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DATA STOREWIDTH ACCELERATOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a Continuation-in-Part of US. 
patent application Ser. No. 09/775,905, ?led Feb. 2, 2001, 
Which claims priority to US. Provisional Application Serial 
No. 60/180,114, ?led on Feb. 3, 2000, Which are fully 
incorporated herein by reference. In addition, this applica 
tion claims priority to US. Provisional Application Serial 
No. 60/333,919, ?led on Nov. 28, 2001, Which is fully 
incorporated herein by reference. 

TECHNICAL FIELD 

[0002] The present invention relates generally to systems 
and methods for data storage and retrieval and, more par 
ticularly, to data storage controllers employing lossless 
and/or lossy data compression and decompression to provide 
accelerated data storage and retrieval bandWidth. 

BACKGROUND 

[0003] Modern computers utiliZe a hierarchy of memory 
devices. To achieve maximum performance 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 plac 
ing a sufficient quantity of onboard memory for most appli 
cations. Thus, in order to offer suf?cient 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), synchronous dynamic random access memory 
(SDRAM), synchronous 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. 

[0004] Furthermore, mass storage devices offer increased 
capacity and fairly economical data storage. Mass storage 
devices (such as a “hard disk”) typically store the operating 
system of a computer system, as Well as applications and 
data and rapid access to such data is critical to system 
performance. The data storage and retrieval bandWidth of 
mass storage devices, hoWever, is typically much less as 
compared With the bandWidth of other elements of a com 
puting system. Indeed, over the last decade, although com 
puter processor performance has improved by at least a 
factor of 50, magnetic disk storage performance has only 
improved by a factor of 5. Consequently, memory storage 
devices severely limit the performance of consumer, enter 
tainment, of?ce, Workstation, servers, and mainframe com 
puters for all disk and memory intensive operations. 

[0005] The explosion in the data storage market Will 
require both an increase in disk densities as Well as a 
reduction in overall siZe. This latter aspect, ongoing com 
puter miniaturiZation Will not only affect disk architectures 
but Will create pressure to merge current individual func 
tions into more optimiZed composite implementations. 

[0006] The ubiquitous Internet combined With neW mul 
timedia applications has put tremendous emphasis on stor 
age volumetric density, storage mass density, storeWidth, 
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and poWer consumption. Speci?cally, storage density is 
limited by the number of bits that are encoded in a mass 
storage device per unit volume. Similarly mass density is 
de?ned 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 store 
Width, burst storeWidth, and random access storeWidth, all 
typically measured in megabytes/sec. PoWer consumption is 
canonically de?ned in terms of poWer consumption per bit 
and may be speci?ed under a number of operating modes 
including active (While data is being accessed and transmit 
ted) and standby mode. Hence one fairly obvious limitation 
Within the current art is the need for even more volume, 
mass, and poWer ef?cient data storage. 

[0007] Magnetic disk mass storage devices currently 
employed in a variety of home, business, and scienti?c 
computing applications suffer from signi?cant seek-time 
access delays along With profound read/Write data rate 
limitations. Currently the fastest available disk drives sup 
port only a sustained output data rate in the tens of mega 
bytes per second data rate (MB/sec). This is in stark contrast 
to the modern Personal Computer’s Peripheral Component 
Interconnect (PCI) Bus’s loW end 32 bit/33 MhZ input/ 
output capability of 264 MB/sec and the PC’s internal local 
bus capability of 800 MB/sec. 

[0008] Another problem Within the current art is that 
emergent high performance disk interface standards such as 
the Small Computer Systems Interface (SCSI-3), Fibre 
Channel, AT Attachment UltraDMA/66/100, 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 modern magnetic disk 
storage devices for the personal computer marketplace are 
still limited by the same typical physical media restrictions. 
In practice, 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). 

[0009] RAID systems often afford the user the bene?t of 
increased data bandWidth for data storage and retrieval. By 
simultaneously accessing tWo or more disk drives, data 
bandWidth may be increased at a maximum 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. 

[0010] Another problem With most modern mass storage 
devices is their inherent unreliability. Many modern mass 
storage devices utiliZe rotating assemblies and other types of 
electromechanical components that possess failure rates one 
or more orders of magnitude higher than equivalent solid 
state devices. RAID systems employ data redundancy dis 
tributed across multiple disks to enhance data storage and 
retrieval reliability. In the simplest case, data may be explic 
itly repeated on multiple places on a single disk drive, on 
multiple places on tWo or more independent disk drives. 
More complex techniques are also employed that support 
various trade-offs betWeen data bandWidth and data reliabil 
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[0011] Standard types of RAID systems currently avail 
able include RAID Levels 0, 1, and 5. The con?guration 
selected depends on the goals to be achieved. Speci?cally 
data reliability, data validation, data storage/retrieval band 
Width, and cost all play a role in de?ning 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 
utiliZed. 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 signi?cant 
decrease in reliability. 

[0012] RAID Level 1 utiliZes disk mirroring Where data is 
duplicated on an independent disk subsystem. Validation of 
data amongst the tWo independent drives is possible if the 
data is simultaneously accessed on both disks and subse 
quently 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 replacement drive is inserted. The data on the failed drive 
is then copied in the background While the entire system 
continues to operate in a performance degraded but fully 
operational mode. Once the data rebuild is complete, normal 
operation resumes. Hence, another problem With RAID 
systems is the high cost of increased reliability and associ 
ated decrease in performance. 

[0013] RAID Level 5 employs disk data striping and 
parity error detection to increase both data bandWidth and 
reliability simultaneously. Aminimum 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 performance degraded but fully 
operational mode. Once the data rebuild is complete, normal 
operation resumes. 

[0014] Thus another problem With redundant modern 
mass storage devices is the degradation of data bandWidth 
When a storage device fails. Additional problems With band 
Width 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 limi 
tations Within the current art are addressed by the present 
invention. 

SUMMARY OF THE INVENTION 

[0015] The present invention is generally directed to data 
storage controllers and data storage devices employing 
lossless or lossy data compression and decompression to 
provide accelerated data storage and retrieval bandWidth. In 
one embodiment of the invention, a composite disk control 
ler provides data storage and retrieval acceleration using 
multiple caches for data pipelining and increased through 
put. In another embodiment of the invention, the disk 
controller With acceleration is embedded in the storage 
device and utiliZed for data storage and retrieval accelera 
tion. 

[0016] More particularly, in one aspect of the invention, a 
controller for controlling storage and retrieval of data to and 
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from a data storage device comprises a data compression/ 
decompression engine for compressing data stored to the 
data storage device and for decompressing data retrieved 
from the data storage device, a ?rst cache, operatively 
connected to the storage device and the data compression/ 
decompression engine, for temporary storage of com 
pressed data that is read from the data storage device and (ii) 
compressed data from the data compression/decompression 
engine that is to be Written to the data storage device, a 
second cache, operatively connected to the data compres 
sion/decompression engine and to a host interface bus, for 
temporary storage of data that is received from a host 
system over the host interface bus for compression and 
storage and (ii) data that is to be sent to the host system over 
the host interface bus, and a cache manager for controlling 
the ?rst and second data caches under commands received 
from the data compression/decompression engine. 

[0017] In another aspect, the ?rst cache, second cache and 
the data compression/decompression engine are operatively 
connected by a ?rst local bus and the data compression/ 
decompression engine is connected to the cache manager 
over a dedicated bus. 

[0018] In another aspect of the invention, a magnetic disk 
controller for controlling storage and retrieval of data to and 
from a magnetic disk comprises an embedded data com 
pression/decompression engine for compressing data stored 
to the magnetic disk and for decompressing data retrieved 
from the magnetic disk, an embedded ?rst cache, operatively 
connected to the magnetic disk and the data compression/ 
decompression engine, for temporary storage of com 
pressed data that is read from the magnetic disk and (ii) 
compressed data from the data compression/decompression 
engine that is to be Written to the magnetic disk, an embed 
ded second cache, operatively connected to the data com 
pression/decompression engine and to a host interface bus, 
for temporary storage of data that is received from a host 
system over the host interface bus for compression and 
storage and (ii) data that is to be sent to the host system over 
the host interface bus, and an embedded cache manager for 
controlling the ?rst and second data caches under commands 
received from the data compression/decompression engine. 

[0019] In yet another aspect of the invention, a magnetic 
disk controller for controlling storage and retrieval of data to 
and from a magnetic disk comprises an embedded data 
compression/decompression engine for compressing data 
stored to the magnetic disk and for decompressing data 
retrieved from the magnetic disk, an embedded bi-direc 
tional cache for temporary storage of compressed data 
that is read from the magnetic disk and (ii) compressed data 
from the data compression/decompression engine that is to 
be Written to the magnetic disk, an embedded cache manager 
for controlling the bi-directional cache, and an embedded 
virtual ?le management system for mapping compressed 
data blocks stored on the disk to corresponding uncom 
pressed data blocks. 

[0020] The present invention is realiZed due to recent 
improvements in processing speed, inclusive of dedicated 
analog and digital hardWare circuits, central processing 
units, (and any hybrid combinations thereof), that, coupled 
With advanced data compression and decompression algo 
rithms are enabling of ultra high bandWidth data compres 
sion and decompression methods that enable improved data 
storage and retrieval bandWidth 
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[0021] 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 DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a block diagram of a data storage 
controller according to one embodiment of the present 
invention. 

[0023] FIG. 2 is a block diagram of a data storage 
controller according to another embodiment of the present 
invention. 

[0024] FIG. 3 is a block diagram of a data storage 
controller according to another embodiment of the present 
invention. 

[0025] FIG. 4 is a block diagram of a data storage 
controller according to another embodiment of the present 
invention. 

[0026] FIG. 5 is a block diagram of a data storage 
controller according to another embodiment of the present 
invention. 

[0027] FIGS. 6a and 6b comprise a How diagram of a 
method for initialiZing a data storage controller according to 
one aspect of the present invention. 

[0028] FIGS. 7a and 7b comprise a How diagram of a 
method for providing accelerated loading of an operating 
system and/or application programs upon system boot, 
according to one aspect of the present invention. 

[0029] FIGS. 8a and 8b comprise a How diagram of a 
method for providing accelerated loading of application 
programs according to one aspect of the present invention. 

[0030] FIG. 9 is a diagram of an exemplary data com 
pression system that may be employed in a data storage 
controller according to the present invention. 

[0031] FIG. 10 is a diagram of an exemplary data decom 
pression system that may be employed in a data storage 
controller according to the present invention. 

[0032] FIG. 11 is a block diagram of a data storage 
controller according to another embodiment of the present 
invention. 

[0033] FIG. 12 is a block diagram of a data storage 
controller according to another embodiment of the present 
invention. 

[0034] FIG. 13 is a block diagram of a data storage device 
comprising an embedded data storage accelerator, according 
to an embodiment of the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0035] In the folloWing description, it is to be understood 
that system elements having equivalent or similar function 
ality are designated With the same reference numerals in the 
Figures. It is to be further understood that the present 
invention may be implemented in various forms of hard 
Ware, softWare, ?rmWare, or a combination thereof. Prefer 
ably, the present invention is implemented on a computer 
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platform including hardWare such as one or more central 
processing units (CPU) or digital signal processors (DSP), a 
random access memory (RAM), and input/output (I/O) 
interface(s). The computer platform may also include an 
operating system, microinstruction code, and dedicated pro 
cessing hardWare utiliZing combinatorial logic or ?nite state 
machines. The various processes 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 combination thereof. 

[0036] It is to be further understood that, because some of 
the constituent system components described herein are 
preferably implemented as softWare modules, the actual 
system connections shoWn in the Figures may differ depend 
ing upon the manner in that the systems are programmed. It 
is to be appreciated that special purpose microprocessors, 
dedicated hardWare, or and combination thereof may be 
employed to implement the present invention. Given the 
teachings herein, one of ordinary skill in the related art Will 
be able to contemplate these and similar implementations or 
con?gurations of the present invention. 

[0037] I. System Architectures 

[0038] The present invention is directed to data storage 
controllers that provide increased data storage/retrieval rates 
that are not otherWise achievable using conventional disk 
controller systems and protocols to store/retrieve data 
to/from mass storage devices. The concept of “accelerated” 
data storage and retrieval Was introduced in copending US. 
patent application Ser. No. 09/266,394, ?led March 11, 
1999, entitled “System and Methods For Accelerated Data 
Storage and Retrieval” and copending US. patent applica 
tion Ser. No. 09/481,243, ?led Jan. 11, 2000, entitled “Sys 
tem and Methods For Accelerated Data Storage and 
Retrieval,” both of Which are commonly assigned and incor 
porated herein by reference. In general, as described in the 
above-incorporated applications, “accelerated” data storage 
comprises receiving a digital data stream at a data transmis 
sion rate Which is greater that the data storage rate of a target 
storage device, compressing the input stream at a compres 
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 
storage 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 of compressing 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 of 60 
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 decom 
pressing the compressed data at a rate that increases the 
effective data access rate of the target storage device. Advan 
tageously, accelerated data storage/retrieval mitigates the 
traditional bottleneck associated With, e.g., local and net 
Work disk accesses. 

[0039] Referring noW to FIG. 1, a high-level block dia 
gram illustrates a data storage controller 10 according to one 
embodiment of the present invention. The data storage 
controller 10 comprises a data compression engine 12 for 
































