token and
output a pointer to a first data byte, and a second decoder
may decode a second token and output a pointer to a second
data byte. A third decoder may decode a third token that
represents a compressed string including the first and second
data bytes from the first and second tokens. As these data
bytes are not in the history window yet, the overflow bit
26008 is set to signify that the data for the third decoder’s
output byte is defined by one of the prior decoders in the
current decode. The preliminary select output of the second
stage for the third decoder is resolved into a final select in
the third stage. In this example, two preliminary selects may
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be generated for the third token; the first pointing to the first
decoder’s output byte, and the second pointing to the second
decoder’s output byte.

[0196] In FIG. 18, if the preliminary select is for a data
byte, the overflow bit 26008 will not be set, the most
significant bit (bit 6) will be set, and bits 0-2 may be used
to specify which of the eight data bytes the output byte refers
to. If the preliminary select is for a window byte, the
overflow bit 26008 will not be set, the most significant bit
(bit 6) will not be set, and bits 0-5 may be used to specify
which of the 64 window bytes the output byte refers to. If the
overflow bit is set for the preliminary select, then bits 0-6
may specify which of the preliminary selects prior to this
preliminary select is to be used to locate the data for this
preliminary select.

[0197] In FIG. 18, N is the output byte number for the
logic 26012. In this example, there are 16 output bytes, so
N is an integer between O and 15. In this example, there are
eight decoders in the first stage. One start count 26000, one
index 26006, and one data byte valid bit and one index valid
bit are input from each decoder. The start count for a decoder
is calculated in stage one by adding the number of output
bytes to be generated on this decoder to the input number of
output bytes to be generated on all previous decoders (i.c.
the start count for the previous decoder). For example,
suppose there are four decoders (0-3), and decoder 0 is
loaded with a code to decode 1 output byte, decoder 1 is
loaded with a code to decode 3 output bytes, decoder 2 is
loaded with a code to decode 4 output bytes, and decoder 3
is loaded with a code to decode 2 output bytes. The start
count for decoder 0 is (0+1)=1. The start count for decoder
1 is (1+3)=4. The start count for decoder 2 is (4+4) =8. The
start count for decoder 3 is (8+2)=10.

[0198] Block 26001 of FIG. 18 compares the input start
counts for the decoders with N (the output byte number for
this logic 26012). Block 26001 chooses the last decoder with
a start count <=N. For example, if the eight start counts
26000 in FIG. 18 from decoders 0-7 are (1,3,6,7,11,14,15,
20), and N=9 (this is the 10" output byte), then decoder 4
(start count =11) would be chosen. This serves to choose the
decoder from which this output byte is to be generated.

[0199] In this example, block 26001 outputs a 3-bit
encoded decoder number and an 8-bit decoded version of the
decoder number. The 8-bit decoded version is output to
selects 26003, 26005, and 26007, where it is used to select
the data byte valid bit 26002, index valid bit 26004, and
index 26006 for the decoder generating this output byte.

[0200] If the data byte valid bit 26002 for the selected
decoder is set and the index valid bit 26004 for the selected
decoder is clear, then the encoded 3-bit decoder number is
output on bits 0-2 of the preliminary select 26010 (the least
significant bits), and bit 6 (the most significant bit) is set to
indicate that the preliminary select is for a data byte. Note
that for the 64-entry history window and eight data byte
embodiment previously described, the data byte select value
is in the range 64-71 to select one of the eight data bytes.

[0201] If the index valid bit 26004 for the selected decoder
is set and the data byte valid bit 26002 for the decoder is
clear, then bit 6 (the MSB) of the preliminary select 26010
is cleared. The output byte number N is subtracted from the
index 26006 from the selected decoder, and the resulting
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adjusted index is output on bits 0-5 of preliminary select
26010. By way of example, consider a decompression
engine with eight input bytes, eight decoders (0-7), sixteen
output bytes (0-15), and a 64-entry history window (0-63).
If decoder 0 is decoding a code generating four output bytes,
then logic 26012 for output byte 0 will generate the pre-
liminary select for the first byte of the four output bytes
being generated from the code on decoder 0. If the index
26006 from decoder 0 is 16, then 16—-0=16. This means that
the first byte of output from the code being decoded on
decoder 0 is to come from entry 16 in the history window,
where entry 0 is the most recent entry and entry 63 is the
oldest entry. Logic 26012 for output byte 1 will generate the
preliminary select for the second byte of the four output
bytes being generated from the code on decoder 0. The
second byte’s preliminary select is 16—1=15. The second
byte of output from the code being decoded on decoder 0 is
to come from entry 15 in the history window. Continuing,
the preliminary selects for the third and fourth output bytes,
being generated on logic 26012 for output bytes 2 and 3, are
14 and 13, respectively.

[0202] Tt is possible for a preliminary select being gener-
ated in a logic 26012 to be for data being generated in the
current decompression cycle, and thus the data for the output
byte will not yet be in the history window. In this case,
subtracting the output byte number N from the index will
produce a negative result, and overflow bit 26008 will be set
for the preliminary select. For example, if decoder 3 is
decoding a code generating three output bytes, output byte
5 is the next available output byte, and the index for decoder
3 is 1, then logic 26012 for output byte 5 will generate a
preliminary select of 1-0=1, logic 26012 for output byte 6
will generate a preliminary select of 1-1=0, and logic 26012
for output byte 7 will generate a preliminary select of
1-2=-1. The -1 preliminary select indicates that the data for
the output byte is to come from the first output byte of the
current decompression cycle. The overflow bit for output
byte 7 will be set to indicate that this preliminary select is for
data that is not yet in the history window. The preliminary
select outputs on bits 0-5 will indicate which of the prelimi-
nary selects in the current decompression cycle points to the
data for this preliminary select.

[0203] Inone embodiment of logic 26012, data byte valid
bit 26002 and index valid bit 26004 are NOR’d, and the
output of the NOR is OR’d to bits 5 and 6 of the preliminary
select. If both valid bits are 0 for a decoder, then bits 5 and
6 will be set for the preliminary select. Note that in the
embodiment with 64 history window entries and eight data
bytes, values above 71 are not valid selects. Thus, in this
embodiment, a preliminary select for an output byte with
bits 5 and 6 set may be used to indicate that no data is being
generated for the output byte in this decompression cycle.
Other embodiments with different history window sizes,
number of data bytes, and/or number of output bytes may
use other invalid select values to indicate that no data is
being generated for an output byte in a decompression cycle.

[0204] FIG. 19—Converting Preliminary Selects into
Final Selects

[0205] FIG. 19 depicts one embodiment of a third stage of
a decompression engine 550 such as stage three 25509 of
FIG. 15. The third stage checks the preliminary selects
26050 for the output bytes from the previous stage. If the
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overflow bit (26008 of FIG. 18) of a preliminary select is not
set, the 7-bit select for the output byte (bits 0-6 of prelimi-
nary select 26010 of FIG. 18) is passed to the next stage
unchanged. If the overflow bit is set, this indicates that the
data for this output byte is being generated in the current
decompression cycle. The data for the preliminary select
will be pointed to by one of the previous output byte selects
in the current decompression cycle. The select for the
previous output byte is replicated on the select lines for this
output byte. Note that the overflow bit for the first select
(preliminary select 0) will not be set, because there are no
“prior” selects in the current decode for the select to refer to.
Thus, preliminary select 0 passes through stage three
unchanged as final select 0. Final select 0 is input into the
logic for resolving each of the preliminary selects subse-
quent to select 0 (preliminary selects 1 through N-1). Final
select 0 and preliminary select 1 are input into the logic for
resolving preliminary select 1. If the overflow bit for pre-
liminary select 1 is not set, then preliminary select 1 is
passed through unchanged as final select 1. If the overflow
bit is set, then the final select 0 is passed through as the final
select for select 1. Final selects 0 and 1 and preliminary
select 2 are input into the logic for resolving preliminary
select 2. If the overflow bit for preliminary select 2 is not set,
then preliminary select 2 is passed through as final select 2.
If the overflow bit is set, then preliminary select 2 is used to
determine which of the input final selects (0 and 1) is to be
output as final select 2. In general, this procedure is followed
for all of the N input preliminary selects. Thus, the input to
the logic for resolving preliminary select N-1 includes the
final selects for selects 0 through N-2, and preliminary select
N-1. If the overflow bit is not set for preliminary select N-1,
then preliminary select N-1 is passed through unchanged as
final select N-1. If the overflow bit is set, then the contents
of preliminary select N-I are used to determine which of the
input final selects is to be used as the value for final select
N-1.

[0206] FIG.20—Generating Uncompressed Output Bytes
from Generated Selects

[0207] FIG. 20 depicts one embodiment of a fourth stage
of a decompression engine 550 such as stage four 25513 of
FIG. 15. In stage four, the final selects 26068 output from
the third stage as depicted in FIG. 19 are used to assemble
the output bytes 26070 by selecting bytes from the history
window 26062 or the data bytes 26064 passed from the first
stage. In this embodiment, each output byte selector 26066
may select from one of 64 bytes (0-63) in history window
26062 or from one of eight bytes (64-71) in data bytes
26064. In one embodiment history window 26062 and data
bytes 26064 may be combined in a combined history win-
dow 26060. In other embodiments, the data bytes and
history window may be maintained separately. The final
selects 26068 are indexes into either the history window
26062 or the data bytes 26064 passed from stage one. The
output bytes 26070 that are assembled may be sent to the
output data stream (appended to the end of the output bytes
from any previous decompression cycles) and may be
inserted in the history window for the next decode cycle.
Stage four may also include a data valid bit (not shown) for
each of the output bytes 26070 so that the proper output data
assembly may occur if fewer than the maximum number of
bytes (16 in this embodiment) are to be decoded in a decode
cycle. In one embodiment, an invalid index value in a final
select for an output byte may clear the data bit to indicate
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that the output byte does not contain valid data in this
decompression cycle. Output bytes that are not valid may
not be sent to the output data or written in the history
window.

[0208] FIG. 21—Data Flow Through a Decompression
Engine
[0209] FIG. 21 illustrates data flow through one embodi-

ment of a decompression engine 550. The decompression
engine 550 receives a compressed input stream 1000. The
compressed input stream 1000 is then decompressed in one
or more decode (or decompression) cycles, resulting in a
decompressed output stream.

[0210] As a first step 1002 of a decompression cycle, from
1 to N tokens from the compressed data stream 1000 may be
selected for the decompression cycle and loaded in the
decompression engine 550, where N is the maximum num-
ber of decoders in stage one. The tokens are selected serially
from the first token in the data stream 1000. In one embodi-
ment, a section may be extracted from the compressed data
stream 1000 to serve as input data for a decompression
cycle, and the tokens may be extracted from the extracted
section. For example, in one embodiment, a section of four
bytes (32 bits) may be taken, and in another embodiment, a
section of eight bytes (64 bits) may be taken. In one
embodiment, a token may be selected from the input data
stream 1000 for the decompression cycle if 1) there is a
decoder available (i.e., one or more decoders haven’t been
assigned a token to decode in the decompression cycle); and
2) the remaining bits in an input section of the compressed
data comprise a complete token (after extracting one or more
tokens from the input data, the remaining bits in the input
data may not comprise a complete token). If any of the above
conditions fails, then the decompression cycle continues,
and the last token being examined (the one that failed one of
the conditions) is the first token to be loaded in the next
decompression cycle. Preferably, no correctly formatted
token is ever totally rejected; i.e., any token presented to the
decompression cycle as a first token considered for the
decompression cycle will meet all the conditional require-
ments. In other words, 1) a decoder will always be available
at the start of a decompression cycle; and 2) the input data
size in bits is at least as big as the largest token size in bits.

[0211] Once the 1 to N tokens for the decompression cycle
are selected in the first step 1002, the 1 to N tokens are
passed into stage one 1006 for decoding. In one embodi-
ment, step 1002 may be performed as part of stage one of the
decompression engine 550. In one embodiment, one token is
assigned to one decoder, and one decoder may process one
token in a decompression cycle. Stage one may include N
decoders. There are preferably at least enough decoders to
accept a maximum number of tokens that may be in the input
data. For example, if the input data is 32 bits, and the
minimum token size is 9 bits, then there are preferably at
least three decoders. Preferably, the number of decoders
equals the maximum number of tokens in the input data.
FIG. 16 illustrates an embodiment of decompression engine
550 with eight decoders. FIG. 22 illustrates an embodiment
of decompression engine 550 with three decoders. FIG. 17
illustrates an embodiment of a decoder. The decoders of
stage one 1006 decode the input tokens into start counts,
indexes, index valid flags, and data valid flags, with one
copy of each from each decoder being passed to stage two
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1008 for each of the X output bytes to be generated in the
decompression cycle. The 1 to N original input data bytes
are passed from stage one to the combined history window
1014. A data byte is valid only if the token being decoded on
the decoder represents a byte that was stored in the token in
uncompressed format by the compression engine that cre-
ated the compressed data. In this case, the uncompressed
byte is passed in the data byte for the decoder, the data byte
valid bit for the decoder is set, and the index valid bit for the
decoder is cleared.

[0212] Stage two 1008 takes the inputs from stage one
1006 and generates preliminary selects for 1 to X output
bytes, where X is a maximum number of output bytes that
may be decoded in one decompression cycle. Stage two
1008 also generates an overflow bit for each preliminary
select. Stage two then passes the preliminary selects and
overflow bits to stage three 1010. Stage three 1010 inspects
the overflow bit for each of the preliminary selects. If the
overflow bit of a preliminary select is not set, then the
contents of the preliminary select point to one of the entries
in the history window 1014 if the index valid bit is set for
the output byte, or to one of the data bytes passed from stage
one 1006 to the combined history window if the data byte
valid bit is set for the output byte. Preliminary selects whose
overflow bits are not set are passed to stage four 1012 as final
selects without modification. If the overflow bit is set, then
the contents of the preliminary select are examined to
determine which of the other preliminary selects is gener-
ating data this preliminary select refers to. The contents of
the correct preliminary select are then replicated on this
preliminary select, and the modified preliminary select is
passed to stage four 1012 as a final select. In one embodi-
ment, a preliminary select with overflow bit set may only
refer to prior preliminary selects in this decompression
cycle. For example, if the overflow bit for the preliminary
select for output byte 3 is set, then the preliminary select
may refer to data being generated by one of preliminary
selects 0 through 2, and not to preliminary selects 4 through
(N-1). In one embodiment, stages two and three may be
combined into one stage.

[0213] Stage four 1012 uses the final selects it receives
from stage three 1010 to extract byte entries from the
combined history window 1014. The final selects may point
to either history window bytes or data bytes passed from
stage one 1006. The number of bits in a final select are
determined by the number of entries in the history window
plus the number of data bytes. For example, a 64-byte
history window plus eight data bytes totals 72 possible
entries in the combined history window, requiring seven bits
per final select. Other history window sizes and/or number
of data bytes may require different final select sizes. Stage
four 1012 extracts the data from the combined history
window and constructs an output of between 1 and X
uncompressed output data bytes 1016. Stage four 1012 may
use a data valid flag for each of the X output data bytes to
signal if a data byte is being output for this output data byte
in this decompression cycle. The data valid flags are nec-
essary because it may not always be possible to decompress
the maximum amount of output bytes (X) in a decompres-
sion cycle. The output bytes 1016 may then be appended to
the output data stream and written into the history window
1014. In one embodiment, if the history window is full, the
oldest entries may be shifted out of the history window to
make room for the new output bytes 1016, or alternatively
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the history window may be stored in a ring buffer, and the
new entries may overwrite the oldest entries. The decom-
pression cycle may be repeated until all of the tokens in the
input stream 1000 are decompressed.

[0214] FIG. 22—A Decompression Engine With Four
Input Bytes, Three Decoders, and Four Output Bytes

[0215] FIG. 22 illustrates an embodiment of decompres-
sion engine 550 with four input bytes 1120 comprising 32
bits, three decoders in stage one 1122, and four output bytes
1136. This embodiment is suitable for decoding codes
(tokens) similar to those depicted in FIG. 14, excluding the
8-bit code used to encode one compressed byte. FIG. 22
illustrates that in stage two 1126, stage three 1130, and stage
four 1134, there is parallel logic for generating each of the
output bytes (in this embodiment, four output bytes).

[0216] One or more tokens are extracted from input bytes
1120 and loaded into decoders in stage one 1122. The tokens
are decoded by the decoders, and start count, index, index
valid and data valid information 1124 is passed to stage two
1126. Data byte information (not shown) may also be
produced for the decoders and passed through for use in
stage four 1134. The information 1124 from each decoder is
copied to the stage two logic for each output byte. Stage two
1126 generates preliminary selects 1128 from the informa-
tion 1124 passed in from stage one 1122. Stage two 1126
passes the preliminary selects to stage three 1130. Stage
three 1130 generates final selects 1132 from the preliminary
selects 1128 passed from stage two 1126. As shown, the final
select 1132 generated on a stage three logic 1130 for an
output byte is passed to the stage three logic for all subse-
quent output bytes. This allows a preliminary select 1128
with overflow bit set indicating that the data for the output
byte is being generated in the current decompression cycle
to be resolved by copying the final select for the correct
output byte to be used as the final select for this output byte.
The final selects 1132 are passed to stage four 1134. Stage
four 1134 uses index information in the final selects 1132 to
select entries from the history window (not shown) or the
data bytes passed from the decoders in stage one 1122 and
copies the selected data into output bytes 1136. The output
bytes 1136 may then be written to the output data (not
shown), and may also be written into the history window as
the latest history window entries.

[0217] Used Data Calculation logic 1123 in stage one may
be used to maintain a count of output bytes being generated
in the current decompression, and also to maintain a count
of the number of tokens being decoded and decompressed in
the current decompression cycle. This information is used in
stage one for shifting the compressed data prior to extracting
the input bytes 1120 in a later decompression cycle.

[0218] FIGS. 234-23f—Flowcharts Describing a Parallel
Decompression Engine

[0219] FIGS. 234-23f illustrate flowcharts describing
embodiments of parallel decompression processing in
embodiments of decompression engine 550.

[0220] FIG. 23a—The Operation of a Parallel Decom-
pression Engine

[0221] FIG. 23q is a high-level flowchart illustrating an
embodiment of decompression processing in an embodi-
ment of parallel decompression engine 550. Parallel decom-
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pression engine 550 receives compressed data 900 to be
decompressed, and outputs uncompressed data 970. Com-
pressed data 900 is a compressed representation of uncom-
pressed data 970. Compressed data 900 may comprise one
or more tokens. Each token in compressed data 900 may be
an encoded description of one or more uncompressed sym-
bols in uncompressed data 970. Compressed data 900 may
have been compressed by any of a variety of compression
methods, including, but not limited to parallel and serial
compression methods. FIGS. 23b-23f illustrate the flow-
chart of FIG. 234 in greater detail

[0222] FIG. 23b—A Parallel Decompression Method

[0223] FIG. 23b illustrates an embodiment of a parallel
decompression method performed in one embodiment of the
parallel decompression engine 550 of FIG. 23a. FIG. 23b
illustrates that compressed data may be decompressed in a
series of cycles, with one or more tokens from the com-
pressed data examined and decompressed in parallel in each
cycle. In block 906, the parallel decompression engine may
examine a plurality of tokens from the decompressed data.
The plurality of tokens may be examined in parallel, i.c.,
more than one token may be examined at a time. If it is
determined in block 906 that all tokens in the compressed
data have been decompressed by the decompression engine,
then in block 932 the decompression process may stop. If it
is determined in block 906 that there are tokens to be
examined and decompressed, then the tokens are examined,
and information extracted from the tokens in block 906 may
be passed to block 934. In one embodiment, the information
extracted from the tokens is passed to block 934 in parallel.

[0224] 1In block 934, the information extracted from the
tokens in block 906 may be used to generate a plurality of
selects, or pointers, that point to symbols in a combined
history window. The combined history window may include
uncompressed symbols from previous cycles of the decom-
pression engine. The portion of the combined history win-
dow comprising uncompressed symbols from previous
decompression cycles may be referred to as the history
window or history table. The combined history window may
also include uncompressed symbols from the current decom-
pression cycle. The uncompressed symbols from the current
decompression cycle may be referred to as “data bytes.”
During compression, one or more uncompressed symbols
may not be compressed, and may be stored in a token in
uncompressed form. The decompression engine recognizes
tokens comprising uncompressed symbols, extracts the
uncompressed symbols from the tokens, and passes the
uncompressed symbol to the combined history window
unchanged. Thus, selects generated in block 934 may point
to either uncompressed symbols from previous decompres-
sion cycles or uncompressed symbols from the tokens being
decompressed in the current cycle.

[0225] In block 954, the decompression engine uses the
selects generated in block 934 to extract the one or more
uncompressed symbols pointed to by the selects from the
history window, and copies the extracted uncompressed
symbols to uncompressed output data 970. The uncom-
pressed symbols may be appended to the end of output data
970. Output data may be an output data stream, i.e., the data
may be streamed out to a requesting process as it is decom-
pressed, or alternatively the output data 970 may be an
uncompressed output file that is not released until the entire
compressed data 900 is decompressed.
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[0226] In block 960, the uncompressed symbols from the
current decompression cycle may be written to the history
window. If the history window is full, one or more of the
oldest symbols from previous decompression cycles may be
moved out of the history window prior to writing the
uncompressed symbols from this decompression cycle. The
oldest symbols may be shifted out of the history window, or
alternatively the history window may be a “ring buffer,” and
the oldest symbols may be overwritten by the new symbols.
FIGS. 23c-23fillustrate the flowchart of FIG. 23b in greater
detail

[0227] FIG. 23c—Examining a Plurality of Tokens in
Parallel

[0228] FIG. 23c expands on block 906 of FIG. 23b,
illustrating one embodiment of a method for examining a
plurality of tokens from the compressed data 900 in parallel.
In block 908, one or more tokens to be decompressed in
parallel in the current decompression cycle may be extracted
from the compressed data 900. The tokens may be extracted
from the compressed data beginning at the first token
compressed by the compression engine that compressed the
data, and ending at the last token compressed by the com-
pression engine. A maximum number of tokens may be
decompressed in one cycle. As an example, the decompres-
sion logic illustrated in FIG. 15 accepts a maximum of eight
tokens in a decompression cycle. Preferably, a decompres-
sion engine may accept less than the maximum number of
tokens in a decompression cycle. Thus, the decompression
logic illustrated in FIG. 15 accepts a minimum of one token
in a decompression cycle, for example, in a last decompres-
sion cycle when only one token is left to decompress. If a
token represents more uncompressed output symbols than
can be compressed in a decompression cycle, then it will
take more than one decompression cycle to fully decompress
the token. Information in the token may be used in extracting
the token. For example, the size of the token and the number
of symbols to be decompressed by the token may be used in
extracting the token. In one embodiment, the size of a token
may be the size in bits of the token.

[0229] In block 924, the tokens extracted for this decom-
pression cycle may be examined in parallel, and information
about the tokens may be generated for use in the decom-
pression cycle. Examples of information that may be
extracted from a token include, but are not limited to: a count
representing the number of uncompressed symbols this
token represents; data byte information; and index informa-
tion. Data byte information may include an uncompressed
symbol if this token represents a symbol that was not
compressed by the compression engine. Data byte informa-
tion may also include a data byte valid flag indicating that
the data byte for this token is valid. In one embodiment, the
data byte valid flag may be a bit that is set (1) if the data byte
is valid, and not set (0) if the data byte is not valid. Index
information may include an index. In one embodiment, the
index may represent an offset from the position in the
uncompressed data 970 to receive first uncompressed sym-
bol to be decompressed from the information in this in this
token to the first uncompressed symbol previously decom-
pressed and stored in the uncompressed data 970 to be
copied into the position. In one embodiment, the previously
decompressed symbols from one or more decompression
cycles may be in a history window, and the maximum value
for the index may be related to the length of the history
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window. In one embodiment, the index valid flag may be a
bit that is set (1) if the index is valid, and not set (0) if the
index is not valid.

[0230] FIG. 23d—Generating a Plurality of Selects to
Symbols in a Combined History Window

[0231] FIG. 23d expands on block 934 of FIG. 23b, and
illustrates one embodiment of a process for generating in
parallel a plurality of selects to symbols in a combined
history window. In block 936, one or more preliminary
selects may be generated using the information generated in
block 924 for this decompression cycle. A preliminary select
may be generated for each of the symbols being decom-
pressed in the current decompression cycle. In one embodi-
ment, a preliminary select is an adjusted index with a single
bit overflow. The index is adjusted by an offset from a
starting index of a string of symbols in previous uncom-
pressed symbols. The size of the preliminary select is
determined by the combined size of the history window, the
maximum number of data bytes (determined by the number
of decoders), and the overflow bit. For example, for a
64-entry history window, plus eight data bytes, plus a single
overflow bit, a preliminary select may be a minimum of
eight bits. In this example, the selects may have the values
of 0-63 if a window value is to be used for this output
symbol or the values of 64-71 if one of the eight data bytes
is to be used for this output symbol. The overflow output bit
may be set if the data for the output symbol is being
generated by one or more of the other tokens being decoded
in this decompression cycle. Other combinations of bits may
be used to signal to the later stages that no data is being
generated for this output symbol in this decompression
cycle.

[0232] In one example of a decode where an overflow bit
may be set, a first decoder may decode a first token and
output a pointer to a first data byte, and a second decoder
may decode a second token and output a pointer to a second
data byte. A third decoder may decode a third token that
represents a compressed string including the first and second
data bytes generated from the first and second tokens. As
these data bytes are not in the history window yet, the
overflow bit 26008 is set to signify that the data for the third
decoder’s output byte is defined by one of the prior decoders
in the current decode. The preliminary select output of the
second stage for the third decoder is resolved into a final
select in the third stage. In this example, two final selects
may be generated for the third token; the first pointing to the
first decoder’s data byte, and the second pointing to the
second decoder’s data byte.

[0233] FIG. 23e—Writing Uncompressed Symbols to the
Output Data
[0234] FIG. 23¢ expands on block 954 of FIG. 23b, and

illustrates one embodiment of a process for writing the
symbols for the output bytes to the uncompressed output
data. In block 956, the final selects indexing data bytes
passed from the decoders may be used to locate the data
bytes and copy the uncompressed data bytes into the output
data. In block 958, the final selects indexing symbols in the
history window may be used to locate the uncompressed
symbols and copy the symbols into the output data. The
output symbols may be assembled in the output data in the
order of the output symbols in the decompression engine.
For example, if there are 16 output symbols (0-15) being
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generated in a decompression cycle, output symbol 0 may be
the first in the output data, and output symbol 15 may be the
last. A decompression cycle may not generate a full set of
output symbols. For example, with the16 maximum output
symbols in the previous example, a decompression cycle
may generate only nine output symbols (output symbols
0-8). Preferably, every decompression cycle decompresses
as close to the maximum number of output symbols as
possible. Some decompression cycles, for example, the last
decompression cycle, may not generate the maximum num-
ber of output symbols.

[0235] FIG. 23f—Writing Symbols to the History Win-
dow

[0236] FIG. 23f expands on block 960 of FIG. 23b, and
illustrates one embodiment of a process for writing the
symbols uncompressed in a decompression cycle to the
history window. In one embodiment, the history window
may be set up as a buffer, and the oldest data may be shifted
out to make room for the newest data. In another embodi-
ment, the history window may be set up as a ring buffer, and
the oldest data may be overwritten by the newest data.
Blocks 962 and 964 assume the oldest data may be shifted
out of the history window, and may not be necessary in
embodiments using a ring buffer for the history window.

[0237] Inblock 962, the history window is examined, and
if there is not enough room for the symbols decompressed in
this cycle, in block 964 the data in the history window is
shifted to make room for the new data. In one embodiment,
the history window may be shifted after every decompres-
sion cycle to make room for the new data.

[0238] Inblock 966, the newly uncompressed symbols are
written to the end of the history window. In one embodi-
ment, the symbols may be written to the history window
using the method described for writing the symbols to the
output data described for blocks 956 and 958 of FIG. 23e.
Although the system and method of the present invention
has been described in connection with the preferred embodi-
ment, it is not intended to be limited to the specific form set
forth herein, but on the contrary, it is intended to cover such
alternatives, modifications, and equivalents, as can be rea-
sonably included within the spirit and scope of the invention
as defined by the appended claims.

What is claimed is:
1. A data compression system comprising:

a first plurality of compression engines, wherein each of
the first plurality of compression engines implements a
different respective data compression algorithm,
wherein at least one of the first plurality of compression
engines implements a parallel data compression algo-
rithm, and wherein each of the first plurality of com-
pression engines is configured to:

receive uncompressed data; and

compress the uncompressed data using its respective
data compression algorithm;

wherein the first plurality of compression engines produce
a plurality of different versions of the compressed data;

decision logic coupled to the first plurality of compression
engines and configured to:
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select one of the plurality of different versions of the
compressed data based upon one or more predeter-
mined metrics; and

output the selected compressed data.

2. The data compression system of claim 1, wherein the
at least one of the first plurality of compression engines
implements a parallel lossless data compression algorithm.

3. The data compression system of claim 1, wherein the
at least one of the first plurality of compression engines
implements a parallel dictionary-based data compression
algorithm.

4. The data compression system of claim 1, wherein the
at least one of the first plurality of compression engines
implements a parallel statistical data compression algorithm.

5. The data compression system of claim 1, wherein the
at least one of the first plurality of compression engines
implements a parallel data compression algorithm based on
a Lempel-Ziv (LZ) algorithm.

6. The data compression system of claim 1, wherein the
uncompressed data comprises a plurality of symbols,
wherein the at least one of the first plurality of compression
engines is operable to compare each of a plurality of
received symbols with each of a plurality of entries in a
history table concurrently.

7. The data compression system of claim 1,

wherein the at least one of the first plurality of compres-
sion engines COMpIises:

an input for receiving the uncompressed data, wherein
the uncompressed data comprises a plurality of sym-
bols, wherein the plurality of symbols includes a first
symbol, a last symbol, and one or more middle
symbols;

a history table comprising entries, wherein each entry
comprises at least one symbol;

a plurality of comparators for comparing the plurality
of symbols with entries in the history table, wherein
the plurality of comparators are operable to compare
each of the plurality of symbols with each entry in
the history table concurrently, wherein the plurality
of comparators produce compare results;

match information logic coupled to the plurality of
comparators for determining match information for
each of the plurality of symbols based on the com-
pare results, wherein the match information logic is
operable to determine if a contiguous match occurs
for one or more of the one or more middle symbols
that does not involve a match with either the first
symbol or the last symbol; and

an output coupled to the match information logic for
outputting compressed data in response to the match
information.
8. The data compression system of claim 1, wherein each
of the first plurality of compression engines implements a
parallel data compression algorithm.

9. The data compression system of claim 8,

wherein each of the first plurality of compression engines
implements a parallel dictionary-based data compres-
sion algorithm.
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10. The data compression system of claim 9,

wherein a first compression engine implements a parallel
dictionary-based data compression algorithm using tag
based encoding;

wherein a second compression engine implements a par-
allel dictionary-based data compression algorithm
using escape characters to differentiate between com-
pressed and raw data sequences in the compressed data.
11. The data compression system of claim §,

wherein each of the first plurality of compression engines
comprises:

an input for receiving the uncompressed data, wherein
the uncompressed data comprises a plurality of sym-
bols, wherein the plurality of symbols includes a first
symbol, a last symbol, and one or more middle
symbols;

a history table comprising entries, wherein each entry
comprises at least one symbol;

a plurality of comparators for comparing the plurality
of symbols with entries in the history table, wherein
the plurality of comparators are operable to compare
each of the plurality of symbols with each entry in
the history table concurrently, wherein the plurality
of comparators produce compare results;

match information logic coupled to the plurality of
comparators for determining match information for
each of the plurality of symbols based on the com-
pare results, wherein the match information logic is
operable to determine if a contiguous match occurs
for one or more of the one or more middle symbols
that does not involve a match with either the first
symbol or the last symbol; and

an output coupled to the match information logic for
outputting compressed data in response to the match
information.

12. The data compression system of claim 1,

wherein the one or more predetermined metrics includes
compression ratio.
13. The data compression system of claim 1,

wherein the one or more predetermined metrics includes

compression speed.

14. The data compression system of claim 1, wherein, in
selecting one of the plurality of different versions of the
compressed data, the decision logic is further configured to
select a version of the compressed data with a highest
compression ratio from among the plurality of versions of
the compressed data.

15. The data compression system of claim 1, wherein the
decision logic is further configured to:

determine a particular data compression algorithm used in
the compression of the selected compressed data; and

output information indicating the particular data compres-
sion algorithm used in the compression of the selected
compressed data.
16. The data compression system of claim 15, wherein the
decision logic is further configured to:
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encode the information indicating the particular data
compression algorithm used in the compression of the
selected compressed data into the selected compressed
data.

17. The data compression system of claim 1, wherein a
first compression engine of the first plurality of compression
engines comprises a second plurality of compression
engines, wherein each of the second plurality of compres-
sion engines implements a first data compression algorithm;

wherein the second plurality of compression engines are
configured to compress a plurality of portions of the
uncompressed data using the first data compression
algorithm to produce a plurality of compressed portions
of the uncompressed data; and

wherein the first compression engine of the first plurality
of compression engines is configured to merge the
plurality of compressed portions of the uncompressed
data to produce a version of the compressed data.

18. The data compression system of claim 17, wherein the
second plurality of compression engines is configured to
compress the plurality of portions of the uncompressed data
in a parallel fashion.

19. A data compression system comprising:

a plurality of compression engines, wherein each of the
plurality of compression engines implements a differ-
ent data compression algorithm, wherein at least one of
the plurality of compression engines implements a
parallel lossless data compression algorithm;

and wherein the plurality of compression engines are
configured to:

receive uncompressed data; and

compress the uncompressed data using the different
data compression algorithms to produce a plurality
of different versions of the compressed data;

decision logic coupled to the plurality of compression
engines and configured to:

select one of the plurality of different versions of the
compressed data as a most qualified version of the
compressed data based upon one or more predeter-
mined metrics; and

output the most qualified version of the compressed data.

20. The data compression system of claim 19, wherein the
at least one of the plurality of compression engines imple-
ments a parallel dictionary-based data compression algo-
rithm.

21. The data compression system of claim 20, wherein the
uncompressed data comprises a plurality of symbols,
wherein the at least one of the plurality of compression
engines is operable to compare each of a plurality of
received symbols with each of a plurality of entries in a
history table concurrently.

22. The data compression system of claim 19,

wherein the at least one of the plurality of compression
engines comprises:

an input for receiving the uncompressed data, wherein
the uncompressed data comprises a plurality of sym-
bols, wherein the plurality of symbols includes a first
symbol, a last symbol, and one or more middle
symbols;
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a history table comprising entries, wherein each entry
comprises at least one symbol;

a plurality of comparators for comparing the plurality
of symbols with entries in the history table, wherein
the plurality of comparators are operable to compare
each of the plurality of symbols with each entry in
the history table concurrently, wherein the plurality
of comparators produce compare results;

match information logic coupled to the plurality of
comparators for determining match information for
each of the plurality of symbols based on the com-
pare results, wherein the match information logic is
operable to determine if a contiguous match occurs
for one or more of the one or more middle symbols
that does not involve a match with either the first
symbol or the last symbol; and

an output coupled to the match information logic for
outputting compressed data in response to the match
information.

23. A data compression system comprising:

a plurality of compression engines, wherein each of the
plurality of compression engines implements a differ-
ent data compression algorithm, wherein at least one of
the plurality of compression engines implements a
parallel lossless data compression algorithm;

first logic coupled to the plurality of compression engines
and configured to:

receive uncompressed data;

send the uncompressed data to each of the plurality of
compression engines;

wherein each of the plurality of compression engines is
configured to:

receive the uncompressed data from the first logic;

compress the uncompressed data using a data compres-
sion algorithm implemented by the particular com-
pression engine to produce a version of compressed
data; and

output the compressed data;

second logic coupled to the plurality of compression
engines and configured to:

receive from the plurality of compression engines a
plurality of different versions of the compressed data
each compressed with a different compression algo-
rithm; and

select one of the plurality of different versions of the
compressed data based upon one or more predeter-
mined metrics; and

output the selected compressed data.

24. The data compression system of claim 23, wherein the
at least one of the plurality of compression engines imple-
ments a parallel dictionary-based data compression algo-
rithm.

25. The data compression system of claim 24, wherein the
uncompressed data comprises a plurality of symbols,
wherein the at least one of the plurality of compression
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engines is operable to compare each of a plurality of
received symbols with each of a plurality of entries in a
history table concurrently.

26. The data compression system of claim 23,

wherein the at least one of the plurality of compression
engines comprises:

an input for receiving the uncompressed data, wherein
the uncompressed data comprises a plurality of sym-
bols, wherein the plurality of symbols includes a first
symbol, a last symbol, and one or more middle
symbols;

a history table comprising entries, wherein each entry
comprises at least one symbol;

a plurality of comparators for comparing the plurality
of symbols with entries in the history table, wherein
the plurality of comparators are operable to compare
each of the plurality of symbols with each entry in
the history table concurrently, wherein the plurality
of comparators produce compare results;

match information logic coupled to the plurality of
comparators for determining match information for
each of the plurality of symbols based on the com-
pare results, wherein the match information logic is
operable to determine if a contiguous match occurs
for one or more of the one or more middle symbols
that does not involve a match with either the first
symbol or the last symbol; and

an output coupled to the match information logic for
outputting compressed data in response to the match
information.
27. The data compression system of claim 23,

wherein the one or more predetermined metrics includes
compression ratio.
28. The data compression system of claim 23,

wherein the one or more predetermined metrics includes

compression speed.

29. The data compression system of claim 23, wherein, in
selecting the compressed data, the second logic is further
configured to select a version of the compressed data with a
highest compression ratio from among the plurality of
different versions of the compressed data.

30. The data compression system of claim 23, wherein the
second logic is further configured to:

determine a particular data compression algorithm used in
the compression of the selected compressed data; and

output information indicating the particular data compres-
sion algorithm used in the compression of the selected
compressed data.

31. A system comprising:

a Processor;

a memory coupled to the processor and operable to store
data for use by the processor;

data compression logic coupled to the memory, compris-
ing:

a plurality of compression engines, wherein each of the
plurality of compression engines implements a dif-
ferent respective data compression algorithm,
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wherein at least one of the plurality of compression
engines implements a parallel data compression
algorithm, and wherein each of the plurality of
compression engines is configured to:

receive uncompressed data; and

compress the uncompressed data using its respective
data compression algorithm;

wherein the plurality of compression engines produce a
plurality of different versions of the compressed
data;

decision logic coupled to the plurality of compression
engines and configured to:

select one of the plurality of different versions of the
compressed data based upon one or more prede-
termined metrics; and

output the selected compressed data.

32. The system of claim 31, wherein the at least one of the
plurality of compression engines implements a parallel
dictionary-based data compression algorithm.

33. The system of claim 32, wherein the uncompressed
data comprises a plurality of symbols, wherein the at least
one of the plurality of compression engines is operable to
compare each of a plurality of received symbols with each
of a plurality of entries in a history table concurrently.

34. The system of claim 31,

wherein the at least one of the plurality of compression
engines comprises:

an input for receiving the uncompressed data, wherein
the uncompressed data comprises a plurality of sym-
bols, wherein the plurality of symbols includes a first
symbol, a last symbol, and one or more middle
symbols;

a history table comprising entries, wherein each entry
comprises at least one symbol;

a plurality of comparators for comparing the plurality
of symbols with entries in the history table, wherein
the plurality of comparators are operable to compare
each of the plurality of symbols with each entry in
the history table concurrently, wherein the plurality
of comparators produce compare results;

match information logic coupled to the plurality of
comparators for determining match information for
each of the plurality of symbols based on the com-
pare results, wherein the match information logic is
operable to determine if a contiguous match occurs
for one or more of the one or more middle symbols
that does not involve a match with either the first
symbol or the last symbol; and

an output coupled to the match information logic for
outputting compressed data in response to the match
information.

35. The system of claim 31,

wherein each of the plurality of compression engines
implements a parallel dictionary-based data compres-
sion algorithm.
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36. The system of claim 35,

wherein a first compression engine implements a parallel
dictionary-based data compression algorithm using tag
based encoding;

wherein a second compression engine implements a par-

allel dictionary-based data compression algorithm

using escape characters to differentiate between com-

pressed and raw data sequences in the compressed data.

37. The system of claim 31, wherein the decision logic is
further configured to:

determine a particular data compression algorithm used in
the compression of the selected compressed data; and

output information indicating the particular data compres-
sion algorithm used in the compression of the selected
compressed data.

38. The system of claim 31, wherein the data compression
logic is configured to write the selected compressed data to
the memory.

39. The system of claim 31, wherein the system further
comprises:

a plurality of decompression engines, wherein the plural-
ity of decompression engines implement decompres-
sion algorithms corresponding to the different respec-
tive data compression algorithms of the plurality of
compression engines;

decompression logic coupled to the plurality of decom-
pression engines and configured to:

determine a first decompression engine of the plurality
of decompression engines that implements a particu-
lar data compression algorithm used in compression
of first compressed data; and

provide the first compressed data to the first decom-
pression engine;

wherein the first decompression engine is configured to
decompress the first compressed data to produce the
uncompressed data.

40. The system of claim 39, wherein the data compression
logic is further configured to write data compression infor-
mation indicating the particular data compression algorithm
used in the compression of the first compressed data to the
memory;

wherein, in said determining the first decompression
engine, the decompression logic is further configured to
read the data compression information to determine the
particular data compression algorithm.

41. The system of claim 31, further comprising:

a memory controller coupled to the processor and the
memory and configured to control the memory,
wherein the data compression logic is comprised in the
memory controller.

42. The system of claim 31, wherein the data compression

logic is comprised in the processor.

43. The system of claim 31, further comprising:

wherein the memory comprises one or more memory
modules, wherein the data compression logic is com-
prised in one of the one or more memory modules.
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44. The system of claim 31, further comprising a network
interface device operable to interface the system to a net-
work, wherein the data compression logic is comprised in
the network interface device.

45. A method for compressing data in a system compris-
ing a memory, the method comprising:

receiving uncompressed data;

providing the uncompressed data to a plurality of com-
pression engines, wherein each of the plurality of
compression engines implements a different respective
data compression algorithm;

the plurality of compression engines compressing the
uncompressed data using the different respective data
compression algorithms, thereby producing a plurality
of different versions of the compressed data, wherein
said compressing comprises at least one of the plurality
of compression engines compressing the uncompressed
data using a parallel lossless data compression algo-
rithm; and

selecting one of the plurality of different versions of the
compressed data based upon one or more predeter-
mined metrics.

46. The method of claim 45, further comprising:

outputting the selected compressed data.

47. The method of claim 45, wherein the at least one of
the plurality of compression engines implements a parallel
statistical data compression algorithm;

wherein the plurality of compression engines compress-
ing the uncompressed data includes the at least one of
the plurality of compression engines compressing the
uncompressed data using the parallel statistical data
compression algorithm.
48. The method of claim 45, wherein the at least one of
the plurality of compression engines implements a parallel
dictionary-based data compression algorithm;

wherein the plurality of compression engines compress-
ing the uncompressed data includes the at least one of
the plurality of compression engines compressing the
uncompressed data using the parallel dictionary-based
data compression algorithm.

49. The method of claim 48,

wherein the uncompressed data comprises a plurality of
symbols;

wherein the at least one of the plurality of compression
engines compressing the data using the parallel dictio-
nary-based data compression algorithm comprises the
at least one of the plurality of compression engines
comparing each of a plurality of received symbols with
each of a plurality of entries in a history table concur-
rently.

50. The method of claim 49,

wherein the at least one of the plurality of compression
engines compressing the uncompressed data using the
parallel dictionary-based data compression algorithm
comprises:

receiving the uncompressed data, wherein the uncom-
pressed data comprises a plurality of symbols,
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wherein the plurality of symbols includes a first
symbol, a last symbol, and one or more middle
symbols;

maintaining a history table comprising entries, wherein
each entry comprises at least one symbol;

comparing the plurality of symbols with entries in the
history table in a parallel fashion, wherein said
comparing in a parallel fashion comprises comparing
each of the plurality of symbols with each entry in
the history table concurrently, wherein said compar-
ing produces compare results;

determining match information for each of the plurality
of symbols based on the compare results, wherein
said determining match information includes deter-
mining if a contiguous match occurs for one or more
of the one or more middle symbols that does not
involve a match with either the first symbol or the
last symbol; and

outputting compressed data in response to the match
information.
51. The method of claim 45, wherein each of the plurality
of compression engines implements a different parallel
dictionary-based data compression algorithm;

wherein the plurality of compression engines compress-
ing the uncompressed data includes the plurality of
compression engines compressing the uncompressed
data using the different parallel dictionary-based data
compression algorithms.

52. The method of claim 51,

wherein the plurality of compression engines compress-
ing the uncompressed data includes:

a first compression engine compressing the uncom-
pressed data using a parallel dictionary-based data
compression algorithm using tag based encoding;
and

a second compression engine compressing the uncom-
pressed data using a parallel dictionary-based data
compression algorithm using escape characters to
differentiate between compressed and raw data
sequences.

53. The method of claim 45,

wherein the one or more predetermined metrics includes
compression ratio.
54. The method of claim 45,

wherein the one or more predetermined metrics includes
compression speed.
55. The method of claim 45, further comprising writing
the selected compressed data to the memory.
56. The method of claim 45, further comprising:

incorporating data compression information into the
selected compressed data, wherein the data compres-
sion information indicates a particular data compres-
sion algorithm used in the compression of the selected
compressed data.

57. The method of claim 56, further comprising:

determining that the selected compressed data needs to be
decompressed;
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receiving the selected compressed data;

examining the data compression information to determine
the particular data compression algorithm used in com-
pressing the selected compressed data;

selecting a decompression engine from a plurality of
decompression engines, wherein the selected decom-
pression engine implements a decompression algorithm
for decompressing data compressed using the particular
data compression algorithm;

providing the selected compressed data to the selected
decompression engine; and

the selected decompression engine decompressing the
selected compressed data using the decompression
algorithm to produce the uncompressed data.
58. A method for compressing data in a system compris-
ing a memory, the method comprising:

receiving uncompressed data;

providing the uncompressed data to a plurality of com-
pression engines, wherein each of the plurality of
compression engines implements a different data com-
pression algorithm;

the plurality of compression engines compressing the
uncompressed data using a plurality of different data
compression algorithms to produce a plurality of dif-
ferent versions of the compressed data, wherein said
compressing includes at least one of the plurality of
compression engines compressing the uncompressed
data using a parallel lossless dictionary-based data
compression algorithm; and

selecting one of the plurality of different versions of the
compressed data as a most qualified version of the
compressed data based upon one or more predeter-
mined metrics.

59. The method of claim 58, wherein selecting the most
qualified version of the compressed data further comprises
selecting a version of the compressed data with a highest
compression ratio from among the plurality of different
versions of the compressed data.

60. The method of claim 58, wherein at least one of the
first plurality of compression engines implements a parallel
data compression algorithm based on a serial statistical data
compression algorithm.

61. The method of claim 58, wherein at least one of the
first plurality of compression engines implements a parallel
data compression algorithm based on a Lempel-Ziv (LZ)
algorithm.

62. The method of claim 58, wherein a first of the first
plurality of compression engines comprises a second plu-
rality of compression engines, wherein each of the second
plurality of compression engines implements a first data
compression algorithm, wherein said compressing further
comprises:

providing a different portion of the uncompressed data to
each of the second plurality of compression engines;

each of the second plurality of compression engines
compressing the different portion of the uncompressed
data using the first data compression algorithm to
produce a compressed portion of the uncompressed
data;
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wherein the second plurality of compression engines
compress a plurality of different portions of the uncom-
pressed data to produce a plurality of compressed
portions of the uncompressed data; and

merging the plurality of compressed portions of the
uncompressed data to produce a version of the com-
pressed data.

63. The method of claim 62, wherein the second plurality
of compression engines is configured to compress the plu-
rality of portions of the uncompressed data in a parallel
fashion.

64. The data compression system of claim 62, wherein the
first data compression algorithm is a parallel dictionary-
based data compression algorithm.

65. A data compression system comprising:

a plurality of compression engines, wherein each of the
plurality of compression engines implements a differ-
ent respective parallel dictionary-based data compres-
sion algorithm, and wherein each of the plurality of
compression engines is configured to:

receive uncompressed data, wherein the uncompressed
data comprises a plurality of symbols; and

compress the uncompressed data using its respective
data compression algorithm, wherein each of the
plurality of compression engines is operable to com-
pare each of a plurality of received symbols with
each of a plurality of entries in a history table
concurrently;

wherein the plurality of compression engines produce a
plurality of different versions of the compressed
data;

decision logic coupled to the plurality of compression
engines and configured to:

select one of the plurality of different versions of the
compressed data based upon one or more prede-
termined metrics; and

output the selected compressed data.
66. The data compression system of claim 65,

wherein a first compression engine implements a parallel
dictionary-based data compression algorithm using tag
based encoding;

wherein a second compression engine implements a par-
allel dictionary-based data compression algorithm
using escape characters to differentiate between com-
pressed and raw data sequences in the compressed data.
67. The data compression system of claim 65,

wherein the plurality of compression engines share a
common history table.
68. The data compression system of claim 65,

wherein each of the plurality of compression engines
includes its own history table.
69. The data compression system of claim 65,

wherein each of the first plurality of compression engines
comprises:

an input for receiving the uncompressed data, wherein
the uncompressed data comprises a plurality of sym-
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bols, wherein the plurality of symbols includes a first
symbol, a last symbol, and one or more middle
symbols;

a history table comprising entries, wherein each entry
comprises at least one symbol;

a plurality of comparators for comparing the plurality
of symbols with entries in the history table, wherein
the plurality of comparators are operable to compare
each of the plurality of symbols with each entry in
the history table concurrently, wherein the plurality
of comparators produce compare results;

match information logic coupled to the plurality of
comparators for determining match information for
each of the plurality of symbols based on the com-
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pare results, wherein the match information logic is
operable to determine if a contiguous match occurs
for one or more of the one or more middle symbols
that does not involve a match with either the first
symbol or the last symbol; and

an output coupled to the match information logic for
outputting compressed data in response to the match
information.
70. The data compression system of claim 65,

wherein the one or more predetermined metrics comprise
at least one of compression ratio and compression
speed.
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