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1
SYSTEMS AND METHODS FOR

ACCEl.ERA'I'ED LOADING Olt‘ ()PERA'l‘Ii\'G
SYSTEMS AND APPLICATION PROGRAMS

(TROSS-R1315’ER]-ENCIE TO R1-"ll .A'l'l'iD
APPI .lCA'l'I()N

This application is a continuation of US. patent applica-
tion Ser. No. 1 11551.21 1, filed on Oct. 19. 2006. now US. Pat.
No. 8.112.619. which is a continuation ofU.S. patent appli-
cation Ser. No. 09f7'F"6_.267, filed on Feb. 2, 2001. now U.S.
Pat. No. 7.181.608. which is based on a US. Provisional

Application Ser. No. 6()r"l3U.l I4. filed on Feb. 3. 2000. all
three of which are fully incorporated herein by reference in
their entirety.

BACKGROUND

1. Technical Field

The present invention relates generally to systems and
methods for providing accelerated loading of operating sys-
tem aud application programs upon system boot or applica-
tion launch and. more particularly. to data storage controllers
employing lossless andfor lossy data compression and
decompression to provide accelerated loading of operating
systems and application programs.

2. 1)escription of the Related Art
Modern computers utilize a hierarchy of memory devices.

To achieve maximum perfortnance levels, modern processors
utilize onboard memory and on board cache to obtain high
bandwidth access to both program and data. Limitations in
process technologies currently prohibit placing a sulficient
quantity of onboard memory for most applications. Titus. in
order to offer sullicicnt memory for the operating system{s).
application programs, and user data, computers often use
various forms of popular off—processor high speed memory
including static random access memory (SRAM). synchro-
nous dynamic random access memory (SDRAM), synchro-
notrs burst static ram (SBSRAM). Due to the prohibitive cost
of the high-speed random access memory, coupled with their
power volatility. a third lower level of the hierarchy exists for
non-volatile mass storage devices.

Furthermore, mass storage devices offer increased capac-
ity and fairly economical data storage. Mass storage devices
(such as a “hard disk”) typically store the operating system of
21 computer system, as well as applications and data and rapid
access to such data is critical to system perfonnance. The data
storage and retrieval bandwidth of mass storage devices.
however. is typically much less as compared with the band-
width of other elements ofa computing system. indeed, over
the last decade. although computer processor performance
has improved by at least a factor of SO, magnetic disk storage
performance has only improved by a factor of 5. Conse-
quently. memory storage devices severely limit the perfor-
mance ofconsumer, entertainment, office, workstation, serv-
ers. and mainframe computers for all disk and memory
intensive operations.

The ubiquitous Internet combined with new multimedia
applications has pttt tremendous emphasis on storage volu-
metric density, storage mass density. storewidth. and power
consumption. Specifically. storage density is limited by the
number ofbits that are encoded in a mass storage device per
unit volume. Similarly mass density is defined as storage bits
per unit mass. Storewidth is the data rate at which the data
may be accessed. There are various ways of categorizing
storewidth in terms. several of the more prevalent metrics
include sustained continuous storewidth, burst stonewidlh.
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and random access storewidth. all typically measured in
megabytesfsec. Power consumption is canonically defined in
terms of power consumption per hit and may be specified
under a number of operating modes including active (while
data is being accessed and transmitted) and standby mode.
Hence one fairly obvious limitation within the current art is
the need foreven more volume. mass. and power efficient data
storage.

Magnetic disk mass storage devices currently employed in
a variety of home. business. and scientific computing appli-
cations suffer from significant seek-time access delays along
with profound readfwrite data rate limitations. Currently the
fastest available disk drives support only a sustained output
data rate in the tens of megabytes per second data rate (MB!
see). This is in stark contrast to the modem Personal Com-
puter's Peripheral Component Interconnect (PEI) l3us‘s low
end 32 bitf33 Mhz inputfoutput capability of 264 Mfifsec and
the PC‘ ‘s internal local bus capability of 800 MBfsec.

Another problem within the current art is that emergent
high performance disk interface standards such as the Small
Computer Systems Interface (SCSI—3), Fibre Chamiel, AT
Artaclunent UltraDMAl66!l 00. Serial Storage Architecture.
and Universal Serial Bus offer only higher data transfer rates
through intermediate data buffering in random access
memory. These interconnect strategies do not address the
fundamental problem that all modem magnetic disk storage
devices for the personal computer marketplace are still lim-
ited by the same typical physical media restrictions. 111 prac-
tice. faster disk access data rates are only achieved by the high
cost solution of simultaneously accessing multiple disk
drives with a technique known within the art as data striping
and redundant array of independent disks (RAID).

RA} D systems often afford the user the benefit of increased
data bandwidth for data storage and retrieval. By simulta-
neously accessing two or more disk drives. data bandwidth
may be increased at a niaximtnn rate that is linear and directly
proportional to the number of disks employed. Thus another
problem with modern data storage systems utilizing RAID
systems is that a linear increase in data bandwidth requires a
proportional number of added disk storage devices.

Another problem with most modern mass storage devices
is their inherent unreliability. Many modern mass storage
devices utilize rotating assemblies and other types ofelectro-
mechanical components that possess failure rates one ormore
orders of magnitude higher than equivalent solid-state
devices. RAID systems employ data redundancy distributed
across multiple disks to enhance data storage and retrieval
reliability. In the simplest case, data may be explicitly
repeated on multiple places on a single disk drive. on multiple
places on two or more independent disk drives. More com-
plex teclmiques are also employed that support various trade-
oifs between data bandwidth and data reliability.

Standard types of RAID systems currently available
include RAID Levels 0. l. and 5. The configuration selected
depends on the goals to be achieved. Specifically data reli-
ability. data validation. data storagelretrieval bandwidth. and
cost all play a role in defining the appropriate RAID data
storage solution. RAID level 0 entails pure data striping
across multiple disk drives. This increases data bandwidth at
best linearly with the number of disk drives trtilized. Data
reliability and validation capability are decreased. A failure of
a single drive results in a complete loss of all data. Thus
another problem with RAID systems is that low cost
improved bandwidth requires a significant decrease in reli-
ability.

RAII.) l./l.‘.\"Cl 1 1Jlili?r.-ts disk mirroring where data is dupli-
cated on an independent disk subsystem. Validation of data
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amongst the two independent drives is possible if the data is
simultaneously accessed on both disks and subsequently
compared. This tends to decrease data bandwidth from even
that of a single comparable disk drive. In systems that offer
hot swap capability. the failed drive is removed and a replace-
ment drive is inserted. The data on the failed drive is then

copied in tlie background while the entire system continues to
operate in a performance degraded but fully operational
mode. Once tl1e data rebuild is complete. normal operation
resumes. Hence. another problem with RAID systems is the
high cost of increased reliability and associated decrease in
performance.

RAID Level 5 employs disk data striping and parity error
detection to increase boI.h data bandwidth and reliability
simultaneously. A minimum of three disk drives is required
for this technique. In the event of a single disk drive failure.
that drive may be rebuilt from parity and other data encoded
on disk remaining disk drives. In systems that offer hot swap
capability. the failed drive is removed and a replacement drive
is inserted. The data on the failed drive is then rebuilt in the

background while the entire system continues to operate in a
perforntance degraded but fully operational mode. Once the
data rebuild is complete, normal operation resumes.

Thus another problem with redundant modern mass stor-
age devices is the degradation of data bandwidth when a
storage device fails. Additional problems with bandwidth
limitations and reliability similarly occur within the art by all
other forms of sequential, pseudo—random, and random
access mass storage devices. These and other limitations
within the current art are addressed by the present invention.

SUMMARY OF THI-IE INV'l-'iN'I‘lON

The present invention is directed to systems and methods
for providing accelerated loading of operating system and
application programs upon system boot or application launch
and, more particularly. to data storage controllers employing
losslcss and/or lossy data compression and decompression to
provide accelerated loading of operating systems and appli-
cation programs.

In one aspect of the present invention. a method for pro-
viding accelerated loading ofan operating system comprises
the steps of: maintaining a list of boot data used for booting a
computer system: preloading the boot data upon initialiration
ofthe computer system; and servicing requests for boot data
from the computer system using the preloaded boot data. The
boot data may comprise program code associated with an
operating system ofthe computer system. an application pro-
gram. and a combination thereof. In a preferred embodiment.
the boot data is retrieved from a boot device and stored in a

cache memory device.
In another aspect. the ntethod for accelerated loading ofan

operating system comprises updating the list of boot data
during the boot process. The step of updating comprises add-
ing to the list any boot data requested by the computer system
not previously stored in the list andfor removing from the list
any boot data previously stored in the list and not requested by
the computer system.

In yet another aspect, the boot data is stored in a com-
pressed fomtat on the boot device and the preloaded boot data
is decompressed prior to lransmitti ng the preloaded boot data
to the requesting system.

In another aspect, a method for providing accelerated
launching of an application program comprises the steps of
maintaining a list ofapplication data associated with an appli-
cation program; preloading the application data upon launch-
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ing the application program; and servicing requests for appli-
cation data front a computer system using the preloaded
application data.

In yet another aspect. a boot device controller for providing
accelerated loading of an operating system of a host system
comprises: a digital signal processor (DSP); a prlilgralnrnable
logic device. wherein the programmable logic device is pro-
grammed by the digital signal processor to (i) instantiate a
first interface for operatively interfacing the boot device con-
troller to a boot device and to (ii) instantiate a second interface
for operatively interfacing the boot device controller to the
host system: and a non-volatile memory device. for storing
logic code associated with the DSP. the first interface and the
second interface. wherein the logic code comprises instruc-
tions executable by the DSP for maintaining a list ofboot data
used for booting the host system. preloading the boot data
upon initialization ofthe host system. and servicing requests
for boot data from the host system using the preloaded boot
data. The boot device controller further includes a cache

memory device for storing the preloaded boot data.
The present invention is realized due to recent improve-

ments in processing speed, inclusive ofdedicated analog and
digital hardware circuits. central processing u11its_. (and any
hybrid combinations thereof). that, coupled with advanced
data compression and deconipression algorithms are enabling
ofultra l1igl1 bandwidth data compression and decompression
methods that enable improved data storage and retrieval
bandwidth.

These and other aspects. features and advantages. of the
present invention will become apparent from the following
detailed description of preferred embodiments that is to be
read in connection with the accompanying drawings.

BRIEF DIESCRIPTION OF TI-ll-i DRAWINGS

FIG. 1 is a block diagram of a data storage controller
according to one embodiment of the present invention:

FIG. 2 is a block diagram of a data storage controller
according to another embodiment of the present invention;

FIG. 3 is a block diagram of a data storage controller
according to another embodiment o t‘ the present invention:

FIG. 4 is a block diagram of a data storage controller
according to another embodiment of the present invention;

FIG. 5 is a block diagram of a data storage controller
according to another embodiment of the present invention:

FIGS. 6a and 6b comprise a flow diagram ofa method for
initializing a data storage controller according to one aspect
of the present invention:

FIGS. 7:: and 7:’; comprise a flow diagram ofa method for
providing accelerated loading of an operating system andfor
application programs upon system boot. according to one
aspect of the present invention;

FIGS. 8:: and 8b comprise a flow diagram ofa method for
providing accelerated loading of application programs
according to one aspect of the present invention;

FIG. 9 is a diagram of an exemplary data compression
system that may be employed in a data storage controller
according to the present invention; and

FIG. 10 is a diagram of an exemplary data decompressiort
system that may be employed in a data storage controller
according to the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

111 the following description. it is to be understood that
system elements having equivalent or similar functionality
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are designated with the same reference numerals in the Fig-
ures. it is to be further understood that the present invention
may be implemented in various forms ofhardware. software.
firmware, or a combination thereof. Preferably, the present
invention is implemented on a computer platform including
hardware such as one or more central processing units (CPU)
or digital signal processors (DSP), a random access memory
(RAM). and inputfoutput {IEO} interface(s). The computer
platform may also include an operating system, n1icroinstruc-
tion code, and dedicated processing hardware utilizing com-
binatorial logic or tinjte state machines. The various pro-
cesses and functions described herein may be either part of
the hardware, microinstruction code or application programs
that are executed via the operating system, or any combina-
tion thereof.

II is to be further understood that_. becattse some of the
constituent system components described herein are prefer-
ably implemented as software modules_. the actual system
connections shown in the Figures may differ depending upon
the maiuier in that the systems are programmed. It is to be
appreciated that special purpose microprocessors, dedicated
hardware. or any combination thereof may be employed to
implement the present invention. (liven the teachings herein.
one ofordinary skill in the related art will be able to contern-
plate these and similar implernentations or configurations of
the present invention.
1. System Architectures

The present invention is directed to data storage controllers
that provide increased data storagelretrieval rates that are not
otherwise achievable using conventional disk controller sys-
tems and protocols to storelretrieve data tolfrom mass storage
devices. The concept of “accelerated” data storage and
retrieval was introduced in U.8. application No. 091266,
394, filed Mar. 11. 1999. entitled “System and Methods For
Accelerated Data Storage and Retrieval,” now U.S. Pat. No.
6,601,104, and U.S. application Ser. No. 09:’48l.243 tiled
Jan. I l . 2000. entitled “System and Methods For Accelerated
Data Storage and Retrieval." now U.S. Pat. No. 6,604,158,
both of which are commonly assigned and incorporated
herein by reference. In general. as described in the above-
incorporated applications. “accelerated” data storage com-
prises receiving a digital data stream at a data transmission
rate which is greater than the data storage rate of a target
storage device. compressing the input stream at a ccn1pres-
sion rate that increases the effective data storage rate of the
target storage device and storing the compressed data in the
target storage device. For instance. assume that a mass stor-
age device (such as a hard disk) has a data storage rate of 20
megabytes per second. If a storage controller for the mass
storage device is capable ofcompressing an input data stream
with an average compression rate of 3:1. then data can be
stored in the mass storage device at a rate of60 megabytes per
second. thereby effectively increasing the storage bandwidth
(“storewidth") of the mass storage device by a factor of three.
Similarly. accelerated data retrieval comprises retrieving a
compressed digital data stream from a target storage device at
the rate equal to, e.g._. the data access rate of the target storage
device and then decompressing the compressed data at a rate
that increases the effective data access rate of the target stor-
age device. Advantageously, accelerated data stor-age!re-
trieval mitigates the traditional bottleneck associated with.
e.g.. local and network disk accesses.

Referring now to FIG. 1. a high-level block diagram illus-
trates a data storage controller 18 according to one embodi-
ment of the present invention. The data storage; controller 10
comprises a data compression engine 12 for colnprcssingf
decompressing data (preferably in real-time or psuedo real-
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time} storedfretrieved from a hard disk 11 (or any other type
of mass storage device) to provide accelerated data storage!
retrieval. The DCE 12 preferably employs the data compres-
sionfdecornpression techniques disclosed in U.S. Ser. No.
09;’ 2 l 0.49 l entitled “Content Independent Data Compression
Method and System.” filed on Dec. l l, 1998, now U.S. Pat.
No. 6.125,024_. which is commonly assigned and which is
fully incorporated herein by reference. It is to be appreciated
that the compression and decompression systems and meth-
ods disclosed in U.S. Pat. No. 6.195.024 are suitable for

compressing and decompressing data at rates, which provide
accelerated data storage and retrieval detailed discussion ofa
preferred “content independent" data compression process
will be provided below.

The data storage controller 10 further comprises a cache
13, a disk interface (or disk controller) 14 and a bus interface
15. The storage controller 10 is operatively connected to the
hard disk 12 via the disk controller 14 and operatively con-
nected to an expansion bus (or main bus) 16 of a computer
system via the bus interface 15. The disk interface 14 may
employ a known disk interface standard such as UltraDMA,
SCSI. Serial Storage Architecture, FibreChannel or any other
interface that provides suitable disk access data rates. In addi-
tion, the storage controller 10 preferably utilizes the Ameri-
can National Standard for lnformation Systems (ANSI) /(T
Attachment Interface (A'l'Ar‘AT.'\Pl-4) to connect the data
storage controller 10 to the hard disk 12. As is known in the
art. this standard defines the connectors and cables for the

physical interconnects between the data storage controller
and the storage devices, along with the electrical and logical
characteristics of the interconnecting signals.

Further. the bus interface 15 may employ a known standard
such as the PCI (Peripheral Component Interconnect) bus
interface for interfacing with a computer system. The use of
industry standard interfaces and protocols is preferable. as it
allows the storage controller 10 to be backwards compatible
and seamlessly integrated with current systems. However i11
new designs the present invention may be utilize any suitable
computer interface or combination thereof.

It is to be understood that although FIG. I illustrates a hard
disk 12, the storage controller 10 may be employed with any
form of memory device including all forms of sequential.
pseudo—random_. and random access storage devices. Storage
devices as known within the current art include all forms of

random access memory, magnetic and optical tape. magnetic
and optical disks. along with various other forms of solid-
state mass storage devices. Ihe current invention applies to all
forms and manners of memory devices including, but not
limited to. storage devices utilizing magnetic. optical. and
chemical techniques, or any combination thereof. In addition.
the cache 13 may comprise volatile or non-volatile memory,
or any combination thereof. Preferably, the cache 13 is imple-
mented in SDRAM (static dynamic random access memory].

The system ot‘FlG. 1 generally operates as follows. When
data is read from disk by the host computer, data flows from
the disk 11 through the data storage controller 10 to the host
computer. Data is stored in one of several proprietary corn-
pression formats on the disk 11 (e.g._. “content independent"
data compression). Data blocks are pre-specified in length.
comprised of single or multiple sectors. and are typically
handled in fractional or whole equivalents of tracks. e.g. V2
track, whole track, multiple tracks. etc. To read disk data. a
DMA transfer is setup from the disk interface 14 to the
onboard cache memory 13. The disk interface 14 comprises
integral DMA control to allow transfer of data from the disk
1] directly to the onboard cache 13 without intervention by
the DCTE 12. It should be noted that the l)('_‘E 12 acts as a
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system level controller and sets-up specific registers within
both the disk interface 14 and bus interface 15 to facilitate

DMA transfers to and from the cache memory 13. To initiate
a transfer from the disk 11 to the cache 13. the DMA transfer

is setup via specifying the appropriate command (read disk).
the source address (disk logical block number). amount of
data to be transferred (number of disk logical blocks), and
destination address within the onboard cache 111e111ory 13.
"flien, a disk data interrupt signal (“l')ISl(lN'l‘f_t”) is cleared (i f
previously set and not cleared) Etlld the command is initiated
by writing to the appropriate address space. Once data has
been read from disk I] and placed into onboard cache
memory 13, the I)ISKIN'l‘lf interrupt is asserted notifying the
DCE 12 that requested data is now available in the cache
111e1nory 13. Data is then read by the DMA controller within
the l){T[-L 12 and placed into local memory for subsequent
decompression. The decompressed data is then DMA trans-
ferred from the local memory ofthe DCE 12 back to the cache
memory 13. Finally. data is DMA transferred via the bus
interface controller 15 from the cache memory 13 to the bus
16. It is to be understood that in the read mode. the data

storage controller acts as a bus master. A bus DMA transfer is
then setup via specifyillg the appropriate command (write to
host computer). the source address within the cache memory
13. the quantity of data words to be transferred (transfers are
preferably in 4 byte increments), and the destination address
on the host computer. When a bus 16 read or write tnmsaction
has completed, the appropriate interrupt signals (respectively
referred to as PC‘IRDINT# and PClWRINT#) are asserted to
the l)Cl'.£ 12. Either of these interrupts are cleared by a corre-
sponding interrupt service routines through a read or write to
the appropriate address of the DC]-3 12.

Similarly. when data iswritten to the disk ll fremthe host
computer. data flows from the host computer through the data
storage controller 10 and onto disk 11. Data is normally
received from the host computer in uncompressed (raw) for-
mat and is compressed by the DCE 12 and stored on the disk
11. Data blocks from the host are pre-specified in length and
are typically handled in blocks that are a fixed multiplier
higher than fractional or whole equivalents of tracks, e.g. V2
track. whole track. multiple tracks. etc. This ntultiplier is
preferably derived from the expected average compression
ratio that is selected when the disk is formatted with the

virtual file management system. To read host computer data.
a btls DIVLA transfer is setup from the host bus 16 to the
onboard cache memory 13. The bus interface controller 15
comprises integral DMA control that allows large block
transfers from the host computer directly to the onboard
cache 13 without intervention by the DCE 12. The bus inter-
face controller 15 acts as a host computer Bus Master when
executing such transfer. Once data has been read from the host
and placed into onboard cache memory 13. the data is read by
the onboard DMA controller (residing on the DCF 12} and
placed into local memory for subsequent compression. The
compressed data is then DMA transferred from the local
memory ofthe DCE 12 back to the cache memory 13. Finally_.
data is DMA transferred via the disk controller 14 from the
cache 13 to the disk 11.

As discussed in greater detail below, upon host computer
power-up or external user reset, the data storagccontroller 10
initializes the onboard interfaces 14. 15 prior to release of the
extemal host bus 16 from reset. The processor of the host
computer then requests initial data from the disk 11 to facili-
tate the computer’s boot—up sequence. The host computer
requests disk data over the Bus 16 via a command packet
issued from the host computer. Command packets are pref-
erably eight words long (in a preferred embodiment. each
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word comprises 32 bits). Commands are written from the host
computer to the data storage controller 10 with the host com-
puter as the Bus Master and the data storage controller 10; as
the slave. The data storage controller 10 includes at least one
Base Address Register (BAR) for decoding the address of a
command queue of the data storage controller 1!}. The coin-
mand queue resides within the cache 13 or within onboard
memory of the DCE 12.

When a command is received from the host computer. an
interrupt (referred to herein as PCI(_"MDlN'I‘t'i) is generated to
the DCE processor. The eight-word command is read by the
l)Cl5_? I2 and placed into the command queue. Because the
commands occupy a very small amount of memory, the loca-
tion ofthe corrunand queue is at the discretion of software and
the associated system level performance considerations.
Coiimiauids may be moved from the bus interface 16 to the
command queue by wither explicit reads and writes by the
DCE processor or, as explained below, by utilizing pro-
grammed DMA from an [Enhanced DMA Controller
(IEDMA) residing on the IDCIE 12. This second technique may
better facilitate system throughput by allowing the EDMA to
automatically load commands while the highly pipelined data
compression and decompression processing in the l)CTl£ is
executed fLilly undisturbed.

The DCE 12, disk interface 14 and bus interface 15 coin-

monly share the cache 13. As explained in detail below. the
storage controller 10 preferably provides maximum system
bandwidth by allowing simultaneous data transfers between
the disk 12 and cache 13, the DCE 12 and the cache 13. and
the expansion bus 16 and the cache I3. This is realized by
employing an integral IDMA [direct memory access) protocol
that allows the DCE 12. disk interface 14 and bus interface 15

to transfer data without interrupting or interfering with other
ongoing processes. In particular. as explained in deta il below.
an integral bandwidth allocation controller (or arbitrator) is
preferably employed to allow the DCE 12. disk controller 14,
and bus interface 15 to access the onboard cache with a

bandwidth proportional to the overall bandwidth of the
respective interface or processing element. The bandwidth
arbitration occurs transparently and does not introduce
latency in memory accesses. Bandwidth division is prefer-
ably performed with a high degree ofgranularity to minimize
the size ofrequisite onboard buffers to synchronize data from
the disk interface 14 and bus interface 15.

It is to be appreciated that the implementation of a storage
controller according to the present invention significantly
accelerates the performance of a computer system and sig-
nificantly increases hard disk data storage capacity. For
instance. depending on the compression rate. for personal
computers running standard Microsofi Windows® based
business application software. the storage controller pro-
vides: (I) an increase of n: I in disk storage capacity (for
example, assuming a compression ration of3: l . a 20 gigabyte
hard drive effectively becomes a 60 gigabyte hard drive) (2) a
significant decrease in the computer boot-up time (turn-on
and operating system load) and the time for loading applica-
tion software and (3) User data storage and retrieval is
increased by a factor of 11:1.

Referring now to FIG. 2. a block diagram illustrates a data
storage controller 20 according to another embodiment of the
present invention. More specifically. FIG. 2 illustrates a PCB
(printed circuit board) implementation of the data storage
controller 10 of FIG. 1. The storage controller 20 comprises a
DSP (digital signal processor) 21 (or any other micro—proces—
sor device) that implements the DCE 12 of FIG. 1. The
storage controller 21 further comprises at least one program-
mable logic device 22 (or volatile logic device). The program-
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mable logic device 22 preferably implements the logic (pro-
gram code) for instantiating and driving both the disk
interface 14 and the bus interface 15 and for providing full
DMA capability for the disk and bus interfaces 14, 15. Fur-
ther. as explained in detail below. upon host computer powe -
up andfor asse11io11 of a system-level “reset” (e.g., P(.‘l Bus
reset). the DSP 21 initializes and programs the programmable
logic device 22 before of the completion of initialization of
the host computer. This advantageously allows the data stor-
age controller 2010 be ready to accept and process commands
from the host computer (via the bus 16] and retrieve boot data
from the disk (assuming the data storage controller 20 is
implemented as the boot device and tl1e hard disk stores the
boot data {eg.. operating system, etc.)).

The data storage controller 29 further comprises a plurality
of memory devices including a RAM (random access
memory) device 23 and a ROM (read only memory) device 24
(or FLASH memory or other types ofnon-volatile ntemoryj.
The RAM device 23 is utilized as on-board cache and is

preferably implemented as SDRAM (preferably. 32 mega-
bytes minimum). The ROM device 24 is utilized for non-
volatile storage oflogic code associated with the DSP 21 and
configuration data used by the DSP 21 to program the pro-
granunable logic device 22. The ROM device 24 preferably
comprises a one time (erasable) programmable memory
[O'l”I’-I-EPROM) device.

The IJSP 21 is operatively connected to the memory
devices 23, 24 and the programmable logic device 22 via a
local bus 25. The DSP 21 is also operatively connected to the
programmable logic device 22 via an independent control bus
26. The programmable logic device 22 provides data [low
control between the DSP 21 and the host computer system
attached to the bus 16, as well as data flow control between the

DSP 2] and the storage device. A plurality of external IEO
ports 27 are included for data transmission andlor loading of
one programmable logic devices. Preferably. the disk inter-
face 14 driven by the programmable logic device 22 supports
a plurality of hard drives.

The storage controller 20 further comprises computer reset
and power up circuitry 28 (or “boot configuration circuit") for
controlling initialization (either cold or warm boots) of the
host computer system and storage controller 20. A preferred
boot configuration circuit and preferred computer initializa-
tion systems and protocols are described in US. patent appli-
cation Ser. No. O9t775,897. filed concurrently herewith.
which is commonly assigned and incorporated herein by ref-
erence. Preferably, the boot configuration circuit 28 is
employed for controlling the initializing and programming
the programmable logic device 22 during configuration ofthe
host computer system (i .e., while the CPU ofthe host is held
in reset). The boot configuration circuit 28 ensures that the
programmable logic device 22 (and possibly other volatile or
partially volatile logic devices) is initialised and programmed
before the bus 16 [such as a PC‘I bus) is fully reset.

In particular. when power is first applied to the boot cott-
figuration circuit 28. the boot configuration circuit 28 gener-
ates a control siyal to reset the local system (e.g.. storage
controller 20) devices such as a DSP. memory. and I/O inter-
faces. Once the local system is powered-up and reset. the
controlling device (such as the DSP 21) will then proceed to
automatically determine the system environment and config-
ure the local system to work within that environment. By way
of example. the DSP 21 of the disk storage controller 20
would sense that the data storage controller 20 is on a PC]
computer bus (expansion bus) and has attached to it a hard
disk on an Il)l-F. interface. The D5‘? 21 would then load the

appropriate PCI and IDE interfaces into the programmable
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logic device 22 prior to completion ofthe host system reset. It
is to be appreciated that this can be done for all computer
busses and boot device interfaces including: PCl_. NuBus.
ISA, Fiber Chamtel, SCSI. Ethernet. DSL. ADSL, IDE,

DMA. Ultra DMA. and SONl?.'l‘. Once the programmable
logic device 22 is configured for its environment, the boot
device controller is reset and ready to accept conuuands over
the computertexpansion bus 16. Details of the boot process
using a boot device comprising a programmable logic device
will be provided below.

It is to be understood that the data storage controller 20 may
be utilized as a controller for transmitting data (compressed
or uncompressed) to and from remote locations over the DSP
I10 ports 27 or system bus 16. for example. Indeed. the U0
ports 27 of the DSP 21 may be used for transmitting data
(compressed or uncompressed) that is either retrieved from
the disk 1 1 or received from the host system via the bus 16. to
remote locations for processing andfor storage. indeed, the
U0 pons may be operatively conntxted to other data storage
controllers or to a network communication channels. Like-

wise, the data storage controller 20 may receive data (com-
pressed or uncompressed) over the IXO ports 27 ofthe DSP 21
from remote systems that are connected to the HO pons 27 of
the DSP. for local processing by the data storage controller 20.
For instance, a remote system may remotely access the data
storage controller [via the U0 ports of the DSP or system bus
.16) to utili'/..e the data compression. in which case the data
storage controller would transmit the compressed data back
to the system that requested compression.

The DSP 21 may comprise any suitable commercially
available DSP or processor. Preferably. the data storage con-
troller 20 utilizes a DSP from Texas lnstrtunents’ 320 series.

CI62x family. of DSPS (such as TMS320C62l IGFN-l50).
although any other DSP or processor comprising a similar
architecture and providing similar functioualities may be
employed. The preferred DSP is capable of 11p to 1.2 billion
instructions per second. Additional features of the preferred
DSP include a highly parallel eight processor single cycle
instruction execution. onboard 4K byte UP Program Cache.
4K L] D Data Cache. and 64K byte Unified L2 Programfl)ata
(..‘ache. The preferred DSP further comprises a 32 bit External
Memory Interface (EMIF) that provides for a glueless inter-
face to the RAM 23 and the non-volatile memory 24 (ROM).
The DSP further comprises two multi—channel bufiered serial
ports (Mc13SPs) and two 32 bit general purpose timers. Pref-
erably. the storage controller disables the IEO capability of
these devices and utilizes the U0 ports of the DSP as general
purpose M0 for both prograntming the programmable logic
device 22 using a strobed eight bit interface and signaling via
a Light Emitting Diode (LED). Ancillary DSP features
include a 16 bit Host Port Interface and full JTAG eruulation

capability for development support.
The programmable logic device 22 may comprise any form

of volatile or non-volatile memory. Preferably. the program-
mable Iogic device 22 comprises a dynamically reprogram-
mable FPGA (field programrriable gate array} suclt as the
commercially available Xilimt Spartan Series XC‘S4OXL—
PQ240-5 FPGA. As discussed i11 detail herein, the FPGA
instantiates and drives the disk and bus interfaces 14. 15.

The non-volatile memory device 24 preferably comprises a
128 Kbyte M2?'W10l-80K one time (erasable) program-
mable read only memory. although other suitable non-volatile
storage devices may be employed. The non-volatile memory
device 24 is decoded at a designated memory space in the
DSP 21. The non—volatile memory device 24 stores the logic
for the USP 21 and configuration data for the programmable
logic device 22. More specifically. in a preferred embodi-
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ment. the lower 80 Kbytes ofthe non-volatile memory device
24 are utilized for storing DSP program code. wherein the
first I It bytes are utilized for the DSP’s boot loader. Upon
reset of the DSP 21 (via boot configuration circuit 28 ). the
first IK of memory of the non-volatile memory device 24 is
copied into an internal RAM ofthc USP 21 by c.g.,tl1c I)SP‘s
Enhanced DMA Controller (EDMA),Although the boot pro-
cess begins when the CPU of the host system is released from
external reset, the transfer of the boot code into the DSP and
the DSI"s initialization of the programmable logic device
actually occurs while the CPU of the host system is held in
reset. After completion of the 1K block transfer. the DSP
executes the boot loader code and continues thereafter with

executing the remainder of the code in non-volatile memory
device to program the programmable logic device 22.

More specifically, in a preferred embodiment. the upper
48K bytes of the non-volatile memory device 24 are utilized
for storing configuration data associated with the program-
mable logic device 22. If the data storage controller 20 is
employed as the primary boot storage device for the host
computer, the logic for instantiating and driving the disk and
bus interfaces 14. 15 should be stored on the data storage
controller 20 (although such code may be stored in remotely
accessible memory locations) and loaded prior to release of
the host system bus 1 6 from “reset". For instance. revision 2.2
of the PCI Local Bus specification calls for a typical delay of
100 msec from power-stable before release of PC} Reset. In
practice this delay is currently 200 msec although this varies
amongst computer manufacturers. A detailed discussion of
the power-on sequencing and boot operation of the data stor-
age controller 20 will be provided below.

FIG. 3 illustrates another embodiment of a data storage
controller 35 wherein the data storage controller 35 is embed-
ded within the motherboard of the host computer system. This
architecture provides the same functionality as the system of
FIG. 2, and also adds the cost advantage of being embedded
on the host motherboard. The system comprises additional
RAM and ROM memory devices 23a. 24a, operatively con-
nected to the DSP 21 via a local bus 25a.

FIG. 4 illustrates another embodiment of a data storage
controller. The data storage controller 40 comprises a PCB
iniplementation that is capable of supporting RAID levels 0,
I and 5. This architecture is similar to those ofFIGS. 1 and 2_.

except that a plurality ofprograimnable logic devices 22. 22::
are 1lliIi?£Cl. The programmable logic device 22 is dedicated
to controlling the bus interface 15. The programmable logic
device 22:: is dedicated to controlling a plurality of disk
interfaces 14, preferably three interfaces. Each disk interface
14 can connect up to two drives. The DSP in conjunction with
the programmable logic device 22:: can operate at RAID level
0. I or 5. At RAID level 0, which is disk striping. two inter-
faces are required. 'l"l1is is also true for RAID level I. which is
disk minoring. A1 RAID level 5, all three interfaces are
required.

FIG. 5 illustrates another embodiment of a data storage
controlleraccording to the present invention. The data storage
controller 45 provides the same functionality as that ofFIG. 4.
and has the cost advantage of being embedded within the
computer system motherboard.
II. Initializing A Progrannnable Logic Device

As discussed above with reference to FIG. 2. for example.
the data storage controller 2!} preferably employs an onboard
Texas Instruments TMS320C62l 1 Digital Signal Processor
(DSP) to progam the onboard Xilinx Spartan Series
XCS4OXI_ FPGA upon power—up or system level PC I reset.
The onboard boot coltfiguratiolt circuit 28 ensures that from
system power-up andlor the assertion ofa bus reset (e.g.. PCI
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reset). the DSP 21 is allotted a predetermined amount oftime
[preferably a minimum of 10 msec) to boot the DSP 21 and
load the programmable logic device 22. Because of a poten-
tial race condition between either the host computer power-up
or assertion of PCI Bus reset and configuration of the pro-
grammable logic device 20 (which is used for controlling the
boot device and accepting PC] Commands), an “Express
Mode" programming mode for configuring the SpartanXL
family XCS4OXI. device is preferably employed. The
XCS4OXL is factory set to byte-wide Express-Mode pro-
gramming by setting both the MUMO bits of the XCS4OXL
to 0x0. Further. to acconnnodate express mode program-
ming of the progrannnable logic device 22, the DSP 21 is
progmlltrned to utilize its serial ports reconfigured as general
purpose Ir‘O. I-lowever. after the logic device 22 is pro-
grannned. the DSP 2 1 may then reconfigure its serial ports for
use with other devices. Advantageously. using the same DSP
ports for multiple purposes affords greater flexibility while
tniiiimizing hardware resources and thus reducing product
cost.

The volatile nature of the logic device 22 effectively
affords the ability to have an unlimited number of hardware
interfaces. Any number of programs for execution by the
programmable logic device 22 can be kept in an accessible
memory location (IEPROM, hard disk, or other storage
device). lliacli program can contain new disk interfaces. inter-
face modes or subsets thereof. When necessary. the DSP 21
can clear the interface currently residing in the logic device 22
and reprogram it with a new interface. This feature allows the
data storage controller 20 to have compatibility with a large
number of interfaces while minirnizing hardware resources
and thus reducing product cost.

A preferred protocol for progranuning the programmable
logic device can be summarized in the following steps: (I)
Clearing the configuration memory; (2) Initialization; (3)
Conliguration: and (4) Start-Up. When either ofthree events
occur: the host computer is first powered-up or a power failure
and subsequent recovery occurs {cold boot), or a front panel
computer reset is initiated (warm boot). the host computer
asserts RS'l‘t.«’ (reset) on the PCI Bus. As noted above. the data
storage controller 20 preferably comprises a boot configura-
tion circuit 28 that senses initial host computer power turn—on
andtor assertion of a PCI Bus Reset (“PCI RST#“). It is
important to note that assuming the data storage controller 20
is utilized in the computer boot‘-up sequence. it should be
available exactly 5 clock cycles alter the PCI RST# is ClI3El5-
serted. as per PCI Bus Specification Revision 2.2. While exact
timings vary from computer to computer, the typical PC I bus
reset is asserted for approximately 200 msec from initial
power turn-on.

In general, P("l RS’l"# is asserted as soon as the computer’s
power exceeds a nominal threshold ofabout 1 volt (although
this varies) and remains asserted for 200 msec tltereafter.

Power lailure detection of the 5 volt or 3.3 volt bus typically
resets the entire computer as if it is an initial power-up event
(i.e., cold boot). Front panel resets (warm boots) are more
troublesome and are derived fro111 a debounced push-button
switch input. Typical front panel reset times are a minimum of
20 msec, although again the only governing specification
limit is lmsec reset pulse width.

As discussed in detail below. it may not be necessary to
reload the programmable logic device 22 each time the DSP
is reset. The boot configuration circuit 20 preferably corn-
prises a state machine output signal that is readable by the
DSP 21 to ascenain the type of boot process requested. For
example. with a front-panel reset (warm boot). the power
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remains stable on the PC] Bus, thus the programmable logic
device 22 should not require reloading.

Referring now to FIG. 6. a flow diagram illustrates a
method for initializing the programmable logic device 22
according to one aspect of the invention. In the following
discussion, it is assumed that the programmable logic device
22 is always reloaded, regardless of the type of boot process.
Initially. in FIG. 6a, the DSP 21 is reset by asserting a DSP
reset signal (step 50). Preferably. the DSP reset signal is
generated by the boot circuit configuration circuit 28 (as
described in the above-incorporated U.S. Ser. No. 09f775.
89?. While the DSP reset signal is asserted (e.g.. active low).
the I )SP is held in reset and is initialized to a prescribed state.
Upon deassertion of the DSP Reset signal, the logic code for
the DSP (referred to as tl1e “boot loader”) is copied from the
non-volatile logic device 24 into memory residing in the DSP
21 (step 51). This allows the DSP to execute the initialization
ofthe prograrrunable logic device 22. In a preferred ernbodi-
ment. the lower ll< bytes ofEPROM memory is copied to the
lirst I R bytes of DSP’s low memory (Ox00(lt) 0000 through
0x0000 03FF). As noted above, the memory mapping of the
DSP 21 maps the CE 1 memory space located at 0x9000 0000
through ()x900l lil-‘ 1’I’ with the OTP IEPROM. In a preferred
embodiment using the Texas Instrttment DSP
TMS320c62l lG[-‘N-150. this ROM boot process is executed
by the EDMA controller of the DSP. It is to be understood,
however, that the IEDMA controller may be instantiated in the
programniable logic device (Xilinx), or shared between the
DSP and programmable logic device.

After the logic is loaded in the DSP 21, the DSP 21 begins
execution out of the lower 1K bytes of memory (step 52}. In
a preferred embodiment. the DSP 21 initializes with at least
the functionality to read EPROM Memory (CE 1) space.
Then. as described above. the DSP preferably configures its
serial ports as general purpose U0 (step 53).

Next, the DSP 21 will initialize the programmable logic
device 22 using one or more suitable control signals. (step
54). After initial iration, the DSP 21 begins reading the con-
figuration data of the programmable logic device 22 from the
non-volatile memory 24 (step 55). This process begins with
clearing a Data Byte Counter and then reading the first data
byte beginning at a prespecified memory location in the non-
volatile memory 24 (step 56). Then, the first output byte is
loaded into the DSP’s 110 locations with LSB at DO and MSB

at I)? (step 57). Before the first byte is loaded to the logic
device 22. a prespecified time delay (e.g._. 5 ttsec) is provided
to ensure that the logic device 22 has been initialized {step
58). In panietilar, this time delay should be of a duration at
least equal to the intemal setup time of the programmable
logic device 22 from completion of initialization. Once this
time delay has expired, the first data byte in the IEO bus 26 of
the DSP 21 is latched into the programmable logic device 22
(step 59).

Next. a determination is made as to whether the Data Byte
(.‘ounter is less than a prespecified value (step 60). Ifthe Data
Byte Counter is less than the prespecified value (affirmative
determination in step 60), the next successive data byte for the
programmable logic device 22 is read from the non—volatile
memory 24 (step 61) and the Data Byte Counter is incre-
mented (step 62).

Next. the read data byte is loaded into the IIO ofthe DSP
(step 63-). A time delay of. e.g.. 20 nsec is allowed to expire
before the data byte is latched to the programmable logic
device to ensure that a minimtun data set—up time to the
progranunable logic device 21 is observed (step 64) and the
process is repeated (return to step 60]. It is to be appreciated
that steps 60-64 may be performed while the current data byte
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is being latched to the progranimablc logic device. This pro-
vides “pipeline" programming of the logic device 22 and
minimizes programming duration.

When the Data Byte Counter is not less than the prespeci-
lied count value negative determination in step 60), as shown
in FIG. 6b, the last data byte is read from the non-volatile
memory and latched to the programmable logic device 22.
and the DSP 21 will then poll a control signal generated by the
programmable logic device 22 to ensure that the program-
ming of the logic device 22 is successful (step 65). If pro-
granuning is complete (alfirmative determination in step 66].
the process continues with the remainder of the data storage
controller initialization (step 67). Otlierwise, a timeout occurs
(step 68) and upon expiration of the timeout. an error signal is
provided and the programming process is repeated (step 69).
III. Data Storage and Retrieval Protocols

A detailed discussion of operational modes ofa data stor-
age controller will now be provided with reference to the
embodiment ofFlCi. 2 (although it is to be understood that the
following discussion is applicable to all the above-described
embodiments]. The data storage controller 20 utilizes a plu-
rality of commands to implement the data storage, retrieval.
and disk rnaintenance functions described herein. llach com-

mand preferably comprises eight thirty-two bit data words
stored and transmitted in little e11dia11 format. The commands

include: Read Disk Data: Write Disk Data; and Copy Disk
Data, for example. For example. a preferred format for the
“Read Disk Data" command is:

3] 1515 8 1" 0
_ C Cl.

Comntand Packet Ntiniber Coiiurtantl Type nah
000011 to FFl7"l'-‘I1 00h mom
Starting Block Address [Lt-:a.s1 Sigirificani Word) (1411

 Starting Block Address [Most Significant Word] 0821

-.\hu11ber of Blocks [Least Sigrtilicaitl Word} UCII

Number of Blocks 1.-Most Signi ticttnl Word) I011

Destination Address ("Least Sigltificstnt Word) 14h

Destination Address ‘Most Significant Word! l8h

Checkstun Reserved mi.

The host computer commands the data storage controller
20 over the PC] Bus 16. for example. Upon computer power-
up or reset, the host computer issues a PC I Bus Reset with a
minimum pulse width of I00 rnsec (in accordance with PC]
Bus Specification Revision 2 ,2 ). Upon completion ofthe PC]
Bus reset. the data storage controller 20 is fully initialized and
waiting for completion of the PCI configuration cycle. Upon
completion of the PCT] configuration cycles. the data storage
controller will wait in an idle state for the first disk command.

During operation, the host operating system may issue a
command to the data storage controller 20 to store. retrieve. or
copy specific logical data blocks. Each command is transmit-
ted over the PC I Bus 16 at the Address assigned to the Base
Address Register (BAR) of the data storage controller 20.

The commands issued by the host system to the data stor-
age controller and the data transmitted to and frotn the data
storage controller are preferably communicated via a 32 bit.
33 MHz, PCI Data Bus. As noted above, the PC] Interface is
preferably housed within the onboard Xilinx Spartan
XCS4OXL—5 40,000 field programmable gate array which
instantiates a PCI 32. 32 Bit. 33 MI-Ix PC I Bus Interface (as
per PC] Bus Revision 2.2).
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Tlte PCI Bus intertlace operates in Slave Mode when
receiving commands and as a Bus Master when reading or
writing data. The source and destination for all data is speci-
fied within each contmand packet. When setting up data trans-
fers. the lilnhanccd Direct Memory Access (ISIDM./\} Control-
ler of the DSP (or the Xilinx) 11tili7.es two Control Registers,
a 16 Word Data Write to PCI Bus FIFO. 2: 16 Word Data Read
From PCI Bus FIFO, and a PCI Data Interrupt (PCIDATINT).
The 32 Bit PCI Address Register ltolds either the starting
Sottrce Address for data storage controller Disk Writes where
data is read lront the PCI Bus, or the starting Destination
Address for data storage controller Disk Reads where data is
written to the PCI Bus. The second control register is a PCI
Count Register that specifies the direction ofthe data transfer
along with the number of?-2 bit Data words to be written to or
front the PCI bus.

Data is written to the PCI Bus from the DSP via a I6 Word

PCI Data Write FIFO located within a prespecified address
range. Data writes from the DSP to anywhere within the
address range place that data word in the next available loca-
tion within the FIFO. Data is read front the PCI Bus to the
DSP via a 16 Word PCI Data Read FIFO located within a

prespecifted address range and data read by the DSP from
anywhere within this address range provides the next data
word front the FIFO.

After contplet ion of the Xilinx initialisation by the DSP
and subsequent negation ofthe PC I Bus Reset signal [RST:‘.I)
by the ltost eomputer‘s PCI Bridge. the data storage controller
is ready to accept commands from the host computer via the
PCI Bus. When accepting connnands it should be noted that
the data storage controller is a PCI Target (Slave) Device.
Cortnnands are preferably fixed in length at exactly 8 (thirty-
two bit) words long. Contntands are written from the host
computer to the data storage controller via the PCI Bus uti-
lizing the data storage controller’s Base Address Register 0
(BARO). The PCI Bus Reset initially sets the Command
FIFO‘ s Counter to zero and also signals the Xilinx’ s PCI Bus
State Controller that the Command FIFO is empty and enable
to accept a command.

Whenever a data write occurs within the val id data range of
BARO. the data word is accepted from PCI Bus and placed in
the next available memory position within the Comrnartd
FIFO. Wlten the last of the 8 thirty—two bit data words is
accepted by the PC I Bus (thus completing the command. i,e.
last word for the command Fl F0 to be full). the PCI Bus State
Controller is automatically set to Target Abort (within same
PCI Transaction] or Disconnect Without Data for all subse-

quent PCI transactions that try to writes to BARO. This auto-
matic setting is the responsibility of the Xilinx PC I Data
Interface.

The PCI Command FIFO State Controller then asserts the

Contmand Available Interrupt to the DSP. The DSP services
the Command Available Interrupt by reading the command
data from a prespcci fied address range. It should be noted that
the cotuntand FIFO is read sequentially from any data access
that reads data Within suclt address range. It is the responsi-
bility of the DSP to understand that the data is read sequen-
tially front any order of accesses within the data range and
should thus be stored accordingly.

Upon completion ofthe Contntand Available Interrupt Ser-
vice Routine the DSP executes a tttentory read or write to
desired location within the PCI Control Register Space
mapped into the DSP's CE3 (Xilinx) memory space. This
resets the Command FIFO Counter back to zero. Next. the
DSP executes a memory read or write to location in tlte DSP
Mentory Space that clears the Corrnttaitd Available Interrupt.
Nested interrupts are not possible since the PCI Bus State
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Macltine is not yet able to accept any Coinntand Data at
BARO. Once the Command Available Interrupt routine has
cleared the interrupt aitd exited. the DSP may then enable the
PCI State Machine to accept a new corrnttaitd by reading or
writing to PCI Command lklnable location within the PCI
Command FIFO Control Register Space.

A preferred architecture has been selected to enable the
data storage controller to operate on one cortnttand at a time or
to accept multiple prioritized commands in future implemen-
tations. Specifically. the decoupling of the Contrnand Avail-
able Interrupt Service Routine front the PCI State Machine
that accepts Commands at BARO enables the f)SF’s “oper-
ating system kernel” to accept additional cornntands at any
time by sofiware command. In single command operation. a
conunand is accepted. the Connnand Available htterrupt
Cleared. and the Command executed by the data storage
controller in PCI Master Mode prior to the enabling ofthe PCI
State ntacltine to accept new comntands.

In a prioritized multi-contrnand implementation. the
“operating system kemcl" may elect to immediately accept
new commands or defer the acceptance of new commands
based upon any software implemented decision criteria. In
one entbodiment. the 0.18 code might only allow a prc-speci-
fled number of commands to be queued. In another embodi-
ntent. contntands might only be accepted during processor
idle tinte or when the DSP is not executing time critical (i.e.
highly pipelined) contpressfdecornpress routines. In yet
another embodiment, various processes are enabled based
upon a preemptive prioritized based scheduling system.

As previously stated. the data storage controller retrieves
commands front the input command FIFO in 8 thirty-two bit
word packets. Priorto cornntand interpretation and execution.
at command’ s checkstnn value is computed to veri ly the integ-
rity ol' the data comrnand and associated parameters. If the
clteckstutt fails. the host computer is notified ofthe command
packet that failed utilizing the Command Protocol Error Han-
dler. Once the checksum is verified the continand type and
associated parameters are utilized as an offset into the com-
mand “pointer” table or nay other suitable conuttandfdata
structure that transfers control to the appropriate conunand
execution routine.

Contntands are executed by the data storage controller with
the data storage controller acting as a PCI Master. This is in
direct contrast to command acceptance where the data storage
controller acts as a PCI Slave. When acting as a PCI Bus
Master, the data storage controller reads or writes data to the
PCI Bus utilizing a separate PCI Bus Data FIFO (distinct Sc
apart from the Command FIFO). The I-‘Cl Data FIFO is 64
(thirty-two bit] words deep and may be utilized for either data
reads or data writes from the DSP to the PCI Bus, but not both
simultaneously.

For data to be written from the data storage controllerto the
Host (_‘omputer_. the DSP must first write the output data to the
PCI Bus Data FIFO. The Data FIFO is corrutianded to PCI

Bus Data Write Mode by writing to a desired location within
the Xilinx (CB3) PCI Control Register Space. Upon PCI Bus
Reset the default state for the PC I Data FIFO is write mode

and the PCI Data FIFO Available Interrupt is cleared. The PCI
Data FIFO Available Interrupt should also be software
cleared by writing to a prespecifted location. Preferably. the
lirst task for the data storage controller is for system boot-up
or application code to be downloaded from disk. For refer-
ence. PC I Data Read Mode is commanded by writing to
location BFFO 0104. The PCI Bus Reset initializes the Data
FIFO Pointer to the first data of the 64 data words within the

FIFO. I-Iowever this pointer should always be explicitly ini-
tialized by a memory write to location BFFO 0108. This
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ensures that the first data word written to the FIFO by the DSP
perfomiing the data write anywhere in address range B000
0000 to B000 01 F F is placed at the beginning of the FIFO.
Each subsequent write to any location within this address
range then places one thirty-two bit data word into the next
available location within the PC! Data FIFO. The l"ll7()

accepts up to 64 tlJjrty—two bit data words although it should
be clearly understood that not all data transfers to and from
the PCI Bus will consist of a full FIFO. Counting the number
of thirty-two bit data words written to the PC] Data FII-‘O is
the responsibility of the DSP Code. It is envisioned that the
DSP will. in general. use 64 word DMA data transfers. thus
alleviating any additional processor overhead.

When the data has been transferred from the DSP to the
PCI Data FIFO. the PCI Bus Controller also needs the address

of the PCI Target along with the number of data words to be
transmitted. In the current data storage controller implemen-
tation. the PCI Bus Address is thirty-two bits wide. although
future PCI bus implementations may utilire tnultiword
addressing andfor significantly larger (64 bit & up) address
widths. The single thirty~two bit address word is written by
the DSP to memory location aaaa+0x10 in the PCI Control
Register Space.

Finally. the PCI Bus Data Write transaction is initiated by
writing the PC I Data FIFO word count to a prespecified
memory address. The word count value is always decimal 64
or less {Ox3F). When the count register is written the value is
automatically transferred to the PC I Controller for executing
the PC‘I Bus Master writes.

When the PCT! l-his has completed the transfer of all data
words within the PC] Data FIFO the PCI Data F1 F0 Available

Interrupt is set. The DSP PC} Data FIFO Available Interrupt
handler will then check to see ifadditional data is waiting or
expected to be written to the PC] Data Bus. Ifadditional data
is required the interrupt is cleared and the data transfer pro-
cess repeats. Ifno additional data is required to be transferred
then the interrupt is cleared and the routine must exit to a
system state controller. For example, if the command is com-
plete then master mode must be disabled and then slave mode
(cotmnand mode) enabled—assuming a single command by
command execution data storage controller.

For data to be read by the data storage controller from the
Host Coniputer. the DSP must command the PC] Bus with the
address and quantity of data to be received.

The PCI Data FIFO is commanded to PCI Bus Data Read

Mode by writing to a desired location within the Xilinx (CB3)
PCI Control Register Space. Upon PC I Bus Reset the default
state for the PCI Data FIFO is Write Mode and the PC] Data

FIFO Full Interrupt is cleared. The PC I Data FIFO Full Inter-
rupt should also be cleared via software by writing to such
location. The PC] Bus Reset also initializes the PCI Data
FIFO Pointer to the first data word of the available 64 data

words within the FIFO. However this pointer should always
be explicitly initialized by a memory write to prespecified
location.

For data to be read from the PC I Bus by the data storage
controller, the Xilinx PCI Bus Controller requires the address
of the PCI Target along with the number of data words to be
received. In the current data storage controller implementa-
tion. the PC I Bus Address is thirty-two bits wide. although
future PCI bus implementations may utilize multiword
addressing andfor significantly larger (64 bit & up) address
widths. The single thirty-two bit address word is written by
the DSP to prespecified inetnory location in the PC} Control
Register Space.

Finally. the PCI Bus Data Read transaction is initiated by
writing the PCI Data l*'lF() word count to prespecified
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memory address. The word count value is always decimal 64
or less (0x3F). When the cotmt register is written the value is
automatically transferred to the PCI Controller for executing
the PCI Bus Master Read.

When the PCI Bus has received all the requested data
words PCI Data FIFO I"ull Interrupt is set. The DSP I-‘CI Data
l’lI"O Full Interrupt handler will then check to see if addi-
tional data is waiting or expected to be read from the PC I Data
Bus. If addit ional data is required the interrupt is cleared and
the data receipt process repeats. If no additional data is
required to be transferred. then the interrupt is cleared and the
routine exits to a system state controller. For example. if the
command is complete then tnasterinode must be disabled and
then slave mode (command mode) enabled assuming a
single command by command execution data storage control-
ler.

It is clearly understood that there are other techniques for
handling the PCI Data transfers. The current methodology
has been selected to tninimi7.e the complexity and resource
utilization of the Xilinx Gate Array. It should also be under-
stood that the utilization ofasynchronous memory reads and
writes to initialire system states and synchronize events at a
software level aids in both hardware and system level debug
at the expense of increase sofiware overhead. Subsequent
embodiments of the gate array may automate resource inten-
sive tasks if system level performance mandates.
IV. Memory Bandwidth Allocation

The onboard cache of the data storage controller is shared
by the DSP. Disk Interface, and PCI Bus. The best case,
maximum bandwidth for the SDRAM memory is 70 mega-
words per second, orequivalently. 280 megabytes per second.
The 32 bit PCI Bus interface has a best case bandwidth of l 32

megabytes per second. or equivalently 33 megawords per
second. In current practice, this bandwidth is only achieved in
short bursts. The granularity of PC I data bursts toffrom the
data storage controller is governed by the PCI Bus interface
data buffer depth of sixteen words (64 bytes). The time divi-
sion multiplexing nature of the current PCI Data Transfer
Bullering methodology cuts the sustained PCI bandwidth
down to 66 megabytesfsecond.

Data is transferred across the ultraDMA disk interface at a

maxiinuin burst rate of 66 megabytesfsecond. It should be
noted that the burst rate is only achieved with disks that
contain onboard cache memory. Currently this is becoming
more and more popular within the industry. However assum-
ing a disk cache miss, the niaximum transfer rates from cur-
rent disk drives is approximately six megabytes per second.
Allotting for technology improvements over time. the data
storage controller has been designed for a niaximuni sus-
tained disk data rate of 20 megabytes second (5 tnegawordst
second). A design challenge is created by the need for con-
tinuous access to the SDRAM memory. Disks are physical
devices and it is necessary to continuously read data from disk
and place it into memory. otherwise the disk will incur a full
rotational latency prior to continuing the read transaction.
The maximum SDRAM access latency that can be incurred is
the depth of the each of the two disk FIFO s or sixteen data.
Assuming the FIFO is sixteen words deep the maximum
latency time for emptying the other disk FIFO and restoring it
to the disk interface is sixteen words at 5 inegawords per
second or (l6x3.2 usee)=l usec. Each EMIF clock cycle is
14.285? nsec. thus the maxirnurn latency translates to 224
clock cycles. It should be noted that transfers across the disk
interface are 16 bits wide, thus the FPGA is required to
translate 32 bit memory transfers to 16 bit disk transfers. and
vice-versa.
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The DSP services request for its external bus from two
requcstors. the Enhanced Direct Memory Access (IEIJMA)
Controller and an external shared memory device controller.
The DSP can typically utilize the full 280 megabytes of bus
bandwidth on an 8 k through 64K byte (2 k word through 16
k word) burst basis. It should be noted that the Data Storage
and Retrieval Application (DSRA) does not utilize the
SDRAM memory for interim processing storage, and as such
only utilizes bandwidth in direct proportion to disk read and
write commands.

For a single read from disk transaction data is transferred
from and DMA transfer into SDRAM memory. This data is
then DMA transferred by the DSP into onboard DSP memory.
processed. and re transferred back to SDRAM in decoru-
pressed format (3 words for every one word in). 1-‘in-ally the
data is read from SDRAM by the PCI Bus Controller and
placed into host computer memory. This equates to eight
SDRAM accesses. one write from disk. one read by the DSP.

three Writes by t11e DSP and three by the PC] Bus. Disk write
transactions similarly require eight SDRAM accesses. three
from the PCI. three DSP reads. one DSP write. and one to the
disk.

Neglecting overhead for setting up DMA transt'ers_. arbi-
tration latencies, and memory wait states for setting up
SDRAM transactions, the maximum DSRA theoretical
SDRAM bandwidth limit for disk reads or writes is 280i'8

megabytes second or 35 megabytes second. It should be noted
that the best case allocation of SDRAM bandwidth would be

dynamic dependent upon the data compression and decom-
pression ratios. Future enhancements to the data storage con-
troller will utilize a prograrmnable timeslice system to allo-
cate SDRAM bandwidth. however this first embodiment will
utilize a fixed allocation ratio as follows:

If all three requestors require SDRAM simultaneously:

PCI Bus Interface 3.58
DSP Accesses
L'llr:tDlv1_-\ Disk Interface 1.58

If only the PCI Bus and DSP require SDRAM:

PCI Bus Intcrthce
IJSP Accesses

453
438

[ionly the DSP and Disk require SDRAM:

DSP Accesses
l.flI.raIJM.»\ Disk lute rfaec

6.58
2.55

It‘ only the PCI Bus and Disk require SDRAM:

PL‘! Bus lrrlr-.rl':tce
Ult.rnDMA Disk Interface

ca.-"s
2.: s

If only one device requires SDRAM it receives the full
SDRAM bandwidth. It should be noted that different ratios

may be applied based upon the anticipated or actual co1upres-
sion andfor decompression ratios. For example in the case of
all three requestors active the following equation applies.
Assume that data storage accelerator achieves a compression
ratio Azl-3 for example 3:1. The Numerator and denominators
of the various allocations are defined as follows:
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PCI Bus Interface A.-"K
DSP _-tccesms [A + BFK
I.'lt.raDM.-’\ Disk l.rItcrf.'tce BIK

Where l“urther define a sum K equal to the sum of the
numerators ofthe PCI Bus interface fraction, the DSP Access

fraction_. and the UltraDMA Disk Interfaces. i.e. K 2(A4-B).
Similarly:

If only the PC] Bus and DSP require SDRAM:

PCI Bus Interface.
USP .-l\CC.<‘_'SSl.'S

[J\ + BNK
f.:\+ B}-‘K

11' only the DSP and Disk require SDRAM:

2A-"K
2 uric

DSP Accesses
t;’ltr:rDM.-’\ Disk Interface

If only the PCI Bus and Disk require SDRAM:

PCI Bus Inter Face
'[.-'[t.raDMA Disk hiterface EB-"K

It should be noted that the resultant ratios may all be scaled
by a constant ir1 order to most effectively utilize the band-
widths of the internal husses and external interfaces. 111 addi-

tion each ratio can be scale by an adjustment factor based
upon the time required to complete individual cycles. For
example if PCI Bus interface takes 20% longer than all other
cycles. the PCI lime slice should be usted longer accord-
ingly.
V. Instant Boot Device For Operating System. Application
Program and Loading

Typically. with convcrttional boot device controllers. after
reset. the boot device controller will wait for a conunand over

the computer bus [such as PCI). Since the boot device con-
troller will typically be reset prior to bus reset and before the
computer bus starts sending commands. this wait period is
unproductive time. The initial bus commands inevitably
instruct the boot device controller to retrieve data from the

boot device {such as a disk) for the operating system. Since
most boot devices are relatively slow compared to the speed
ofmost computer busses, a long delay is seen by the computer
user. This is evident in the time it takes fora typical computer
to boot.

It is to be appreciated that a data storage controller (having
an architecture as described herein) may employ a technique
ofdata preloading to decrease the computer system boot time.
Upon host system power-up or reset. the data storage control-
ler will perfonn a sell‘-diagnostic and program the program-
mable logic device (as discussed above) prior to completion
ofthe host system reset (e.g.. PCI bus reset) so that the logic
device can accept PCI Bus commands after system reset.
Further, prior to host system reset. the data storage controller
can proceed to pr:-.~load the portions of the computer operat-
ing system lrorn the boot device (e.g.. hard disk) into the
on-board cache memory. The data storage controller preloads
the needed sectors of data in the order in which they will be
needed. Since the same portions of the operating system must
be loaded upon each boot process, it is advantageous for the
boot device controller to preload such portions and not wait
until it is commanded to load the operating system. Prefer-
ably, the data storage controiler employs a dedicated JO chan-
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nel ofthe DSP (with or without data compression) to pre-load
computer operating systems and applications.

Once the data is preloaded, when the computer system bus
issues its first read commands to the data storage controller
seeking operating system data. the data will already be avail-
able i11 the cache memory oi‘ the data storage controller. The
data storage controller will then be able to instantly start
transmitting the data to the system bus. Before transmission
to the bus. if the data was stored in compressed format o11 the
boot device. the data will be decompresscd. The process of
preloading required (compressed) portions of the operating
system significantly reduces the computer boot process time.

In addition to preloading operating system data, the data
storage controller could also preload other data that the user
would likely want to use at startup. An example ofthis would
be a frequently used application such as a word processor and
any ntunbcr of document files.

There are several techniques that may be employed in
accordance with the present invention that would allow the
data storage controller to know what data to preload from the
boot device. One technique utilizes a custom utility program
that would allow the user to specify what applicationsldata
should be preloaded.

Another technique (illustrated by the flow diagram of
FIGS. 7a and ‘?b) that may be employed comprises an auto-
matic process that requires no input from the user. With this
technique. the data storage control ler maintain a list compris-
ing the data associated with the first series of data requests
received by the data storage controller by the host system
after a power-on.r’resc1. In particular. referring to FIG. ’?a.
during the computer boot process. the data storage controller
will receive requests for the boot data (step 70). In response.
the data storage controller will retrieve the requested boot
data from the boot device (c.g.. hard disk) in the local cache
memory {step 71). For each requested data block. the data
storage controller will record the requested data block num-
ber in a list {step 72). The data storage controller will record
the data block number of each data block requested by the
host computer during the boot process (repeat steps 70-72).
When tl1e boot process is con1pletc{a llirmative determination
in step 73). the data storage controller will store the data list
on the boot device (or other storage device) (step 74).

Then, upon each subsequent power-onfreset (aifinnative
result in step 75). the data storage controller would retrieve
and read the stored list (step 76) and proceed to preload the
boot data specified on the list (i .e._. the data associated with the
expected data requests] into the onboard cache memory {step
77). It is to be understood that the depending on the resources
of the given system (e.g.. memory. etc.). the preloading pro-
cess rnay be completed prior to commencement of the boot
process, or continued afier the boot process begins (in which
case booting and preloading are perfomied simultaneously).

When the boot process begins (step 78) (i.e._. the storage
controller is initialized and the system bus reset is cleats-
scrted). the data storage controller will receive requests for
boot data (step 79). If the host computer issues a request for
boot data that is pre—loaded in the local memory of the data
storage controller (aflirmative result in step 80), the request is
immediately serviced using the preloaded boot data (step 81).
If the host computer issues a request for boot data that is not
preloaded in the local memory of the data storage controller
(negative detcmiination in step 80), the controller will
retrieve the requested data from the boot device, store the data
in the local niemory, and then deliver the requested boot data
to the computer bus (step 82}. In addition. the data storage
controller would update the boot data list by recording any
changes in the actual data requests as compared to the
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expected data requests already stored iii the list (step 83).
‘Then. upon the next boot sequence, the boot device controller
would pre-load that data into the local cache memory along
with the other boot data previously on the list.

Furtlier. during the boot process. if no request is made by
the host computer for a data block that was pro-loaded into the
local memory ofthe data storage controller (alfinnative result
in step 84). then the boot data list will be updated by removing
the non-requested data block from the list (step 85). 'l'"hereaf-
ter. upon the next boot sequence. the data storage controller
will not pre-load that data into local memory.
V]. Quick launch for Operating System. Application Pro-
gram. and Loading

It is to be appreciated that the data storage controller (ha *-
ing an architecture as described herein) may employ a tech-
nique ofdata preloading to decrease the time to load applica-
tion programs (rcferred to as “quick launch”).
Conventional ly, when a user launches an application. the file
system reads the first few blocks of the lite off the disk. and
then the portion ofthe loaded software will request via the file
system what additional data it needs from the disk. For
example. a user may open a spreadsheet program. and the
program may be configured to always load a company spread-
sheet each time the program is started. In addition. the com-
pany spreadsheet may require data from other spreadsheet
files.

In accordance with the present invention. the data storage
controller may be configured to ‘‘remember‘‘ what data is
typically loaded following the launch ofthe spreadsheet pro-
gram, for example. The data storage controller may then
proceed to preload the company spreadsheet and all the nec-
essary data in the order is which such data is needed. Once this
is accomplished. the data storage controller can service read
comntands using the preloaded data. Before transmission to
the bus. if the preloaded data was stored in compressed for-
mat, the data will be decompressed. The process of preload-
ing (compressed) program data signi ficantly reduces the time
for launching an application.

Preferably. a custom utility program is employed that
would allow the user to specify what applications should be
made ready for quick launch.

FIGS. 8a and 8b comprise a fiow diagram ofa quick launch
method according to one aspect ofthe present invention. With
this technique. the data storage controller maintains a list
comprising the data associated with launching an application.
In particular. when an application is first launched. the data
storage controller will receive requests for the application
data (step 90). In response, the data storage controller will
retrieve the requested application data from memory (e.g..
hard disk) and store it in the local cache memory (step 91').
The data storage controller will record the data block number
ofeach data block requested by the host computer during the
launch process (step 92). When the launch process is com-
plete (alfinilative determination in step 93 J, the data storage
controller will store the data list in a designated memory
location (step 94).

Then. referring to FIG. 8b. upon each subsequent launch of
the application (affirmative result in step 95). the data storage
controller would retrieve and read the stored list (step 96) and
then proceed to preload the application data specified on the
list (ie. the data associated with the expected data requests)
into the onboard cache memory (step 97). During the appli-
cation launch process. the data storage controller will receive
requests for application data (step 98). If the host computer
issues a request for application data that is pre—loaded in the
local memory of the data storage cornrollcr(aflim1ative result
in step 99), the request is immediately serviced using the
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preloaded data (step 100). If the host computer issues a
request for application data that is not preloaded in the local
memory of the data storage controller (negative result in step
99 )_. the controller will retrieve the reqttested data from the
hard disk memory, store the data in the local memory. and
then deliver the t'equested application data to the computer
bus [step llll }. In addition. the data storage controller would
update the application data list by recording any changes in
the actual data requests as compared to the expected data
requests already stored in the list {step 102].

Further. during the launch process. ifno request is made by
the host computer for a data block that was pre—loaded into the
local memory of the data storage controller (affirmative result
in step 103). then tl1e application data list will be updated by
removing the non-requested data block fro111 the list {step
104). 'l'hereafter_. upon the next latuich sequence for the given
application. the data storage controller will not pre-load that
data into local memory.

It is to be understood that the quick boot and quick launch
methods described above are preferably implemented by a
storage controller according to the present invention and 111ay
or n1ay not utilize data conipressionfdccompression by the
DSP. However, it is to be understood that the quick boot and
quick launch methods may be implemented by a separate
device. processor. or system. or implemented in software.
VII. Content independent Data Compression

It is to be understood that any conventional compression}
decompression system and method (which comply with the
above mentioned constraints) may be employed in the data
storage controller for providing accelerated data storage and
retrieval in accordance with the present invention. Preferably.
the present invention employs the data comprcssionr’decorn-
pression techniques disclosed in the above-incorporated U .5‘.
Pat. No. 6,195,024.

Referring to FIG. 9, a detailed block diagram illustrates an
exemplary data compression system 110 that may be
employed herein. Details of this data compression system are
provided in U.S. Pat. No. 6.195.024. In this embodiment. the
data compression system 110 accepts data blocks from an
input data stream and stores the input data block in an input
buffer or cache 115. It is to be understood that the system
processes the input data stream in data blocks that may range
in size fro111 individual bits through complete files or collec-
tions of multiple files. Additionally, the input data block size
may be fixed or variable. A counter 120 counts or otherwise
enumerates the size of input data block in any convenient
units including hits, bytes, words. and double words. It should
be noted that the input buffer 115 and counter 120 are not
required elements of the present invention. The input data
bulfer 115 may be provided for buffering the input data
stream in order to output an uncompressed data stream in the
event that. as discussed in further detail below. every encoder
fails to achieve a level ofcompression that exceeds an a priori
specified minimum compression ratio threshold.

Data compression is performed by an encoder module 125
which may comprise a set ofencoders E1. E2, E3 . . . En. The
encoder set El, E2. E3 . . . E11 may include any number “n"
(where n n1ay=l) of those lossless encoding techniques cur-
rently well known within the an such as run length. I-Iulfman,
Lempel-Ziv Dictionary Compression. arithmetic coding. data
compaction. and data null suppression. It is to be understood
that the encoding techniques are selected based upon their
ability to effectively encode different types of input data. It is
to be appreciated that a full complement of encoders are
preferably selected to provide a broad coverage of existing
and future data types.
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The encoder module 125 successively receives as input
each of the buffered input data blocks (or unbuifered input
data blocks from the counter module 120). Data compression
is perfonned by the encoder module 125 wherein each ofthe
encoders El . . . I311 processes a given input data block and
outputs a corresponding set ofencodcd data blocks. It is to be
appreciated that the system affords a user the option to enable’
disable any one or more of the encoders E1 . . . En prior to
operation. As is understood by those skilled in the art. such
feature allows the user to tailor the operation of the data
compression system for specific applications. it is to be fur-
ther appreciatcd that the encoding process may he performed
either in parallel or sequentially. In panicular, the encoders
E1 through En ofencoder module 125 may operate in parallel
(i.e., simultaneously processing a given input data block by
utilizing task multiplexing on a single central processor, via
dedicated hardware. by executing on a plurality of processor
or dedicated hardware systems. or any combination thereof].
In addition. encoders El through En may operate sequentially
on a given tinbiiffered or buffered input data block. This
process is intended to eliminate the complexity and additional
processing overhead associatedwith multiplexing concurrent
encoding techniques on a single central processor andfor
dedicated hardware. set of central processors andfor dedi-
cated hardware. or any achievable combination. It is to be
Further appreciated that encoders of the identical type may be
applied in parallel to enhance encoding speed. For instance.
encoder El may comprise two parallel Huifman encoders for
parallel processing ofan input data block.

A buiferfcounter module 130 is operatively connected to
the encoder module 125 for buffering and counting the size of
each of the encoded data blocks output from encoder module
125. Specifically. the hul'feri‘counter 130 comprises a plurality
of btifferfcouttters BC I . BC2. BC3 l3Cn. each operatively
associated with a corresponding one of the encoders E1 , , ,
En. A compression ratio module 135. operatively comtected
to the output bufierlcounter 130. determines the compression
ratio obtained for each of the enabled encoders E1 . . . {in by
taking the ratio ofthe size of the input data block to the size of
the output data block stored in the corresponding buffer!
counters BC] l3(Tn. In addition. the compression ratio module
135 compares each compression ratio with an a priori—speci—
‘lied compression ratio threshold limit to determine if at least
one of the encoded data blocks output front the enabled
encoders E1 . . . En achieves a compression that exceeds an a
priori-specified threshold. As is understood by those skilled in
the art. the threshold limit may be specified as any value
inclusive of data expansion, no data compression or expan-
sion. or any arbitrarily desired compression limit. A descrip-
tion module 138. operatively coupled to the compression
ratio module 135, appends a corresponding compression type
descriptor to each encoded data block which is selected for
output so as to indicate the type of compression format of the
encoded data block. A data compression type descriptor is
defined as any recognizable data token or descriptor that
indicates which data encoding technique has been applied to
the data. it is to be understood that, since encoders of the
identical type may be applied in parallel to enhance encoding
speed (as discussed above). the data compression type
descriptor identifies the corresponding encoding technique
applied to the encoded data block. not necessarily the specific
encoder. The encoded data block having the greatest coin-
pression ratio along with its corresponding data compression
type descriptor is then output for subsequent data processing,
storage, or transmittal. If there are no encoded data blocks
having a compression ratio that exceeds the compression ratio
threshold limit, then the original unencoded input data block
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is selected for output and a null data compression type
descriptor is appended thereto. A null data compression type
descriptor is defined as any recognizable data token or
descriptor that indicates no data encoding, has been applied to
the input data block. Accordingly. tl1e unencoded input data
block with its corresponding null data compression type
descriptor is then output for subsequent data processing. stor-
age. or transmittal.

Again, it is to be understood that the embodiment of the
data compression engine ofFIG. 9 is exemplary ofa preferred
compression system which may be implemented in the
present invention. and that other compression systems and
methods known to those skilled i11 the art may be employed
for providing accelerated data storage in accordance with the
teachings herein. Indeed, in another embodiment ofthe com-
pression system disclosed in the aimve-incorporated U Pat.
No. 6.1 95.024. a timer is included to measure the time elapsed
during the encoding process against an a priori-specified time
limit. When the time limit expires. only the data output from
those encoders (in the encoder module 125) that have corn-
pleted the present encoding cycle are compared to determine
the encoded data with the highest compression ratio. The time
limit ensures that the real-time or pseudo real-tin1e nature of
the data encoding is preserved. In addition, the results from
each encoder in the encoder module 125 may be buffered to
allow additional encoders to be sequentially applied to the
output of the previous encoder. yielding a more optima] loss-
less data compression ratio. Such techniques are discussed in
greater detail in the above—incorporated U.S. Pat. No. 6,195,
024.

Referring now to FIG. 10, a detailed block diagram illus-
trates an exemplary decompression system that may be
employed herein or accelerated data retrieval as disclosed in
the above-incorporated U.S. Pat. No. 6.195.024. In this
embodiment. the data compression engine 180 retrieves or
otherwise accepts compressed data blocks front one or more
data storage devices and inputs the data via a data storage
interface. It is to be understood that the system processes the
input data stream in data blocks that may range in size from
individual bits through complete files or collections of null-
tiple files. Additionally. the input data block maybe lixed
or variable.

The data decompression engine 180 comprises an input
buffer 155 that receives as input an uncompressed or com-
pressed data stream comprising one or more data blocks. The
data blocks may range in size from individual bits through
complete tiles or collections of multiple files. Additionally,
the data block size may be fixed or variable. The input data
buffer 55 is preferably included (not required) to provide
storage of input data for various hardware implementations.
A descriptor extraction module 160 receives the buffered (or
unbuffercd) input data block and then parses, lexically, syn-
tactically. or otherwise analyzes the input data block using
methods known by those skilled in the art to extract the data
compression type descriptor associated with the data block.
The data compression type descriptor may possess values
corresponding to null (no encoding applied), a single applied
encoding technique, or multiple encoding techniques applied
in a specific or random order (in accordance with the data
compression system embodiments and methods discussed
above}.

A decoder module 165 includes one or more decoders

D1 . . . Dn for decoding the input data block using a decoder,
set ofdecoders, or a sequential set ofdecoders corresponding
to the extracted compression type descriptor. The decoders
D1 . . . Dn may include those losslcss encoding techniques
currently well known within the art. including: run length.
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Hufihtan. I_empel—Ziv Dictionary Compression. arithmetic
coding, data compaction, and data null suppression. Decod-
ing techniques are selected based upon their ability to effec-
tively decode the various di lferent types ofencoded input data
generated by the data compression systems described above
or originating from any other desired source.

As with the data compression systems discussed in US.
Pat. No. 6. l 95.024, the decoder module 165 may include
multiple decoders of the same type applied in parallel so as to
reduce the data decoding time. An output data buffer or cache
170 may be included for buffering the decoded data block
output from the decoder module 165. The output buffer I'll}
then provides data to the output data stream. It is to be appre-
ciated by those skilled in the art that the data compression
system 180 may also include an input data counter and output
data counter operatively coupled to the input and output,
respectively. of the decoder module 165. In this manner. the
compressed and corresponding decompresscd data block
may be counted to ensure that sullicient decompression is
obtained for the input data block.

Again, it is to be understood that the embodiment of the
data decompression system 180 of FIG. 10 is exemplary ofa
preferred decompression system and method which may be
implemented in the present invention, and that other data
decompression systems and methods known to those skilled
in the art may be employed for providing accelerated data
retrieval in accordance with the teachings herein.

Although illustrative embodiments have been described
herein with reference to the accompanying drawings. it is to
be understood that the present invention is not limited to those
precise embodiments. and that various other changes and
modifications may be affected therein by one skilled in the art
without departing front the scope or spirit o tithe invention. All
such changes and modifications are intended to be included
within the scope of tlte invention as defined by the appended
claims.

What is claimed is:

1. A method for providing accelerated loading of an oper-
ating system in a computer system. the method comprising:

loading a portion ofboot data in a compressed limit that is
associated with a portion of a boot data list for booting
the computer system into a memory;

accessing the loaded portion of the boot data iii the com-
pressed form from the memory:

decomprcssing the accessed portion ofthe boot data in the
compressed form at a rate that decreases at boot time of
the operating system relative to loading the operating
system utilizing boot data in an uncompressed form: and

updating the boot data list.
wherein the deoompressed portion of boot data comprises

a portion of the operating system.
2. The method ofclaim 1, wlterein the updating comprises:
associating additional boot data with the boot data list.
3. The method ofclaim I. wherein the updating comprises:
removing an association of additional boot data that is

associated with the boot data list from the boot data list.

4. The method ofclaim I, wherein the updating comprises:
associating additional boot data with the boot data list; and
compressing a portion of the additional boot data.
5. A method for booting a computer system. the method

comprising:
storing boot data in a compressed form that is associated

with a portion of a boot data list in a first memory:
loading the stored compressed boot data from the first

memory:

accessing the loaded compressed boot data:
decompressing the accessed compressed boot data;
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utilizing the decompressed boot data to at least partially
boot the compttter system: and

updating the boot data list.
wherein the loading. the accessing, and the decornpressing

occur within a period of time which is less than a time to
access the boot data from the first memory if the boot
data was stored in the first memory in an uncompressed
form.

6. A system comprising:
a processor:

a memory: and
a second memory configured to store boot data in a com-

pressed form for booting the system and a logic code
associated with the processor,

wherein the processor is configured:
to load a portion of the boot data in the compressed form

that is associated with a boot data list used for booting
the system into the first memory,

to access the loaded portion of the boot data in the
compressed form.

to decompress the accessed portion of the boot data in
the compressed form at a rate that decreases at boot
time of the system relative to booting the system with
uncompressed boot data. and

to update the boot data list.
7. The system of claim 6. fiirther comprising:
a data compression engine. coupled to the second memory.

configured to compress tl1e portion of the boot data to
provide the portion of the boot data in the compressed
form: and

a data compression encoder, coupled to the data compres-
sion engine. configured to compress additional hoot
data. the additional boot data not being associated with
the boot data list.

8. .A method of loading an operating system for booting a
computer system, comprising:

storing a portion of the operating system in a compressed
form in a first memory:

loading the portion of the operating system front the first
memory to a second memory. the portion of the operat-
ing system being associated with a boot data list:

accessing the loaded portion of the operating system from
the second memory in the compressed form;

decompressing the accessed portion of the operating sys-
tem to provide a decompressed portion of the operating
system;

utilizing the decompresscd portion of the operating system
to at least partially boot the computer system; and

updating the boot data list.
wherein the portion ofthe operating system is accessed and

decompressed at a rate that is faster than accessing the
loaded portion of the operating system from the first
memory if the portion ofthe operating system was to be
stored in the first memory in an uncompressed form.

9. The method of claim 8. further comprising:
compressing an additional portion ofthe operating system

that is not associated with the boot data list; and

storing the additional portion ofthe operating system in the
first memory. and

wherein the utilizing comprises:
utilizing the stored additional portion of the operating

system to at least further partially boot the computer
system.

10. The method ofclaim 9, wherein the compressing com-
prises:

compressing the additional portion ofthe operating system
with a data compression encoder.
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ll , A method for providing accelerated loading ofan oper-
ating system in a computer system. comprising:

loading boot data iii a compressed form that is associated
with a boot data list from a boot device into a memory
upon initialiration of the computer system;

accessing the loaded boot data i11 compressed form from
the memory:

decompressing the accessed boot data in compressed form
at a rate that decreases at time to load the operating
system relative to loading the operating system with the
boot data in an uncompressed form;

utilizing the decompressed boot data to load at least a
portion ofthe operating system for the computer system;
and

updating the boot data list.
12. The method of claim 1 1. furtlter comprising:
compressing boot data that is not associated with the boot

data list with a data compression encoder.
13. A method For providing accelerated loading ofan oper-

ating system in a computer system. comprising:
loading boot data in a compressed form that is associated

with a boot data list from a boot device;

accessing, the loaded boot data in the compressed form;
decompressing the accessed boot data in the compressed

form at a rate that decreases at time to load the operating
system relative to leading the operating system with the
boot data in an uncompressed form; and

updating the boot data list.
14. A method for providing accelerated loading ofan oper-

ating system in a computer system. comprising:
accessing boot data for booting the computer system.

wherein a portion of the boot data is in a compressed
form and is associated with a boot data list;

loading the boot data into a memory; and
servicing a request for t.l1c boot data from the computer

system to access the loaded compressed boot data and to
decompress the accessed compressed boot data at a rate
that decreases a boot time of the operating system rela-
tive to loading the operating system utilizing the boot
data in an uncompressed form; and

updating the boot data list.
15. The method of claim 14. wherein the boot data com-

prises:
a program code associated with the operating system.
16. The method ofclaim 14, wherein the operating system

comprises:
a plurality of files.
17. The method of claim 14, wlierein the boot data com-

prises:
a program code associated with the operating system and

an application program.
18. The method of claim 17. wherein the application pro-

gram comprises:
a plurality of files.
19. The method of claim 14, wherein the request for the

boot data comprises:
a request to access boot data that is not associated with the

boot data list. and wherein the updating comprises:
associating the accessed boot data that is not associated

with the boot data list to the boot data list.

20. The method of claim 14. wherein the updating com-
prises:

disassociating non-accessed boot data from the boot data
list.
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21. The method of claim 14, furtlier comprising:
maintaining the boot data list.
22. The method of claim 14. wherein the accessing, com-

prises:
accessing the boot data from a non-volatile memory.
23. The method ofclaim 1, wherein the portion of the boot

data ill the compressed form represents a plurality of files.
24. The method ofclaim 1, wherein the portion ofthe boot

data in the compressed form comprises:
a program code associated with the operating system.
25. The method of claim 1. further comprising:
compressing the portion of the boot data with a compres

sion encoder to provide the portion ofthe boot data in the
compressed form.

26. The method of claim I, wherein the decompressing
comprises:

decompressing the accessed portion ofthe boot data in the
compressed form utilizing a decompression decoder.

27. The method of claim 1, wherein the memory com-
prises:

a physical memory.
28. The method of clai111 1, wherein the operating system

comprises:
a plurality offiles.
29. The method of claim 1. wherein the boot data com-

prises:

a prograrll code associated with tl1e operating system and
an application program.

30. The method of claim 29. wherein the application pro-
gram comprises:

a plurality offiles.
31. The method of claim 1. wherein the accessing com-

prises:
accessing the loaded portion ot‘ the boot data in the com-

pressed Torm via direct memory access.
32. The method of claim 1. wherein a form of dictionary

encoding was utilized to encode the portion ofthe boot data in
the compressed form.

33. The method ofclaim I. wherein lzempel-Ziv encoding
was utilized to encode the portion of the boot data in the
compressed form.

34. The method ofclaim 1. wherein a plurality ofencoders
was utilized to encode the ponion of the boot data in the
compressed form.

35. The method of claim 5, wherein the compressed boot
data represents a plurality of files.

36. The method ofclaim 5. wherein the compressed boot
data comprises:

a program code associated with an operating system ofthe
computer system.

37. The method of claim 5. further comprising:
compressing the boot data to provide the boot data in the

compressed form.
38. The method of claim 5. wherein the decompressing

comprises:
decompressing the accessed compressed boot data with a

decornprcssion decoder.
39. The method ofclaim 5, wherein the loading comprises:
loading the stored compressed boot data from the first

memory to a second memory, and wherein the second
memory comprises:

a physical memory.
40. The method ofclaim 36. wherein the operating system

comprises:
a plurality of files.
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41. The method of claim 5. wherein the compressed boot
data comprises:

a program code associated with an operating system ofthe
computer system and an application program.

42. The method of claim 41. wherein the application pro-
gram comprises:

a plurality of files.
43. The method of claim 5. wherein the accessing com-

prises:
accessing the loaded compressed boot data via direct

memory access.

44. The method of claim 5. wherein a form of dictionary
encoding was utilized to encode the compressed boot data.

45. The method of claim 5. wherein Lempel—Ziv encoding
was utilized to encode the compressed boot data.

46. The method ol'clain1 5. wherein a plurality of encoders
was utilized to encode the compressed boot" data.

47. The system of claim 6. wherein the boot data in the
compressed form represents a plurality ol‘ tiles.

48. The system of claim 6. wherein the boot data in the
compressed form comprises:

a program code associated with an operating system.
49. The system of claim 6, further comprising:
an encoder configured to compress the boot data to provide

the boot data in the compressed form.
50, The system olclaim 6. litrther comprising:
a decoder configured to decompress the boot data in the

compressed fonn.
51. The system ofclaim 6. wherein the first memory com-

prises:
a physical memory.
52. The system ofclaim 6. wherein the boot data the corn-

pressed form comprises:
a piurality of files.
53. The system of claim 6. wherein the boot data in the

compressed form comprises:
a program code associated with an operating system ofthe

system and an application program.
54. The system of claim 53. wherein the application pro-

gram comprises:
a plurality of files.
55. The system ofclaim 6, wherein the processor is further

configured to access the loaded portion ofthe boot data in the
compressed form from the first memory via direct memoryaccess.

56. The system ofclaim 6. wherein the processor is further
configured to utilize a Fonn of dictionary encoding to encode
a portion o t‘ the boot data to provide the portion of the boot
data in the compressed form.

57. The system ofclaim 6. wherein the processor is further
configured to utilize Lempel—Ziv encoding to encode a por-
tion of the boot data to provide the portion of the boot data in
the compressed form.

58. The system of claim 6. further comprising:
a plurality of encoders configured to encode the boot data

in the compressed form.
59. The method ofclaim 8, wherein the operating system in

the compressed term represents a plurality offiles.
6!}. The method ofclaim 8. wherein the operating system in

the compressed form comprises:
program code associated with the operating system.
61. The method of claim 8. further comprising:
compressing a portion ofthe operating system to provide

the portion of the operating system in the compressed
form.

62. The method ofclaim 8, wherein the dr.-compressing the
accessed first portion comprise:
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decompressing the accessed first portion with a decom-
pression decoder.

63. The method of claim 8. wherein the second memory
comprises:

a physical memory.
64. The method of claim 8, wherein the operating system

comprises:
a plurality of files.
65. The method ofclaim 8. wherein the operating system in

the compressed form comprises:
a program code associated with the operating system and

an application program.
66. The method ofclaim 65, wherein the application pro-

gram ctnnprises:
a plurality of files.
67. The method of claim 8. wherein the accessing com-

prises:
accessing the loaded first portion from the second memory

via direct memory access.
68. The method of claim 8. wherein a fomt of dictionary

encoding was utilized to encode the operating system in the
compressed form.

69. The method ofclaim 8. wherein I..empel-Ziv encoding
was utilized to encode the operating system in the compressed
form.

70. The method olclai m 8. wherein a plurality ofcncodcrs
was utilized to encode the operating system in the compressed
form.

71. Tlte method of claim 11, wherein the boot data in the
compressed form represents a plurality of tiles.

72. The method of claim 11. wherein the boot data in the

compressed form comprises:
a program code associated with the operating system.
73. The method of claim 11, further comprising:
compressing the boot data to provide the boot data in the

compressed form.
74. The method of claim 11. wherein the decompressing

comprises:
dccompressing the boot data in the compressed form uti-

lizing a decompression decoder.
75. The method of claim 11. wherein the memory com-

prises:
a physical memory.
76. The method ofclaim 11. wherein the operating system

comprises:
a plurality of files.
77. The method ofclaim I], wherein the boot data in the

compressed form comprises:
a program code associated with the operating system and

an application program
78.'l'"l1e method of claim 1 1, wlierein the application pro-

gram comprises:
a plurality offiles.
79. The method of claim I.l. wherein the accessing com-

prises:
accessing the boot data in the compressed fonn from the

memory via direct memory access.
80. The method ofclaim 11. wherein a form of dictionary

encoding was utilized to encode the boot data in the com-
pressed form.

81 . The method ofclaim I 1. wherein Lcmpel-Ziv encoding
was utilized to encode the boot data in the compressed form.

82. The method of claim 11, wherein a plurality of encod-
ers was utilized to encode the boot data in compressed form.

83. The method of claim 13. wherein the boot data in the

compressed form represents a plurality of files.

32
84. The method of claim 13. wherein the boot data in the

compressed form comprises:
a program code associated with the operating system.
85. The method of claim 13. further comprising:
compressing the boot data to provide the cotnppessed hoot

data.

86. The method of claim I3, wherein the decornpressirtg
comprises:

decompressing the compressed boot data with a decom-
pression decoder.

87. The method of claim 13. wherein the memory cont-
prises:

a physical memory.
88. The method ofclaim 13. wherein the operating system

comprises:
a plurality offlles.
89. The method ofclaim 13. wherein the boot data in the

compressed form comprises:
a program code associated with the operating system and

application program.
90. The method of claim 89. wherein the application pro-

gram comprises:
a plurality offiles.
91. The method of claim 13. wherein the accessing com-

prises:
accessing the loaded boot data in the compressed form via

direct memory access.
92. The method ofclaim 13. wherein a form of dictionary

encoding was utilized to encode the compressed boot data.
93. The method ofclaim 13. wherein Lempel-Ziv encoding

was utilized to encode the compressed boot data.
94. The method of claim 13. wherein a plurality ofencod-

ers was tttiiized to encode the compressed hoot data.
95. The method ofclaim 1. further comprising:
accessing additional boot data that is not associated with

the boot data list. and wherein the updating comprises:
associating the additional boot data with the boot data list.
96. The method of claim 1. wherein the updating com-

prises:
disassociating non-accessed boot data from the boot data

list.

97. The method of claim 5. further comprising:
accessing additional compressed boot data that is not asso-

ciated with the boot data list, and wherein the updating
comprises:

associating the additional compressed boot data with the
boot data list.

98. The method of claim 5. wherein the updating com-
prises:

disassociating non—accessed boot data from the boot data
list.

99. The method ofelaim 6, wherein the processor is further
configured:

to access additional boot data that is not associated with the

boot data list, and
to associate the additional boot data with the boot data list.

100. The system of claim 6. wherein the processor is fur-
ther configured:

to disassociate non-accessed boot data from the boot data
list.

191. The method of claim 8. further comprising:
accessing an additional portion ofthe operating system that

is not associated with the boot data list. and wherein the

updating comprises:
associating the additional portion of the operating system

with the boot data list.
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102. The method ofclaitn 8, wherein the updating eom- 110. The method of claim 1. wherein a plurality of data
compression encoders was utilized to encode the portion of
the boot data in the compressed form.

ll 1. The method of claim 1. wherein the updating com-

prises:
disassociating a non-accessed portion of the operating sys-

tem froin the boot data list.

ll}3.Th did it‘ Il.f‘urth* " ; 5 PWS‘. . . .

33;
the boot data list. and wherein the updating coiiiprises: prises; le met 0 0 C mm ‘ W lerem t 1e up m-lg com-

associating the additional boot data with the bootdata list. npdming the bout dam H51 in mspome [0 me milizing
10¢ The W-'3lh0d Of 9131711 11- Wherefll the “Pd31111B Wm‘ 10 113. The system of claim 6. wherein the processor is con-

prises: figured to update the boot data list based upon the accessed
disassociating non-accessed boot data from the boot data portion of the boot data.

list. 114. The method of claim 8. wherein the updating com-

ll)5. The method ofclaim 13, further comprising: P1'i5’«’-53

accessing additional boot data that is not associated with 15 updating 1_h_e hoot data list in response In the accessing or
the boot data list, and wherein the updating comprises: the 1ll1liZ""l8-

associating the additional boot data with the boot data list. 115' The lllelhod Of claim 11- W113’91“ the Updailllg Wm‘
106. The method ofclaiin 13 wherein the updating eom- prises: _ ‘ _ _

updating the boot data list in response to the accessing orprises: _ _ ,
- - _ , _, __d , 1 the utilizing.

d“l‘ii::_0Cmmg non acwssi" ham dmd from the bum data "U 116. The method of claim 13, wherein the updating coin-
prises:

updating the boot data list in response to the accessing.
117. The method of claim 14. wherein the updating com-

is pnsesl . . . . .
“ updating the boot data list in response to the servicing.

107. The method ofclaim 2, further comprising:
storing the updated boot list in a non-volatile memory.
108. The method ofclaim 2. furtlier comprising:
compressing at least a portion of the additional boot data.
109. The method ofclaim 188. fiirther comprising:
storing the compressed additional boot data. as =t= =I= =I= *
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UNITED STATES PATENT AND TRADEMARK OFFICE

CERTIFICATE OF CORRECTION

PATENT NO. I 3,830,862 B2 Pagg I Of]
APPLICATION NO. : ]3r’1l8l22

DATED : November 4, 2014

lNVENTOR(S] : Fallon et 21].

It is certified that error appears in the above—identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims

At column 27, line 11. please replace “a memory” with --a first memory--.

At column 30, line 67, please replace “accessed first portion comprise” with --accessed portion

comprises--.

At column 31, line 1, please replace “accessed first portion” with --accessed portion--.

Signed and Sealed this

Seventh Day of April, 2015

71/u;4.cé.//..4.__
Michelle K. Lee

D:'rec'lar qff/re (mired Srczres Parwnf and Nadenrarir Of,-We
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