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SYSTEM BUS

G7) ABSTRACT

An integrated memory controller (IMC) which includes data
compression and decompression engines for improved per-
formance. The memory controller (IMC) of the present
invention preferably sits on the main CPU bus or a high
speed system peripheral bus such as the PCI bus and couples
to system memory. The IMC preferably uses a lossless data
compression and decompression scheme. Data transfers to
and from the integrated memory controller of the present
invention can thus be in either two formats, these being
compressed or normal (non-compressed). The IMC also
preferably includes microcode for specific decompression of
particular data formats such as digital video and digital
audio. Compressed data from system I/O peripherals such as
the hard drive, floppy drive, or local area network (LAN) are
decompressed in the IMC and stored into system memory or
saved in the system memory in compressed format. Thus,
data can be saved in either a normal or compressed format,
retrieved from the system memory for CPU usage in a
normal or compressed format, or transmitted and stored on
a medium in a normal or compressed format. Internal
memory mapping allows for format definition spaces which
define the format of the data and the data type to be read or
written. Software overrides may be placed in applications
software in systems that desire to control data decompres-
sion at the software application level. The integrated data
compression and decompression capabilities of the IMC
remove system bottle-necks and increase 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 IMC of the present invention is a
significant advance over the operation of current memory
controllers.
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MEMORY CONTROLLER INCLUDING A
HARDWARE COMPRESSION AND
DECOMPRESSION ENGINE FOR MANAGING
SYSTEM MEMORY

CONTINUATION DATA

[0001] This is a continuation of application Ser. No.
09/241,139 titled Memory Controller Including Embedded
Compression/Decompression Capabilities for Improved
Data Access Between Non-Volatile and System Memory,
filed Feb. 1, 1999, whose inventor is Thomas A. Dye; which
is A divisional of application Ser. No. 08/916,464 titled
“Memory Controller Including Embedded Data Compres-
sion and Decompression Engines” and filed Aug. 8, 1997,
whose inventor is Thomas A. Dye; which is a continuation
of application Ser. No. 08/463,106 titled “Memory Control-
ler Including Embedded Data Compression and Decompres-
sion Engines” and filed Jun. 5, 1995, whose inventor is
Thomas A. Dye; which is a divisional of application Ser. No.
08/340,667 titled “Integrated Video and Memory Controller
with Data Processing and Graphical Processing Capabili-
ties” filed Nov. 16, 1994, whose inventor is Thomas A. Dye,
which is now U.S. Pat. No. 6,002,411.

FIELD OF THE INVENTION

[0002] The present invention relates to computer system
architectures, and more particularly to an integrated memory
and graphics controller which includes an embedded data
compression and decompression engine for increased sys-
tem bandwidth and efficiency.

DESCRIPTION OF THE RELATED ART

[0003] Since their introduction in 1981, the architecture of
personal computer systems has remained substantially
unchanged. The current state of the art in computer system
architectures includes a central processing unit (CPU) which
couples to a memory controller interface that in turn couples
to system memory. The computer system also includes a
separate graphical interface for coupling to the video dis-
play. In addition, the computer system includes input/output
(I/0) control logic for various I/O devices, including a
keyboard, mouse, floppy drive, hard drive, etc.

[0004] In general, the operation of a modem computer
architecture is as follows. Programs and data are read from
a respective [/O device such as a floppy disk or hard drive
by the operating system, and the programs and data are
temporarily stored in system memory. Once a user program
has been transferred into the system memory, the CPU
begins execution of the program by reading code and data
from the system memory through the memory controller.
The application code and data are presumed to produce a
specified result when manipulated by the system CPU. The
code and data are processed by the CPU and data is provided
to one or more of the various output devices. The computer
system may include several output devices, including a
video display, audio (speakers), printer, etc. In most systems,
the video display is the primary output device.

[0005] Graphical output data generated by the CPU is
written to a graphical interface device for presentation on the
display monitor. The graphical interface device may simply
be a video graphics array (VGA) card, or the system may
include a dedicated video processor or video acceleration
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card including separate video RAM (VRAM). In a computer
system including a separate, dedicated video processor, the
video processor includes graphics capabilities to reduce the
workload of the main CPU. Modem prior art personal
computer systems typically include a local bus video system
based on either the peripheral component interconnect (PCI)
bus or the VESA (Video Electronics Standards Association)
VL bus, or perhaps a proprietary local bus standard. The
video subsystem is generally positioned on a local bus near
the CPU to provide increased performance.

[0006] Therefore, in summary, program code and data are
first read from the hard disk to the system memory. The
program code and data are then read by the CPU from
system memory, the data is processed by the CPU, and
graphical data is written to the video RAM in the graphical
interface device for presentation on the display monitor. The
CPU typically reads data from system memory across the
system bus and then writes the processed data or graphical
data back to the 1/0 bus or local bus where the graphical
interface device is situated. The graphical interface device in
turn generates the appropriate video signals to drive the
display monitor. It is noted that this operation requires the
data to make two passes across the system bus and/or the I/O
subsystem bus. In addition, the program which manipulates
the data must also be transferred across the system bus from
the main memory. Further, two separate memory subsystems
are required, the system memory and the dedicated video
memory, and video data is constantly being transferred from
the system memory to the video memory frame buffer. FIG.
1 illustrates the data transfer paths in a typical computer
system using prior art technology.

[0007] Computer systems are being called upon to per-
form larger and more complex tasks that require increased
computing power. In addition, modem software applications
require compulter systems with increased graphics capabili-
ties. Modem software applications typically include graphi-
cal user interfaces (GUIs) which place increased burdens on
the graphics capabilities of the computer system. Further, the
increased prevalence of multimedia applications also
demands computer systems with more powerful graphics
capabilities. Therefore, a new computer system and method
is desired which provides increased system performance and
in particular, increased video and/or graphics performance,
than that possible using prior art computer system architec-
tures.

SUMMARY OF THE INVENTION

[0008] The present invention comprises an integrated
memory controller (IMC) which includes data compression/
decompression engines for improved performance. The
memory controller (IMC) of the present invention preferably
sits on the main CPU bus or a high speed system peripheral
bus such as the PCI bus. The IMC includes one or more
symmetric memory ports for connecting to system memory.
The IMC also includes video outputs to directly drive the
video display monitor as well as an audio interface for
digital audio delivery to an external stereo digital-to-analog
converter (DAC).

[0009] The IMC transfers data between the system bus and
system memory and also transfers data between the system
memory and the video display output. Therefore, the IMC
architecture of the present invention eliminates the need for
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a separate graphics subsystem. The IMC also improves
overall system performance and response using main system
memory for graphical information and storage. The IMC
system level architecture reduces data bandwidth require-
ments for graphical display since the host CPU is not
required to move data between main memory and the
graphics subsystem as in conventional computers, but rather
the graphical data resides in the same subsystem as the main
memory. Therefore, for graphical output, the host CPU or
DMA master is not limited by the available bus bandwidth,
thus improving overall system throughput.

[0010] The integrated memory controller of the preferred
embodiment includes a bus interface unit which couples
through FIFO buffers to an execution engine. The execution
engine includes a compression/decompression engine
according to the present invention as well as a texture
mapping engine according to the present invention. In the
preferred embodiment the compression/decompression
engine comprises a single engine which performs both
compression and decompression. In an alternate embodi-
ment, the execution engine includes separate compression
and decompression engines.

[0011] The execution engine in turn couples to a graphics
engine which couples through FIFO buffers to one or more
symmetrical memory control units. The graphics engine is
similar in function to graphics processors in conventional
computer systems and includes line and triangle rendering
operations as well as span line interpolators. An instruction
storage/decode block is coupled to the bus interface logic
which stores instructions for the graphics engine and
memory compression/decompression engines. A Window
Assembler is coupled to the one or more memory control
units. The Window Assembler in turn couples to a display
storage buffer and then to a display memory shifter. The
display memory shifter couples to separate digital to analog
converters (DACs) which provide the RGB signals and the
synchronization signal outputs to the display monitor. The
window assembler includes a novel display list-based
method of assembling pixel data on the screen during screen
refresh, thereby improving system performance. In addition,
a novel anti-aliasing method is applied to the video data as
the data is transferred from system memory to the display
screen. The internal graphics pipeline of the IMC is opti-
mized for high end 2D and 3D graphical display operations,
as well as audio operations, and all data is subject to
operation within the execution engine and/or the graphics
engine as it travels through the data path of the IMC.

[0012] As mentioned above, according to the present
invention the execution engine of the IMC includes a
compression/decompression engine for compressing and
decompressing data within the system. The IMC preferably
uses a lossless data compression and decompression
scheme. Data transfers to and from the integrated memory
controller of the present invention can thus be in either two
formats, these being compressed or normal (non-com-
pressed). The execution engine also preferably includes
microcode for specific decompression of particular data
formats such as digital video and digital audio. Compressed
data from system I/O peripherals such as the hard drive,
floppy drive, or local area network (LAN) are decompressed
in the IMC and stored into system memory or saved in the
system memory in compressed format. Thus, data can be
saved in either a normal or compressed format, retrieved
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from the system memory for CPU usage in a normal or
compressed format, or transmitted and stored on a medium
in a normal or compressed format. Internal memory map-
ping allows for format definition spaces which define the
format of the data and the data type to be read or written.
Graphics operations are achieved preferably by either a
graphics high level drawing protocol, which can be either a
compressed or normal data type, or by direct display of pixel
information, also in a compressed or normal format. Soft-
ware overrides may be placed in applications software in
systems that desire to control data decompression at the
software application level. In this manner, an additional
protocol within the operating system software for data
compression and decompression is not required.

[0013] The compression/decompression engine in the
IMC is also preferably used to cache least recently used
(LRU) data in the main memory. Thus, on CPU memory
management misses which occur during translation from a
virtual address to a physical address, the compression/
decompression engine compresses the LRU block of system
memory and stores this compressed LRU block in system
memory. Thus the LRU data is effectively cached in a
compressed format in the system memory. As a result of the
miss, if the address points to a previously compressed block
cached in the system memory, the compressed block is now
decompressed and tagged as the most recently used (MRU)
block. After being decompressed, this MRU block is now
accessible to the CPU.

[0014] The use of the compression/decompression engine
to cache L.RU data in compressed format in the system
memory greatly improves system performance, in many
instances by as much as a factor of 10, since transfers to and
from disk generally have a maximum transfer rate of 10
Mbytes/sec, whereas the decompression engine can perform
at over 100 Mbytes/second.

[0015] The integrated data compression and decompres-
sion capabilities of the IMC remove system bottle-necks and
increase 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 IMC of the
present invention is a significant advance over the operation
of current memory controllers.

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 is a prior art diagram illustrating data flow
in a prior art computer system,;

[0018] FIG. 2 is a block diagram illustrating data flow in
a computer system including an integrated memory control-
ler IMC) according to the present invention;

[0019] FIG. 3 illustrates a block diagram of a computer
system including an IMC according to the present invention;

[0020] FIG. 3A illustrates an alternate embodiment of the
computer system of FIG. 3 including memory control and
graphics/audio blocks coupled to the system memory;
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[0021] FIG. 3B illustrates an alternate embodiment of the
computer system of FIG. 3 including two IMCs coupled to
the system memory;

[0022] FIG. 3C illustrates an alternate embodiment of the
computer system of FIG. 3 including a first IMC coupled to
the cache bridge which couples to system memory and a
second IMC coupled to the PCI bus which couples to system
memory;

[0023] FIG. 3D illustrates a computer system including
the IMC and using a prior art architecture where the IMC
couples to the PCI bus and uses a separate frame buffer
memory for video data,

[0024] FIG. 4 is a block diagram illustrating the IMC
interfacing to system memory and a video display monitor;

[0025] FIG. 5 is a block diagram illustrating the internal
architecture of the integrated memory controller (IMC) of
the present invention;

[0026] FIG. 6 illustrates the compression/decompression
logic comprised in the IMC 140 according to the present
invention;

[0027] FIG. 6A illustrates an alternate embodiment
including separate compression and decompression engines
comprised in the IMC 140 according to the present inven-
tion;

[0028] FIG. 7 illustrates normal or compressed data trans-
fers in a computer system incorporating the IMC where the
IMC does not modify data during the transfer;

[0029] FIG. 8 illustrates a memory-to-memory decom-
pression operation performed by the IMC according to the
present invention;

[0030] FIG. 9 illustrates a memory decompression opera-
tion performed by the IMC on data being transferred to the
CPU or to a hard disk according to the present invention;

[0031] FIG. 10 illustrates decompression of data received
from the hard disk or CPU that is transferred in normal
format in system memory according to the present inven-
tion;

[0032] FIG. 11 illustrates operation of the IMC decom-
pressing data retrieved from the hard disk that is provided in
normal format to the CPU;

[0033] FIG. 12 illustrates a memory-to-memory compres-
sion operation performed by the IMC according to the
present invention;

[0034] FIG. 13 illustrates operation of the IMC 140 com-
pressing data retrieved from the system memory and pro-
viding the compressed data to either the CPU or hard disk;

[0035] FIG. 14 illustrates compression of data in a normal
format received from the CPU or hard disk that is stored in
compressed form in the system memory;

[0036] FIG. 15 illustrates operation of the IMC in com-
pressing normal data obtained from the CPU that is stored in
compressed form on the hard disk 120;

[0037] FIG. 16 is a flowchart diagram illustrating opera-
tion of a computer system where least recently used data in
the system memory is cached in a compressed format to the
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system memory using the compression/decompression
engine of the present invention;

[0038] FIG. 17 illustrates memory mapping registers
which delineate compression and decompression operations
for selected memory address spaces; and

[0039] FIG. 18 illustrates read and write operations for an
address space shown in FIG. 17.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0040]

[0041] U.S. patent application Ser. No. 08/340,667 titled
“Integrated Video and Memory Controller with Data Pro-
cessing and Graphical Processing Capabilities” and filed
Nov. 16, 1994, is hereby incorporated by reference in its
entirety.

[0042] Prior Art Computer System Architecture

[0043] FIG. 1 illustrates a block diagram of a prior art
computer system architecture. As shown, prior art computer
architectures typically include a CPU 102 coupled to a cache
system 104. The CPU 102 and cache system 104 are coupled
to the system bus 106. A memory controller 108 is coupled
to the system bus 106 and the memory controller 108 in turn
couples to system memory 110. In FIG. 1, graphics adapter
112 is shown coupled to the system bus 106. However, it is
noted that in modem computer systems the graphics adapter
112 is typically coupled to a separate local expansion bus
such as the peripheral component interface (PCI) bus or the
VESA VL bus. Prior art computer systems also typically
include bridge logic coupled between the CPU 102 and the
memory controller 108 wherein the bridge logic couples to
the local expansion bus where the graphics adapter 112 is
situated. For example, in systems which include a PCI bus,
the system typically includes a host/PCl/cache bridge which
integrates the cache logic 104, host interface logic, and PCI
interface logic. The graphics adapter 112 couples to frame
buffer memory 114 which stores the video data that is
actually displayed on the display monitor. Modem prior art
computer systems typically include between 1 to 4 Mega-
bytes of video memory. An I/O subsystem controller 116 is
shown coupled to the system bus 106. In computer systems
which include a PCI bus, the I/O subsystem controller 116
typically is coupled to the PCI bus. The I/O subsystem
controller 116 couples to an input/output (I/O) bus 118.
Various peripheral I/O devices are generally coupled to the
I/O bus 18, including a hard disk 120, keyboard 122, mouse
124, and audio digital-to-analog converter (DAC) 144.

Incorporation by Reference

[0044] Prior art computer system architectures generally
operate as follows. First, programs and data are generally
stored on the hard disk 120. If a software compression
application is being used, data may be stored on the hard
disk 120 in compressed format. At the direction of the CPU
102, the programs and data are transferred from the hard
disk 120 through the I/O subsystem controller 116 to system
memory 110 via the memory controller 108. If the data being
read from the hard disk 120 is stored in compressed format,
the data is decompressed by software executing on the CPU
102 prior to being transferred to system memory 110. Thus
software compression applications require the compressed
data to be transferred from the hard disk 120 to the CPU 120
prior to storage in the system memory 110.
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[0045] The CPU 102 accesses programs and data stored in
the system memory 110 through the memory controller 108
and the system bus 106. In processing the program code and
data, the CPU 102 generates graphical data or graphical
instructions that are then provided over the system bus 106
and generally the PCI bus (not shown) to the graphics
adapter 112. The graphics adapter 112 receives graphical
instructions or pixel data from the CPU 102 and generates
pixel data that is stored in the frame buffer memory 114. The
graphics adapter 112 generates the necessary video signals
to drive the video display monitor (not shown) to display the
pixel data that is stored in the frame buffer memory 114.
When a window on the screen is updated or changed, the
above process repeats whereby the CPU 102 reads data
across the system bus 106 from the system memory 110 and
then transfers data back across the system bus 106 and local
expansion bus to the graphics adapter 112 and frame buffer
memory 114.

[0046] When the computer system desires to store or
cache data on the hard disk 120 in a compressed format, the
data is read by the CPU 102 and compressed by the software
compression application. The compressed data is then stored
on the hard disk 120. If compressed data is stored in system
memory 110 which must be decompressed, the CPU 102 is
required to read the compressed data, decompress the data
and write the decompressed data back to system memory
110.

[0047] Computer Architecture of the Present Invention

[0048] Referring now to FIG. 2, a block diagram illus-
trating the computer architecture of a system incorporating
the present invention is shown. Elements in FIG. 2 that are
similar or identical to those in FIG. 1 include the same
reference numerals for convenience. As shown, the com-
puter system of the present invention includes a CPU 102
preferably coupled to a cache system 104. The CPU 102 may
include a 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 system bus 106. The CPU 102 and cache system
104 are also directly coupled through the system bus 106 to
an integrated memory controller (IMC) 140 according to the
present invention. The integrated memory controller (IMC)
140 includes a compression/decompression engine for
greatly increasing 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 may also be
used as the graphics controller in computer systems using
prior art architectures having separate memory and video
subsystems.

[0049] The IMC 140 couples to system memory 110,
wherein the system memory 110 comprises one or more
banks of memory. In the preferred embodiment, the system
memory 110 comprises two banks of memory, and the IMC
140 preferably includes two symmetric memory ports for
coupling to the two banks in system memory 110. The IMC
140 of the present invention may couple to any of various
types of memory, as desired. In the preferred embodiment,
the IMC 140 couples to the system memory 110 through a
20 RAMBUS implementation. For more information on the
RAMBUS memory architecture, please see “RAMBUS

24

Jan. 24, 2002

Architectural Overview,” version 2.0, published July 1993
by RAMBUS, Inc., and “Applying RAMBUS Technology to
Desktop Computer Main Memory Subsystems,” version 1.0,
published March 1992 by RAMBUS, Inc., which are both
hereby incorporated by reference. In an alternate embodi-
ment, the system memory 110 comprises SGRAM or single
in-line memory modules (SIMMs). As noted above, the IMC
140 of the present invention may couple to any of various
types of memory, as desired.

[0050] The IMC 140 also generates appropriate video
signals for driving video display monitor 142. The IMC 140
preferably generates red, green, blue (RGB) signals as well
as vertical and horizontal synchronization signals for gen-
erating images on the video display 142. Therefore, the
integrated memory controller 140 of the present invention
integrates memory controller and video and graphics con-
troller 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 144 for audio
presentation. Alternatively, the IMC 140 integrates audio
processing and audio DAC capabilities and provides audio
signal outputs that are provided directly to speakers. A boot
device 146 is also coupled to the IMC 140 to configure or
boot the IMC 140, as described further below.

[0051] The IMC 140 of the present invention is preferably
situated either on the main CPU bus or a high speed system
peripheral bus. In the preferred embodiment, as shown in
FIGS. 2 and 3, the IMC 140 is coupled directly to the
system bus 106 or CPU bus, wherein the IMC 140 interfaces
through a cache system 104 to the CPU 102. In an alternate
embodiment, the IMC 140 is situated on the peripheral
component interconnect (PCI) bus, which is a high speed
peripheral local bus standard developed by Intel Corpora-
tion. For more information on the PCI bus, please see “PCI
System Architecture” by Tom Shanley and Don Anderson,
copyright 1993 by MindShare Inc., which is hereby incor-
porated by reference. Please also see PCI documentation
available from Intel Corporation. In this embodiment, the
cache 104 preferably comprises a PCl/cache bridge, and the
system bus 106 is preferably a PCI bus. However, it is noted
that the IMC 140 can sit on any various types of buses as
desired.

[0052] An I/O subsystem controller 116 is coupled to the
system bus 106. The I/O subsystem controller 116 in turn is
coupled to an I/O bus 118. Various I/O devices are coupled
to the I/O bus including a hard disk 120, keyboard 122, and
mouse 124, as shown. In an embodiment including a PCI
bus, the I/0 subsystem Controller 116 is coupled to the PCI
bus.

[0053] Typical computer programs require more system
bus bandwidth for the transfer of application data than the
transfer of program code executed by the CPU. Examples of
application data include a bit mapped image, font tables for
text output, information defined as constants, such as table
or initialization information, etc. Graphical and/or video
data, for example, is processed by the CPU 102 for display
before the video data is written to the graphical output
device. Therefore, in virtually all cases, the actual program
code executed by the CPU 102 which manipulates the
application data consumes considerably less system memory
110 for storage than the application data itself.
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[0054] The IMC 140 includes a novel system architecture
which helps to eliminate system bandwidth bottlenecks and
removes extra operations required by the CPU 102 to move
and manipulate application data. According to the present
invention, the IMC 140 includes a data compression/decom-
pression engine which allows application data to move about
the system in a compressed format. The operation of the
compression/decompression engine in the IMC 140 is dis-
cussed in greater detail below.

[0055] The IMC 140 also includes a high level protocol
for the graphical manipulation of graphical data or video
data which greatly reduces the amount of bus traffic required
for video operations and thus greatly increases system
performance. This high level protocol includes a display list
based video refresh system and method whereby the move-
ment of objects on the video display screen 142 does not
require movement of pixel data in the system memory 110,
but rather only requires the manipulation of display address
pointers in a Display Refresh List, thus greatly increasing
the performance of pixel bit block transfers, animation, and
manipulation of 2D and 3D objects.

[0056] FIG. 2 illustrates the data transfer path of data
within a computer system including the IMC 140 according
to the present invention. As mentioned above, in typical
computer systems, the program code and data is initially
stored on the hard disk drive 122. First, the IMC 140 reads
program code and data stored on the disk 120 using a direct
memory access (DMA) and burst control methods where the
IMC 140 acts as a master on the system bus 106. The
program code and data are read from the disk 120 by the
IMC 140 and stored in the system memory 110. In an
alternative embodiment, the program code and data are
transferred from the disk 120 to the IMC 140 under CPU
control. The data is transferred from the hard disk 120 to the
system memory 110 preferably in a compressed format, and
thus the data requires less disk storage and reduced system
bus bandwidth. As the data is transferred from the disk 120
to the IMC 140, the data is preferably decompressed by the
decompression engine within the IMC 140 and stored in the
system memory bank 110. In general, disk I/O transfer rates
are sufficiently slow to allow decompression and storage of
the data as the compressed data is received from the disk
120.

[0057] The CPU 102 begins program execution by reading
the recently decompressed program code from the system
memory 110. Portions of the program code contain infor-
mation necessary to write data and/or instructions back to
the IMC 140 using a special graphical protocol to direct the
IMC 140 to control the display output on the video display
142. In many cases, the graphical data is not required to
leave the system memory 110 and is not required to move to
another location in system memory 110, but rather the
display list-based operation and high level graphical proto-
col of the IMC 140 of the present invention enables the CPU
102 to instruct the IMC 104 how window and other graphi-
cal data is presented on the screen. This provides a tremen-
dous improvement over prior art systems.

[0058] The IMC 140 of the present invention integrates a
data compression/decompression engine into the memory
controller unit. This reduces the amount of disk storage or
archive storage requirements and thus reduces overall sys-
tem costs. This also reduces the required amount of system
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memory because, when data is compressed for storage, more
offscreen or non-recently-used data can be stored in system
memory 110. This allows faster memory access time since
less time is required to decompress the compressed data in
system memory 110 than to retrieve the data from the hard
disk 120. The incorporation of data compression and decom-
presses engines in the memory controller unit and also
offloads compression tasks from the CPU 102 and avoids
use of the cache system for decompression, thereby increas-
ing system performance.

[0059] Therefore, the IMC 140 of the present invention
reduces the amount of data required to be moved within the
system for processing, thus reducing the overall cost while
improving the performance of the computer system. Accord-
ing to the present invention, the CPU 102 spends much less
time moving data between the various subsystems. This
frees up the CPU 102 and allows the CPU 102 greater time
to work on the application program rather than moving data
around the system.

[0060] Computer System Block Diagram
[0061] Referring now to FIG. 3, a block diagram illus-

trating the preferred embodiment of a computer system
incorporating the IMC 140 according to the present inven-
tion is shown. It is noted that the present invention may be
incorporated into any of various types of computer systems
having various system architectures. As shown, the com-
puter system includes a central processing unit (CPU) 102
which is coupled through a CPU local bus to a host/PCI/
cache bridge 105. The bridge 105 incorporates the cache 104
and I/O subsystem controller 116 of FIG. 2.

[0062] The IMC 140 of the present invention couples to
the bridge 105. In the preferred embodiment, the IMC 140
comprises a single chip, as shown. However, it is noted that
the IMC 140 may comprise two or more separate chips or
controllers, as desired. Main memory or system memory 110
couples to the IMC 140. The IMC 140 provides video
outputs to video monitor 142 and audio outputs to Audio
DAC 144. Speakers 145 are connected to the Audio DAC
144. A boot device 146 is preferably coupled to the IMC
140. The host/PCl/cache bridge 105 also interfaces to a
peripheral component interconnect (PCI) bus 118. In the
preferred embodiment, a PCI local bus is used. However, it
is noted that other local buses may be used, such as the
VESA (Video Electronics Standards Association) VL bus or
a proprietary bus. In an alternate embodiment, the IMC 140
is coupled directly to the PCI bus 118 as a PCI device.
Alternatively, the IMC 140 is adapted to the P6.0 bus, which
is a high-speed interconnect for Intel P6 processors and
related devices. In one embodiment, the IMC 140 includes
a pin-strappable interface which can couple either to the PCI
bus or to an address/data CPU bus.

[0063] Various types of devices may be connected to the
PCI bus 118. It is noted that, in prior art computer systems,
a video adapter and video frame buffer would be coupled to
the PCI bus 118 for controlling video functions. However, in
the computer system of the present invention, video func-
tions are performed by the IMC 140. Also, video data is
stored in system memory 110, and thus a separate video
frame buffer is not required.

[0064] As shown in FIG. 3, a SCSI (small computer
systems interface) adapter 119 is coupled to the PCI bus 118.
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In the embodiment shown in FIG. 3, the SCSI adapter
connects to two disk drive units 120, a CD-ROM 130, and
a tape drive 132. Various other devices may be connected to
the PCI bus 118, such as a network interface card 134. As
shown, the network interface card 134 interfaces to a local
area network (LAN) 136.

[0065] In the embodiment shown, expansion bus bridge
logic 150 is coupled to the PCI bus 118. The expansion bus
bridge logic 150 is coupled to the PCI bus 118. The
expansions bus bridge logic 150 interfaces to an expansion
bus 152. The expansion bus 152 may be any of varying
types, including the industry standard architecture (ISA)
bus, also referred to as the AT bus, the extended industry
standard architecture (EISA) bus, or the microchannel archi-
tecture (MCA) bus. Various devices may be coupled to the
expansion bus 152, including expansion bus memory 154, a
keyboard 122 and a mouse 124. The expansion bus bridge
logic 150 also couples to a peripheral expansion bus referred
to as the X-bus 160. The X-bus 160 is used for connecting
various peripherals to the computer system, such as an
interrupt system 162, a real time clock (RTC) and timers
164, a dircct memory access (DMA) system 166, and
ROM/Flash memory 168, among others.

[0066] Alternate Computer System Embodiments

[0067] FIG. 3A illustrates an alternate embodiment of the
computer system of FIG. 3 including memory control and
graphics/audio blocks coupled to the system memory 110. In
this embodiment, the host/PCl/cache bridge 105 couples to
a memory control block 181 which couples to system
memory 110. The host/PCl/cache bridge 105 also couples to
a graphics/audio control block 182 which couples to system
memory 110. Video monitor 142 and audio DAC 144 are
coupled to the graphics/audio block 182. Speakers 145
connect to the Audio DAC 144. Thus, in this embodiment,
the internal logic of the IMC 140 is split into two chips 181
and 182, one comprising the memory control logic 181 and
the other comprising the graphics/audio control logic 182.
This embodiment is preferably used where it is impractical
to include both the memory and graphical capabilities of the
IMC 140 of the present invention on a single chip.

[0068] FIG. 3B illustrates an alternate embodiment of the
computer system of FIG. 3 including two IMCs 1404 and
1406 coupled between the host/PCl/cache bridge 105 and
the system memory 110. In one embodiment the IMC 140a
is used solely for memory control functions and the IMC
1406 is used solely for graphical and audio functions.
Alternatively, the IMCs 140a and 1405 each perform both
memory and graphics/audio functions for increased perfor-
mance. For example, the video monitor 142 may optionally
be coupled to both IMCs 140a and 140b.

[0069] FIG. 3C illustrates an alternate embodiment of the
computer system of FIG. 3 including a first IMC 140a
coupled between the host/PCl/cache bridge 105 and the
system memory 110. A second IMC 1405 is coupled to the
PCI bus 118, and the second IMC 1405 also couples to the
system memory 110. Video monitor 142 and Audio DAC
144 are coupled to the IMC 140b and speakers 145 connect
to the Audio DAC 145. Alternatively, the first IMC 1404 can
simply be a memory controller without graphical or audio
capabilities.

[0070] FIG. 3D illustrates a computer system including
the IMC and using a prior art architecture similar to that of
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FIG. 1. A first IMC 140a or memory controller is coupled
between the host/PCl/cache bridge 105 and the system
memory 110. A second IMC 1406 couples to the PCI bus
118. A frame buffer 141 separate from system memory 110
is coupled to the IMC 140b. Video monitor 142 and Audio
DAC 144 are coupled to the IMC 140b and speakers 145
connect to the Audio DAC 145. This embodiment does not
have many of the same advantages as the embodiments
described above because a separate frame buffer 141 is used.
Also, this system requires graphical data or pixel data
transfers between the system memory 110 and the frame
buffer 141, which are not required in the above systems.
Alternatively, the computer system includes a dedicated
(non-IMC) memory controller, and the IMC 140 is used as
the graphics accelerator in the graphics adapter 112.

[0071]

[0072] In the preferred embodiment, the IMC 140 is a
system bus master, thus providing a better cost/performance
ratio. In the preferred embodiment of FIG. 3, the IMC 140
can act as a master on the PCI bus 118 in a similar manner
that the CPU 102 acts as a master on the PCI bus 118. In one
embodiment, the PCI/cache bridge 105 includes arbitration
logic, and the CPU 102 and the IMC 140 arbitrate for control
of the PCI bus 118. As is well known, a PCI master is able
to initiate burst mode or DMA data transfers onto or off-of
the system bus, and such transfers minimize the amount of
work the CPU 102 and IMC 140 must perform to move data
around the system. Since the IMC 140 is a PCI master,
memory acquisition or data transfers of certain data-types
which are stored in permanent storage (disks) or across the
network (LAN) do not consume CPU resources. It is noted
that the CPU 102 must service the request to transfer, (IMC
register initialization for the transfer). However, the CPU
102 is not required to actually perform the data transfer once
the link has been established, and thus CPU processing time
is saved. In the preferred embodiment where the IMC 140 is
a bus master, once the CPU 102 has set up the data transfer,
data movement is controlled by the IMC 140. In this case the
IMC 140 may be tasked with decompression of data coming
off of the system hard drive. Another example is an external
MPEG decoder for live video. Once initialized, the IMC 140
moves and prepares the data for display without CPU
intervention. With the IMC’s ability to control transfer,
decompression and display, the CPU 102 is not required to
use processing power in order to transfer data between
subsystems.

[0073]

[0074] Referring now to FIG. 4, a block diagram illus-
trating how the IMC 140 interfaces to various devices is
shown. In the embodiment shown in FIG. 4, the IMC 140
is coupled to a PCI bus wherein the PCI bus is the system
bus 106. However, in the preferred embodiment, the IMC
140 is coupled to an expansion bus/cache bridge 105, as
shown in FIG. 3. An external BIOS ROM 146 is coupled to
the IMC 140 for boot and initialization of the computer
system. As mentioned above, in the preferred embodiment
the IMC 140 includes dual memory control units for con-
nection of up to 512 Megabytes of system memory. Each
memory control unit generates respective address and data
signals as shown. For example, a first memory control unit
generates address and data signals (Addl and Datal) and a
second memory control unit also generates address and data

IMC as a Bus Master

IMC Interface
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signals (Add2 and Data2). In an alternate embodiment, the
IMC 140 includes a single memory control unit. The IMC
140 also generates the appropriate video signals for driving
the video display monitor 142. As shown, the IMC 140
generates red, green and blue signals referred to as red, grn
and blu, for driving the video display monitor 142 and
generates horizontal and vertical synchronization signals
referred to as HSYNC and VSYNC, respectively. The IMC
140 further generates audio signals to an Audio DAC 144,
which in turn provides analog audio signals to one or more
speakers (not shown).

[0075] IMC System Boot Procedure

[0076] The BIOS ROM 146 stores boot data, preferably in
a compressed format. At power-up, the IMC 140 reads and
decompresses the BIOS data from the BIOS ROM 146 into
a normal format and loads the data into the system memory
110. In the preferred embodiment, all memory accesses are
suspended until the boot code has been transferred to the
system memory 110 and is ready to be read. All internal IMC
mapping registers default to point to the boot code for power
on operation. Once the boot code has been loaded into
system memory 110, the CPU 102 traps the starting address
of the boot code to begin boot operations.

[0077] The boot code is responsible for a number of
configuration options of the IMC 140. When a reset input to
the IMC 140 referred to as nRESET goes inactive high,
configuration resistors tied to inactive signals determine the
start up procedures. If the configuration is set to boot from
the IMC boot code, the data is read by the IMC 140,
optionally decompressed, and transferred into the system
memory 110. Before this operation can take place, the IMC
140 must also be programmed. When the boot device 146 is
connected to the IMC 140, the first portion of the boot code
is specific to the IMC 140. This code is read from the boot
device 146 into the IMC instruction register FIFO. IMC
instructions such as load and store registers set up the
initialization of the IMC. These operations include but are
not limited to: set refresh, map PCI memory bounds, ini-
tialize display timing, and read main CPU boot code to
specific system memory address. In addition, if the boot
code is in a compressed format, the IMC initialization
routine sets up the IMC for decompression of such code. It
is noted that all boot code for the IMC is in a “non-
compressed” format. Once the system boot and driver have
been initialized, the IMC protocol for instruction processing
can be in a compressed format

[0078] Once the boot code is transferred to the system
memory 110 by the IMC 140, an NMI or high level interrupt
is generated from the IMC interrupt output pin. Optionally,
the IMC can communicate a “NOT READY” status to the
CPU 102 to prevent access until the boot memory 146 is in
place. After the IMC 140 has set the memory bounds and
configured the PCI interface configuration, set display and
memory refresh timings, decompressed and/or loaded host
CPU boot code into system memory, an interrupt out instruc-
tion from the IMC 140 directs the host CPU 102 to begin
instruction execution for completion of system initialization.

[0079] Non-IMC System Boot Procedure

[0080] In an alternate embodiment, the computer system
does not include a boot device coupled to the IMC boot
device port. In this embodiment, the IMC 140 resides in the
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system as a coprocessor. A waiting register loads into the
IMC 140 to enable access to the main memory 110. In an
embodiment where the IMC 140 is coupled to the PCI bus,
the IMC 140 contains the correct configuration information
in order for the system to recognize the IMC 140 as a PCI
peripheral device. In this architecture the host CPU 102 is
responsible for register loads to initialize the IMC 140. Such
initialization sets up the decode memory map for non-
compressed and compressed data storage, as well as the
display for output and any other set-up required to boot the
operating system.

[0081] IMC Block Diagram

[0082] FIG. 5 illustrates a more detailed block diagram of
the internal components comprising the IMC 140 of the
present invention. It is noted that various of the elements in
FIG. 5 are interconnected with each other, wherein many of
the various interconnections are not illustrated in FIG. 5 for
simplicity.

[0083] As shown, the IMC 140 includes bus interface
logic 202 for coupling to the host computer system, i.e., for
coupling to the system bus 106. In the preferred embodi-
ment, the system bus 106 is the CPU bus or host bus.
Alternatively, the system bus 106 is the PCI bus, and the bus
interface logic 202 couples to the PCI bus. Instruction

storage/decode logic 230 is coupled to the bus interface
logic 202.

[0084] The bus interface logic 202 couples to an execution
engine 210 through two first in first out (FIFO) buffers 204
and 206. In other words, the two FIFO buffers 204 and 206
are coupled between the bus interface logic 202 and the
execution engine 210. The FIFO buffers 204 and 206
decouple data transfers between the external asynchronous
computer system and the synchronous logic comprised
within the IMC 140. The execution engine 210 includes a
data compression/decompression (codec) engine according
to the present invention, as described further below. The
execution engine 210 also include texture mapping logic for
performing texture mapping on pixel data. In one embodi-
ment, the execution engine 210 includes separate compres-
sion and decompression engines.

[0085] The execution engine 210 couples to a graphics
engine 212. The graphics engine 212 essentially serves as
the graphical adapter or graphics processor and includes
various graphical control logic for manipulating graphical
pixel data and rendering objects. The graphics engine 212
includes polygon rendering logic for drawing lines, tri-
angles, etc., i.e., for interpolating objects on the display
screen 142. The graphics engine 212 also includes other
graphical logic, including ASCII to font conversion logic,
among others. The instruction storage/decode logic 230
stores instructions for execution by the graphics engine 212.

[0086] In onc embodiment, the exccution engine 210
comprises a DSP engine which performs both codec func-
tions as well as graphical functions. In one embodiment, the
DSP engine includes one or more ROMs which store dif-
ferent microcode depending on the task being performed,
and the DSP engine dynamically switches between different
sets of microcode to perform different tasks.

[0087] The graphics engine 212 couples to respective
memory control units referred to as memory control unit
#1220 and memory control unit #2222 via respective FIFO
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buffers 214 and 216, respectively. Memory control unit
#1220 and memory control #2222 provide interface signals
to communicate with respective banks of system memory
110. In an alternate embodiment, the IMC 140 includes a
single memory control unit. The graphics engine 212 reads
graphical data from system memory 110, performs various
graphical operations on the data, such as formatting the data
to the correct x, y addressing, and writes the data back to
system memory 110. The graphics engine 212 performs
operations on data in the system memory 110 under CPU
control using the high level graphical protocol. In many
instances, the graphics engine 212 manipulates or resets
pointers and manipulates data in windows workspace areas
in system memory 110, rather than transferring the pixel data
to a new location in system memory 110.

[0088] The two memory control units 220 and 222 can
each preferably address up to 256 Megabytes of system
memory 110. Each memory control unit 220 and 222 com-
prises a complete address and data interface for coupling to
system memory 110. Each memory control unit 220 and 222
also includes internal collision logic for tracking of opera-
tions to avoid data coherency problems. The memory control
units 220 and 222 are coupled internally and include a
complete display list of memory operations to be performed.
Multiple display lists are used for memory transfers as well
as screen refresh and DRAM refresh operations. Both
memory control units 220 and 222 span the entire memory
interface address space and are capable of reading any data
comprised within the system memory 110.

[0089] A Window Assembler 240 is coupled to each of the
memory control units 220 and 222. The Window Assembler
240 includes logic according to the present invention which
assembles video refresh data on a per window or per object
basis using a novel pointer-based Display Refresh List
method. This considerably improves system and video per-
formance. The Display Refresh List is stored in system
memory 110 and uses pointers which reference video data
for display. The Window Assembler 240 also uses a respec-
tive window workspace located in system memory 110 for
each window or object on the display screen 142. In other
words, the Window Assembler 240 includes memory
mapped I/O registers which point to applications-specific
memory areas within the system memory 110, i.e., areas of
system memory 110 which are mapped as windows work-
space memory. Each window workspace contains important
information pertaining to the respective window or applica-
tion, including the position of the window on the display, the
number of bits per pixel or color composition matrix, depth
and alpha blending values, and respective address pointers
for each function. Thus each window on the display screen
includes an independent number of colors, depth, and alpha
planes. The information in each respective window work-
space is used by the Window Assembler 240 during screen
refresh to draw the respective window information on the
display screen 142.

[0090] Therefore, the system memory 110 includes work-
space areas which specify data types, color depths, 3D depth
values, screen position, etc. for each window on the screen.
A Display Refresh List or queue is located in system
memory 110, and the Window Assembler 240 dynamically
adjusts and/or constructs the Display Refresh List according
to the movement of data objects which appear on the video
display screen 142. Thus, when an object or window is
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moved to a new position on the video screen, the data
comprising the object does not transfer to another location in
system memory 110. Rather, only the display pointer address
is changed in the system memory 110, and this change is
reflected in the Display Refresh List. This provides the effect
of moving data from a source address to a destination
address, i.e., a bit block transfer (bit blit), without ever
having to move data comprising the object to a new location
in system memory 110. This provides greatly increased
performance over conventional bit blit operations com-
monly used in graphical systems.

[0091] The Window Assembler 240 is coupled to a display
storage buller 244 where the screen refresh pixel data is
stored. The display storage buffer 244 is coupled to a display
memory shifter 246 which in turn is coupled to respective
red, green and blue digital to analog converters (DACs)
which provide the respective red, green and blue signals to
the display unit 142. The IMC 140 also provides horizontal
and vertical synchronization signals (not shown in FIG. 4).
In one embodiment, the Window Assembler 240 also pro-
vides audio signal outputs to an Audio Shifter 242 which
provides audio output signals, as shown.

[0092] The IMC 140 includes a bursting architecture
designed to preferably burst 8 bytes or 64 bits of data during
single transfers, and can also burst 32 bit (4 byte) transfers
for PCI bus transfers. The IMC 140 also includes logic for
single byte and multiple byte operations using either big or
little endian formats. The IMC 140 transfers data between
the system bus and main memory 110 and also transfers data
between the system memory 110 and the internal shift
registers 244 and 246 for graphical display output. All data
transferred within the IMC 140 is subject to operation within
the execution engine 210 and/or the graphics engine 212 as
the data traverses through the data path of the IMC 140.

[0093] Compression/Decompression Engine

[0094] Referring now to FIG. 6, the execution engine 210
preferably includes a single compression/decompression
engine 301 which performs compression and decompression
functions. This single engine 301 is preferablye a dedicated
codec hardware engine. In one embodiment, the codec
engine 301 comprises a DSP core with one or more ROMs
which store different sets of 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 codec engine
301 dynamically shitts between the different sets of micro-
code in the one or more ROMs depending on the function
being performed.

[0095] As shown in FIG. 6A, in one embodiment, the
execution engine 210 in the IMC 140 preferably includes an
embedded lossless data compression engine 302 and decom-
pression engine 304 designed to compress and decompress
data as data is transferred to/from system memory 110. In
the following description, the execution engine 210 is
described as having separate compression and decompres-
sion engines 302 and 304. In the present disclosure, the term
“compression/decompression engine” includes a single inte-
grated engine which performs compression and decompres-
sion functions as well as separate compression and decom-
pression engines

[0096] Thus, the IMC 140 includes two data formats
referred to as “compressed” data and “normal” data. The



US 2002/0010819 Al

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. Compression of normal data format to
compressed data format results in a small performance
penalty. However, the decompression of compressed data
format to normal data format does not have an associated
penalty. In one embodiment, the compression engine 302 is
implemented in software by the CPU 102.

[0097] In the preferred embodiment, the compression
engine 302 and decompression engine 304 comprise hard-
ware engines in the IMC 140, or alternatively use pieces of
the same engine for compression and decompression. In the
preferred embodiment, the compression engine 302 and
decompression engine 304 in the IMC 140 comprise one or
more hardware engines which perform LZRW compression
and decompression. For more information on a data com-
pression and decompression system using LZRW compres-
sion, please see U.S. Pat. No. 4,701,745, titled “Data Com-
pression System,” which issued Oct. 20, 1987 and which is
hereby incorporated by reference in its entirety. In an
alternate embodiment, the data compression and decompres-
sion engines 302 and 304 utilize the data compression/
decompression processor hardware disclosed in U.S. Pat.
No. 5,410,671, titled “Data Compression/Decompression
Processor,” which issued Apr. 25, 1995 and which is hereby
incorporated by reference in its entirety. Other types of data
compression/decompression methods may be used. For
examples of other data compression/decompression meth-
ods which can be used in the hardware engines 302 and 304
of the present invention, please see U.S. Pat. No. 4,464,650
and U.S. Pat. No. 4,558,302 which are both hereby incor-
porated by reference. The above two patents present imple-
mentations of a data compression method described by
Lempel and Ziv in “Compression of Individual Sequences
Via Variable-Rate Coding,” IEEE Transactions on Informa-
tion Theory, I'T-5, September 1977, pages 530-537, and “A
Universal Algorithm for Sequential Data Compression,”
IEEE Transactions on Information Theory, IT-23-3, May
1977, pages 337-343 and the above two articles are both
hereby incorporated by reference.

[0098] The compression engine 302 and decompression
engine 304 of the present invention may also include spe-
cialized compression/decompression engines for image
data. For example, one embodiment utilizes compression
and decompression engines 302 and 304, which are shown
and described in U.S. Pat. No. 5,408,542, titled “Method and
Apparatus for Real-Time Lossless Compression and
Decompression of Image Data,” which issued Apr. 18, 1995
and which is hereby incorporated by reference in its entirety.
In an alternative embodiment, the compression and decom-
pression engines 302 and 304 utilize lossy decompression
techniques and comprise the system and method taught in
U.S. Pat. No. 5,046,119 titled “Method and Apparatus for
Compressing and Decompressing Color Video Data with an
Aanti-Aliasing Mode,” this patent being hereby incorporated
by reference in its entirety. For related information on
compression and decompression engines for video applica-
tions, please see U.S. Pat. No. 5,379,356 titled “Decompres-
sion Processor for Video Applications,” U.S. Pat. No. 5,398,
066 titled “Method and Apparatus for Compression and
Decompression of Digital Color Images,” U.S. Pat. No.
5,402,146 titled “System and Method for Video Compres-
sion with Artifact Dispersement Control,” and U.S. Pat. No.
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5,379,351 titled “Video Compression/Decompression Pro-
cessing and Processors,” all of which are hereby incorpo-
rated by reference in their entirety.

[0099] For other types of data compression and decom-
pression methods which may be used in the compression and
decompression engines 302 and 304 of the present inven-
tion, please see U.S. Pat. No. 5,406,279 titled “General
Purpose, Hash-Based Technique for Single Pass Iossless
Data Compression,” U.S. Pat. No. 5,406,278 titled “Method
and Apparatus for Data Compression Having an Improved
Matching Algorithm which Utilizes a Parallel Hashing Tech-
nique,” U.S. Pat. No. 5,396,595 titled “Method and System
for Compression and Decompression of Data.”

[0100] In the preferred embodiment of the invention, the
compression engine 302 and decompression engine 304 use
a lossless compression method. Any of various lossless
compression methods may be used as desired. As noted
above, in the preferred embodiment, LZRW compression is
used as shown in U.S. Pat. No. 4,701,745. However, it is
noted that other lossless compression methods may be used,
and in some embodiments lossy compression methods may
be used as desired.

[0101] In the preferred embodiment of the invention, the
compression engine 302 and decompression engine 304 are
hardware engines comprised of logic circuitry. In an alter-
nate embodiment, the compression and decompression
engines 302 and 304 include a dedicated compression/
decompression processor which executes instructions out of
a ROM or RAM memory. Various other implementations
may be used to embed a compression/decompression within
the memory controller according to the present invention.

[0102] According to the present invention, a software
subroutine executing on the CPU 102 directs the IMC to
compress data before the data is written to system memory
110 or hard disk 120. This is preferably accomplished after
the compilation period of the software and thus does not
affect the performance of run time executables. During
program execution, the compressed data, in the form of
either executables or data files, is decompressed by the
decompression engine 304 in the IMC 140 as data is
retrieved from the system memory 110. Data stored in
compressed format either on the hard disk 120 or on other
I/O subsystems such as a LAN (local area network), serial
ports, etc., is transferred to the system memory 110 and is
either decompressed to normal data by the decompression
engine 304 in the IMC 140 during the transfer or is stored
as compressed data in the system memory 110 for later
decompression.

[0103] The operation of the compression unit 302 and the
decompression unit 304 in the IMC 140 are completely
transparent to system level application software. According
to the present invention, special directives are included in
the computer’s operating system software which imbed
directives used in file and data transfers, where the directives
are used by the IMC 140 for data manipulation. In this
manner, the IMC 140 predicts the necessary data manipu-
lation required, i.e., compression or decompression, ahead
of the actual execution requirements of the software appli-
cation. This system level architecture provides a mechanism
for the determination of when and how data is to be
transferred and the particular data format, either normal or
compressed format, in which the data is to be represented.
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Software overrides may also be included in software appli-
cations in systems where it is desired to control decompres-
sion of data at the software application level. In this manner,
an additional protocol for data compression or decompres-
sion is not required.

[0104] Data decompression is particularly important for
live video system throughput and texture map storage. In
prior art computer systems, live video is limited by the data
transfer rate of the raw digital video data between the storage
device, the system bus, and the system memory 110 or video
subsystem. The IMC 140 of the present invention provides
video acceleration with minimal CPU overhead because the
IMC 140 decompresses the incoming video data. It is noted
that the IMC 140 requires external video input digitization
for live video. The IMC 140 also may require an external
device for compression of some video formats, such as
MPEG.

[0105] In addition, while incoming video input is received
by the IMC 140, decompressed, and transferred to the hard
disk 120 or other 1/O device, the video data may also be
stored in normal format in the system memory 110 for
immediate display on the video monitor 142. The video data
stored in the system memory 110 is displayed according to
the refresh display list system and method of the present
invention comprised in the Window Assembler 240. Thus,
this provides the mechanism for receiving video, storing it
in compressed format on the disk 120, and also displaying
the live video on the display screen 142 in real time during
video capture with minimal CPU involvement. Also, as
discussed fiirther below, the pointer-based display list video
refresh system and method of the present invention provides
greatly improved video display capabilities than that found
in the prior art. In the 3-D video game market large amounts
of memory storage are required to store and manipulate
texture images for texture mapping. By storing the texture
source (or texels) in compressed format, the IMC 140
reduces both hard disk and memory capacity requirements.
The IMC 140 can then be directed by the CPU 102 to expand
the compressed textures before texture mapping of display
objects is required.

[0106] FIGS. 7-15 illustrate various examples of data
compression, data decompression, and data transfer within a
computer system including an IMC 140 according to the
present invention. FIG. 7 illustrates data transfer in either a
normal format or compressed format within the computer
system without modification by the IMC 140. Thus, the IMC
allows data transfers by the system DMA logic or CPU
without performing any type of compression or decompres-
sion operations, i.e., without any special functions or opera-
tions on the data stream. The data is stored in memory or is
transferred to the disk or I/O subsystem without any modi-
fications. It is noted that this mode represents the standard
prior art method for system data transfer where no compres-
sion or decompression operations are performed on the data
by the memory controller. In this mode, the IMC 140 is
unaware of the data format type and whether the data is for
transfer or storage.

[0107] FIG. 8 illustrates a memory-to-memory decom-
pression operation implemented by the IMC 140 according
to the present invention. As shown, the IMC 140 performs
decompression of data within the system memory 110
without host CPU intervention, i.e., without requiring inter-

30

Jan. 24, 2002

vention of software routines executing on the host CPU 102.
As shown in FIG. 8, compressed data stored in the system
memory is expanded into a normal data format by passing
through the decompression engine 304 in the IMC 140. This
operation is necessary for preparation of executables which
contain instructions and operands directly responsible for
CPU program execution. The IMC 140 is directed by
initialization code in the form of a malloc instruction to
allocate a block for executable storage and to decompress
the existing routines already present in the memory sub-
system.

[0108] FIG. 9 illustrates operation of the decompression
engine 304 in the IMC 140 obtaining compressed data from
the system memory 110, decompressing the data, and trans-
ferring the data to the CPU 102 or hard disk 120. Thus, the
CPU 102 or hard disk 120 or respective 1/0 subsystem is
capable of reading normal noncompressed data for storage
and/or execution from the system memory 110 even when
the data stored in system memory is stored in a compressed
format. The decompression engine 304 and the IMC 140
operates transparently relative to the remainder of the com-
puter system and operates to transform compressed memory
data stored in system memory 110 into noncompressed data
or data in the normal format. The decompression operation
is transparent and occurs during a read operation from the
CPU to system memory 110. The IMC 140 also includes a
look ahead architecture system which ensures that the data
being read is always available. Thus, stall-out, i.e., the
decompression engine 304 failing to keep up with the CPU
requests, only occurs when the CPU reads blocks of non-
sequential data.

[0109] FIG. 10 illustrates operation of the IMC 140 in
decompressing data from either the CPU 102 or hard disk
120 and storing the decompressed or normal data into
system memory 110. Thus, data can be transferred from hard
disk 120 and I/O subsystem or from the CPU 102 can be
decompressed and stored in a normal format for later
execution or use. This mode of operation is preferably the
standard mode. This method allows smaller data files and
smaller amounts of information to be transferred on the
system bus as data is read from a hard disk 120 or from a
local area network (LAN) via a network interface card. The
CPU 102 may also obtain and/or move data from a com-
pressed format and store the data in a normal format in the
system memory 110 without the CPU 102 having to execule
a decompression algorithm in software. This enables execut-
able programs that are stored on the hard disk 120 in
compressed format that are transferred by the CPU 102 in
compressed format to be expanded within the IMC 140 into
a normal format during memory storage.

[0110] FIG. 11 illustrates compressed data transferred
from the hard disk 120 decompressed within the IMC 140
and read as normal data by the CPU 102. This is for cases
where it is desirable for the CPU to read data from the hard
disk 120 or an I/O subsystem where the data is stored in a
compressed format and CPU 102 desires to read the data in
a normal format or noncompressed format. The IMC 140
includes a special transfer mode by which the data is not
required to be temporarily stored in the system memory 110
in order for decompression to occur. It is noted, however,
that the data transfer time may actually be increased in this
mode due to the duality of the single interface bus at the
interface of the IMC 140. In one embodiment of the inven-
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tion, the decompression logic 304 includes a dual ported
nature with FIFOs at each end wherein compressed data is
read into one end and decompressed data is output from the
other to increase decompression operations.

[0111] FIG. 12 illustrates operation of the IMC 140 in
converling normal data, i.e., data in a normal format, in the
system memory 110 into data stored in a compressed format
within the system memory 110. In one embodiment, the
IMC 140 includes a compression engine 302 which accom-
panies software compression performed by the CPU 102. In
some applications, it is faster and more convenient to be able
to compress data off line without CPU intervention. This
compression operation may generally be used for areas of
“cachedout” program or operand data, i.e., data stored in the
system memory 110 that is either noncacheable or is not
currently in the cache memory. Thus, the IMC 140 allows
for memory compaction during a software application’s
memory allocation and cleanup routine. FIG. 12 illustrates
how the IMC 140 canread data in its normal format from the
system memory 110, compress the data, and then write the
data back to system memory 110 for later decompression.
This is a dynamic operation and can be imbedded into
software applications as desired.

[0112] FIG. 13 illustrates operation of the compression
engine 302 in the IMC 140 retrieving data stored in a normal
format in the system memory 110 and providing compressed
data to either the CPU 102 or the hard disk 120. In a
computer system incorporating the IMC 140 according to
the preferred embodiment, this operation of the compression
engine 302 in transferring data stored in a normal format
from system memory 110 and storing the data in a com-
pressed format on the hard disk 120 is preferably one of the
most common uses for the IMC compression engine 302.

[0113] As shown, data stored in the normal format in the
system memory 110 can effectively be “cached” onto the
hard disk 120 or an I/O subsystem in compressed format for
later use. This method is substantially more efficient than
normal data transfers because, due to the compression, the
amount of data transferred is less. When a memory miss
occurs, i.e., when the CPU requests data from the system
memory 110 and the data is not present in the system
memory 110 because the data has been stored in a com-
pressed format on the hard disk 120, data in the system
memory 110 that has been least recently used is written in
compressed format to the disk to make room for the data
requested by the CPU 102. Thus, this operation is similar to
a cache system where, on a cache miss, the least recently
used (LRU) data is overwritten with the requested data
because this data is the least likely to be requested in the
future. If the CPU 102 includes an internal first level cache
system and the cache system 104 is a second level cache
system, the system memory 110 effectively acts as a third
level cache system storing LRU data in a compressed format
in main memory rather than writing the data back to the hard

disk 120.

[0114] As shown in FIG. 12, instead of transferring the
LRU data from system memory 10 to the hard disk 120, the
data is not cached to disk but rather is compressed by the
compression engine 302 and stored in system memory 110
in compressed format. For example, when a page miss
occurs the data is conventionally transferred to the hard disk.
However, according to the present invention, the data is
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stored in system memory 110 in compressed format. This
allows faster recall of data when a page miss occurs since the
requested data is still in system memory 110, albeit in
compressed format.

[0115] The compression engine 302 in the IMC 140 pro-
vides that only compressed data is transferred between the
hard disk 120 and the system memory 110, thus providing
substantially faster transfers because of the reduced amount
of data required to be transferred. This greatly increases the
performance and storage capability of computer systems
which implement virtual memory by swapping data from the
system memory 110 to and from the hard disk 120. It is
further noted that the IMC 140 compresses data stored in the
normal format in system memory 110 and transfers this
compressed data to the CPU if the CPU 102 desires to obtain
the data in a compressed format. It is anticipated that this
will not be as common as the transfer of data in a normal
format in system memory 110 to a compressed format on the
hard disk 120 as described above.

[0116] FIG. 14 illustrates data in a normal noncompressed
format transferred from either the hard disk 120 or CPU 102
to the IMC 140 where the compression engine 302 in the
IMC 140 converts the data into compressed data and stores
the compressed data in the system memory 110. It is noted
that there are generally rare occasions when the hard disk
120, an I/O subsystem, or even the CPU 102 transfers data
in normal format to the IMC where it is desirable to store the
data in compressed format in the system memory 110. This
could typically occur from foreign applications programs
loaded into from the floppy drive or retrieved from a local
area network where it is desirable to compress this infor-
mation before use or storage in the main system memory
110. Another usage is for storage of bitmaps and texture
maps which must be animated in real time. Here the disk or
LAN is too slow to load and register the image data for
animation. In this example, the IMC 140 registers com-
pressed bit maps (stored in compressed format on disk) and
then uses the method shown in FIG. 8 on an “as needed”
basis.

[0117] FIG. 15 illustrates compression of data from the
CPU 102 and storage of the compressed data on the hard
disk 120 or transferred over another I/O subsystem. Thus,
another feature of the compression engine 302 of the present
invention is the ability to write CPU data in normal format
directly onto the system disk 120 or I/O subsystem in a
compressed format. This is performed without requiring the
CPU 102 to implement a special software compression
algorithm, thus saving CPU resources.

[0118] Compression/Decompression Engine for Caching
Data in a Compressed Format

[0119] The compression/decompression engine 301 in the
IMC 140 is also preferably used to cache least recently used
(LRU) data in the main memory 110. Thus, on CPU memory
management misses, which occur during translation from a
virtual address to a physical address, the compression/
decompression engine 301 compresses the LRU block of
system memory 110 and stores this compressed LRU block
in system memory 110. Thus the LRU data is effectively
cached in a compressed format in the system memory 110.
As a result of the miss, if the address points to a previously
compressed block cached in the system memory 110, the
compressed block is decompressed and tagged as the most
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recently used (MRU) block. After being decompressed, this
MRU block is now accessible to the CPU 102.

[0120] Referring now to FIG. 16, a flowchart diagram is
shown illustrating operation of the computer system where
the compression/decompression engine is used to store or
“cache” LRU data in a compressed format in the system
memory 110. In step 502 the CPU 102 requests data from the
system memory 110, ie., the CPU provides addresses of
requested data to the IMC 140. In step 504 the IMC 140
determines if the data resides in the main memory 110 in a
normal format, ie., the IMC 140 determines if the data
resides in the “system memory cache”. If so, then in step 506
the IMC 140 transfers the requested data to the CPU 102,
and operation completes.

[0121] If the data is determined to not reside in the main
memory 110 in a normal format, then in step 508 the IMC
140 determines if the data resides in the main memory 110
in a compressed format. It is noted that the determinations
of steps 504 and 508 may essentially be performed in the
same step. If the data does not reside in the main memory
110 in a compressed format, then the data must be cached on
the disk subsystem 120, and in step 510 the requested data
is retrieved from the disk subsystem 120.

[0122] If the data resides in the main memory 110 in a
compressed format, then in step 522 the IMC 140 deter-
mines the least recently used data in main memory 110. Step
522 involves either determining the “true” LRU data or
determining “pseudo LRU” data according to a desired
replacement algorithm. In the present disclosure, the term
“least recently used data” or “LLRU data” refers to the data
the IMC 140 decides to compress and store (cache) in the
system memory 110, presumably because this data was
determined to be the least likely to be accessed by the CPU
102 in the future.

[0123] In step 524 the IMC 140 compresses the LRU data
and stores the compressed LRU data in main memory 110.
The compressed LRU data may also be cached to the disk
subsystem 120 if additional free system memory space is
needed. In step 526 the IMC 140 decompresses the
requested data and stores the uncompressed requested data
back to main memory 110. The IMC 140 also preferably
marks this data as most recently used (MRU) data. In step
528 the IMC 140 provides the requested data to the CPU
102, and operation completes.

[0124] Tt is noted that if the requested data resides in the
disk subsystem 120, then the data is retrieved by the IMC
140 in step 510 and steps 522-528 are then performed as
described above. In this instance, step 526 is performed only
if the data was stored on the disk subsystem 120 in a
compressed format, which is typically the case.

[0125] The use of the compression/decompression engine
to cache LRU data in compressed format in the system
memory greatly improves system performance, in many
instances by as much as a factor of 10, since transfers to and
from disk generally have a maximum transfer rate of 10
Mbytes/sec, whereas the decompression engine can perform
at over 100 Mbytes/second.

[0126] Mapping System Memory as Compressed and Nor-
mal

[0127] Under normal operations where the compression/
decompression engine is not used, the operating system
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software maps the IMC 140 as normal “physically
addressed” memory. For certain applications it is more
advantageous to map the system memory 110 into com-
pressed and normal data storage areas. This allows the
operating system to read and write to alternate address
ranges where the data is compressed or decompressed
during access or operation. This stage is preferably deter-
mined by information in an“attributes” list which stores
attributes about each window or object on the screen. The
attributes list is used by the Window Assembler 240 to
maintain information about windows or objects on the
screen. For more information on the attributes list and the
operation of the Window Assembler 240, please see FIG. 18
and the associated text in U.S. Pat. application Ser. No.
08/340, 667, referenced above.

[0128] FIG. 17 illustrates an example of mapping regis-
ters which determine whether the system memory space is
mapped into compressed or normal data storage areas. Thus,
as the address is input to the mapping registers, the com-
pression/decompression engine is engaged depending on the
predefined “locked ” memory bounds for each system
memory region.

[0129] As shown in FIG. 17, address range 0000xxxx to
0001xxxx is designated with “compress reads”, address
range 0001xxxx to 0002xxxx is designated with “decom-
press reads”, address range 0002xxxx to 0003xxxx is des-
ignated with “compress writes”, address range 0003xxxx to
0004xxxx is designated with “decompress writes”, and
address range 0004xxxx to 0008xxxx is designated with
“pormal”. Thus, if an address is in the range 0003xxxx to
0004xxxx, then reads are normal and writes are decom-
pressed, which is shown in FIG. 18. It is noted that all
combinations are possible, including any combination of
normal, compressed, and decompressed transfers for reads
and writes.

[0130] Thus, according to the present invention, the oper-
ating system tags system memory 110 for usage. In addition,
the IMC 140 maps areas of system memory as compressed
or decompressed.

[0131] Conclusion

[0132] Therefore, the IMC 140 of the present invention
includes a compression/decompression engine 301 which
off loads work from the CPU 102 and provides increased
data transfer capabilities that reduce the amount of data
required to be transferred. The IMC 140 of the present
invention incorporates compression and decompression in
the memory subsystem and thus off loads the host CPU 102
from having to perform this function. Thus, as shown above,
multiple choices are available for cost and performance
enhancements, and the IMC of the present invention pro-
vides numerous advances over the prior art.

[0133] Although the system and method of the present
invention has been described in connection with the pre-
ferred embodiment, 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 reasonably included within the spirit
and scope of the invention as defined by the appended
claims.
I claim:

1. A method for managing memory in a system including
a CPU, a system memory for storing applications and data,
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and a memory controller coupled between the CPU and the
system memory, wherein the memory controller performs
memory control functions for the system memory, wherein
the memory controller includes a hardware compression
engine, the method comprising:

the memory controller receiving an uncompressed block
of data to be stored in the system memory, wherein the
system memory is a volatile memory which stores at
least a portion of its data in a compressed format;

the hardware compression engine in the memory control-
ler compressing the uncompressed block of data to
produce a compressed block of data;

the memory controller storing the compressed block of
data in the system memory after said compressing the
uncompressed block of data.

2. The method of claim 1,

wherein said compressing the block of data and storing
the compressed block of data in the system memory
utilizes less space in the system memory than storing
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11. The method of claim 1,

wherein the system memory stores least recently used
data in a compressed format.
12. The method of claim 1,

wherein the memory controller includes a hardware com-
pression/decompression engine.
13. The method of claim 1,

wherein the hardware compression engine performs loss-
less compression;

wherein the hardware compression engine in the memory
controller compressing the uncompressed block of data
comprises the hardware compression engine in the
memory controller performing lossless compression on
the uncompressed block of data to produce the com-
pressed block of data.

14. The method of claim 1,

wherein the uncompressed block of data comprises CPU
application data.
15. (New) A method for managing memory in a system

the uncompressed block of data in the system memory.
3. The method of claim 1,

wherein said receiving comprises the memory controller
receiving the uncompressed block of data from the
system memory.

4. The method of claim 1,

including a CPU, a system memory for storing applications
and data, and a memory controller coupled between the CPU
and the system memory, wherein the memory controller
performs memory control functions for the system memory,
wherein the memory controller includes a hardware decom-
pression engine, the method comprising:

wherein said receiving comprises the memory controller
receiving the uncompressed block of data from the
CPU.

5. The method of claim 1,

wherein the system includes a nonvolatile memory;

wherein said receiving comprises the memory controller
receiving the uncompressed block of data from the
nonvolatile memory.

6. The method of claim 1,

wherein the memory controller includes a hardware
decompression engine; the method further comprising;:

the memory controller receiving the compressed block of
data from the system memory;

the hardware decompression engine in the memory con-
troller decompressing the compressed block of data to
produce an uncompressed block of data; and

the memory controller providing the uncompressed block
of data.
7. The method of claim 6,

wherein said providing comprises the memory controller
providing the uncompressed block of data to the CPU.
8. The method of claim 6,

wherein said providing comprises the memory controller
providing the uncompressed block of data to the non-
volatile memory.

9. The method of claim 1,

wherein the system memory stores a portion of its data in
an uncompressed format.
10. The method of claim 9,

wherein the system memory stores most recently used
data in an uncompressed format.
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the memory controller receiving a compressed block of
data from the system memory, wherein the system
memory is a volatile memory which stores at least a
portion of its data in a compressed format;

the hardware decompression engine in the memory con-
troller decompressing the compressed block of data to
produce an uncompressed block of data;

the memory controller providing the uncompressed block
of data after said decompressing the compressed block
of data.

16. The method of claim 15, further comprising:

storing the compressed block of data in the system
memory prior to said receiving;

wherein said storing the compressed block of data in the
system memory utilizes less space in the system
memory than storing the block of data in the system
memory in an uncompressed format.

17. The method of claim 15,

wherein said providing comprises the memory controller
storing the uncompressed block of data in the system
memory.

18. The method of claim 15,

wherein said providing comprises the memory controller
providing the uncompressed block of data to the CPU.
19. The method of claim 135,

wherein the system includes a nonvolatile memory;

wherein said providing comprises the memory controller
providing the uncompressed block of data to the non-
volatile memory.

20. The method of claim 15,

wherein the memory controller includes a hardware com-
pression engine; the method further comprising:
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the memory controller receiving the uncompressed block
of data;

the hardware compression engine in the memory control-
ler compressing the uncompressed block of data to
produce a compressed block of data; and

the memory controller storing the compressed block of
data in the system memory.
21. The method of claim 20,

wherein said receiving the uncompressed block of data
comprises the memory controller receiving the uncom-
pressed block of data from the CPU.

22. The method of claim 20,

wherein said receiving the uncompressed block of data
comprises the memory controller receiving the uncom-
pressed block of data from the nonvolatile memory.
23. The method of claim 15,

wherein the system memory stores a portion of data in an
uncompressed format.
24. The method of claim 15,

wherein the system memory stores most recently used
data in an uncompressed format.
25. The method of claim 15,

wherein the system memory stores least recently used
data in a compressed format.
26. The method of claim 15,

wherein the memory controller includes a hardware com-
pression/decompression engine.
27. The method of claim 15,

wherein the hardware decompression engine performs
lossless decompression;

wherein the hardware decompression engine in the
memory controller decompressing the compressed
block of data comprises the hardware decompression
engine in the memory controller performing lossless
decompression on the compressed block of data to
produce the uncompressed block of data.

28. The method of claim 15,

wherein the compressed block of data comprises CPU

application data.

29. (New) A method for managing memory in a system
including a CPU, a system memory for storing applications
and data, and a memory controller coupled between the CPU
and the system memory, wherein the memory controller
performs memory control functions for the system memory,
wherein the memory controller includes a hardware com-
pression engine, the method comprising:

the memory controller receiving an uncompressed block
of data from the system memory, wherein the system
memory is a volatile memory which stores at least a
portion of its data in an uncompressed format;

the hardware compression engine in the memory control-
ler compressing the uncompressed block of data to
produce a compressed block of data;

the memory controller storing the compressed block of
data in the system memory after said compressing the
uncompressed block of data.
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30. The method of claim 29,

wherein said compressing the block of data and storing
the compressed block of data in the system memory
utilizes less space in the system memory than storing
the uncompressed block of data in the system memory.
31. (New) A method for managing memory in a system
including a CPU, a system memory [or storing applications
and data, and a memory controller coupled between the CPU
and the system memory, wherein the memory controller
performs memory control functions for the system memory,
wherein the memory controller includes a hardware decom-
pression engine, the method comprising:

the memory controller receiving a compressed block of
data from the system memory, wherein the system
memory is a volatile memory which stores at least a
portion of its data in a compressed format;

the hardware decompression engine in the memory con-
troller decompressing the compressed block of data to
produce an uncompressed block of data;

the memory controller storing the uncompressed block of
data in the system memory after said decompressing
the compressed block of data.

32. The method of claim 31,

wherein said decompressing the compressed block of data
and storing the uncompressed block of data in the
system memory utilizes more space in the system
memory than storing the compressed block of data in
the system memory.
33. (New) A system with improved memory management,
the system comprising:

a CPU;

a system memory, wherein the system memory is a
volatile memory which stores at least a portion of its
data in a compressed format; and

a memory controller coupled to the CPU and to the system
memory, wherein the memory controller performs
memory control functions for the system memory,
wherein the memory controller includes a hardware
compression engine;

wherein the memory controller is operable to receive an
uncompressed block of data to be stored in the system
memory;

wherein the hardware compression engine in the memory
controller is operable to compress the uncompressed
block of data to produce a compressed block of data;

wherein the memory controller is operable to store the
compressed block of data in the system memory after
the hardware compression engine compresses the
uncompressed block of data.
34. (New) A system with improved memory management,
the system comprising:

a CPU;

a system memory, wherein the system memory is a
volatile memory which stores at least a portion of its
data in a compressed format; and

a memory controller coupled to the CPU and to the system
memory, wherein the memory controller performs
memory control functions for the system memory,
wherein the memory controller includes a hardware
decompression engine;
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wherein the memory controller is operable to receive a wherein the memory controller is operable to provide the
compressed block of data from the system memory; uncompressed block of data to a device after the
wherein the hardware decompression engine in the hardware decompression engine decompresses  the
memory controller is operable to decompress the com- compressed block of data.
pressed block of data to produce an uncompressed
block of data; ® %k ok
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