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IN THE UNITED STATES DISTRICT COURT
FOR THE EASTERN DISTRICT OF TEXAS
TYLER DIVISION

REALTIME ADAPTIVE STREAMING
LLC, Case No. 6:17-cv-567
Plaintiff, JURY TRIAL DEMANDED
V.
ECHOSTAR TECHNOLOGIES L.L.C,,

DISH NETWORK L.L.C., AND ARRIS
GROUP, INC.,

Defendants.

COMPLAINT FOR PATENT INFRINGEMENT

This is an action for patent infringement arising under the Patent Laws of the
United States of America, 35 U.S.C. § 1 ef seq. in which Plaintiff Realtime Adaptive
Streaming LLC (“Plaintiff” or “Realtime”) makes the following allegations against
Defendants EchoStar Technologies, L.L.C., DISH Network L.L.C., and Arris Group,
Inc.:

PARTIES

1. Realtime is a Texas limited liability company. Realtime has a place of
business at 1828 E.S.E. Loop 323, Tyler, Texas 75701. Realtime has researched and
developed specific solutions for data compression, including, for example, those that
increase the speeds at which data can be stored and accessed. As recognition of its
innovations rooted in this technological field, Realtime holds multiple United States
patents and pending patent applications

2. On information and belief, EchoStar Technologies, L.L.C. is a Texas
limited liability company with its principal place of business at 11717 Exploration Lane,

Germantown, MD 20876 and a regular and established place of business at 10303 E

DISH 1031
Sling TV v. Realtime
IPR2018-01332
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Bankhead Hwy # 100, Aledo, TX 76008. See, e.g., https://www.yvellowpages.com/aledo-

tx/mip/echostar-satellite-11408900. Upon information and belief, EchoStar Technologies,

L.L.C. has a regular and established place of business in this District. On information
and belief, EchoStar Technologies, L.L.C. can be served through its registered agent,
Corporation Service Company D/B/A CSC-Lawyers Inc., 211 E. 7th Street Suite 620,
Austin, TX 78701. EchoStar Technologies LLC is an indirect subsidiary of DISH
Networks LLC. EchoStar Technologies LLC designs the set-top boxes used to deliver
the DISH TV service.

3. On information and belief, Defendant DISH Network L.L.C. (“DISH”) is
a Colorado limited liability company with its principal office at 9601 S. Meridian Blvd.,
Englewood, CO 80112 and a regular and established place of business at 1211 Broad St,

Wichita Falls, TX 76301. See, e.g., https:/www.mapquest.com/us/texas/business-

wichita-falls/DISH-tv-9269051. Upon information and belief, DISH Network L.L.C.

has a regular and established place of business in this District. See, e.g.,

https://www.DISH.com/availability/tx/beaumont (“Get DISH TV Programming in

Beaumont, Texas”). On information and belief, Defendant DISH Network L.L.C.
conducts business throughout the United States, including in this District. On
information and belief, DISH can be served through its registered agent, R. Dodge
Stanton, 9601 S. Meridian Blvd., Englewood, CO 80112. EchoStar Technologies, L.L.C.
and DISH Network L.L.C. are hereinafter referred to collectively as “DISH” or “Dish”.

4, On information and belief, Defendant Arris Group, Inc. (“Arris”) is a
Delaware Corporation with its principal office at 3871 Lakefield Drive, Suwanee, GA,
30024. On information and belief, Arris maintains a regular and established place of
business in this District, for example, at 101 E Park Blvd, Plano, TX 75074. See, e.g.,

http://www.buzzfile.com/business/Arris-Group.-Inc.-972-546-1700. On information and

belief, Arris maintains a regular and established place of business at 4516 Seton Center

Pkwy, Suite 185, Austin, TX 78759. See, e.g., http:/www.Arris.com/company/offices/.
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On information and belief, Defendant Arris conducts business throughout the United
States, including in this District. On information and belief, Arris can be served through
its registered agent, Corporation Service Company, 40 Technology Pkwy South, #300,
Norcross, GA 30092.

5 On information and belief, EchoStar, and DISH promotes and offers for
sale DISH and Sling-branded products and services which infringe certain asserted
patents. Accordingly, each of the Defendants is properly joined in this action pursuant to
35U.S.C. § 299.

6. On information and belief, Arris sells and offers for sale products and
services incorporating technology from Sling Media which infringes certain asserted
patents. Accordingly, Arris is properly joined in this action pursuant to 35 U.S.C. § 299.

JURISDICTION AND VENUE

7. This action arises under the patent laws of the United States, Title 35 of
the United States Code. This Court has original subject matter jurisdiction pursuant to 28
U.S.C. §§ 1331 and 1338(a).

8. This Court has personal jurisdiction over EchoStar Technologies L.L.C. in
this action because EchoStar Technologies L.L.C. has committed acts within the Eastern
District of Texas giving rise to this action and has established minimum contacts with this
forum such that the exercise of jurisdiction over EchoStar Technologies L.L.C. would not
offend traditional notions of fair play and substantial justice. EchoStar Technologies
L.L.C. directly and through subsidiaries (including DISH) or intermediaries (including
distributors, retailers, and others), has committed and continues to commit acts of
infringement in this District by, among other things, offering to sell and selling products
and/or services that infringe the asserted patents. In addition, EchoStar Technologies
L.L.C. is incorporated under the laws of the state of Texas. Furthermore, upon
information and belief, EchoStar Technologies L.L.C. has a regular and established place

of business at 10303 E Bankhead Hwy # 100, Aledo, TX 76008. See, e.g.,
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https://www.yellowpages.com/aledo-tx/mip/echostar-satellite-11408900. Upon

information and belief, EchoStar Technologies L.L.C. has a regular and established place
of business in this District.

9. This Court has personal jurisdiction over DISH Network L.L.C. in this
action because DISH Network L.L.C. has committed acts within the Eastern District of
Texas giving rise to this action and has established minimum contacts with this forum
such that the exercise of jurisdiction over DISH Network L.L.C. would not offend
traditional notions of fair play and substantial justice. DISH Network L.L.C. directly
and/or through subsidiaries (including one or more of the named Co-Defendants) or
intermediaries (including distributors, retailers, and others), has committed and continues
to commit acts of infringement in this District by, among other things, offering to sell and
selling products and/or services that infringe the asserted patents. For example, DISH
Network L.L.C. advertises, “Get DISH TV Programming in Beaumont, Texas”. See, e.g.,

https://www.DISH.com/availability/tx/beaumont. Upon information and belief, DISH

has a regular and established place of business at 1211 Broad St, Wichita Falls, TX
76301. See, e.g., https://www.mapquest.com/us/texas/business-wichita-falls/DISH-tv-
9269051. Upon information and belief, DISH Network L.L.C. has a regular and
established place of business in this District. See, e.g.,

https://www.DISH.com/availability/tx/beaumont (“Get DISH TV Programming in

Beaumont, Texas”).

10.  This Court has personal jurisdiction over Arris Group, Inc. in this action
because Arris Group, Inc. has committed acts within the Eastern District of Texas giving
rise to this action and has established minimum contacts with this forum such that the
exercise of jurisdiction over Arris Group, Inc. would not offend traditional notions of fair
play and substantial justice. Arris Group, Inc. directly and/or through subsidiaries
(including one or more of the named Co-Defendants) or intermediaries (including

distributors, retailers, and others), has committed and continues to commit acts of
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infringement in this District by, among other things, offering to sell and selling products
and/or services that infringe the asserted patents. On information and belief, Arris

maintains a regular and established place of business in this District, for example, at 101

E Park Blvd, Plano, TX 75074. See, e.g., http://www.buzzfile.com/business/Arris-

Group.-Inc.-972-546-1700. On information and belief, Arris also maintains a regular and

established place of business at 4516 Seton Center Pkwy, Suite 185, Austin, TX 78759.

See, e.g., http://www.Arris.com/company/offices/.

11.  Venue is proper in this district under 28 U.S.C. §§ 1391(b), 1391(c) and
1400(b). Defendant Echostar Technologies L.L.C. is incorporated in Texas. Upon
information and belief, all Defendants have transacted business in the Eastern District of
Texas and have committed acts of direct and indirect infringement in the Eastern District
of Texas. In addition, Echostar maintains an Uplink & Broadcast Center in Texas located
at 710 Conrads Ln., New Braunfels, TX 78130. See

http://www.echostar.com/company/locations.aspx. In addition, on information and belief,

EchoStar has a regular and established place of business at 10303 E Bankhead Hwy #

100, Aledo, TX 76008. See, €.2., https://www.vellowpages.com/aledo-tx/mip/echostar-

satellite-11408900. On information and belief, DISH has regular and established places

of business in this District. For example, DISH advertises, “Get DISH TV Programming

in Beaumont, Texas”. See, e.g., https://www.DISH.com/availability/tx/beaumont. On

information and belief, Arris maintains a place of business in this District at 101 E Park

Blvd, Plano, TX 75074. See, e.g., http://www.buzzfile.com/business/Arris-Group.-Inc.-

972-546-1700. On information and belief, Arris also maintains a regular and established
place of business at 4516 Seton Center Pkwy, Suite 185, Austin, TX 78759. See, e.g.,

http://www.Arris.com/company/offices/.

ASSERTED PATENTS

12.  The asserted patents are U.S. Patent Nos. 8,867,610 (“the ‘610 Patent”)

and 8,934,535 (“the ‘535 patent”) (collectively, “Asserted Patents™).
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13.  The Asserted Patents have been cited as prior art during the prosecution of
at least 400 patent applications of Realtime and other companies. Those other companies
include well-known technology companies such as: Quantum, Fujitsu, IBM, Seagate,
STMicroelectronics, Cisco, LSI, Skyfire Labs, Chicago Mercantile Exchange, Thomson
Reuters, OSR Open Systems Resources, Exegy, RIM, Renesas, Red Hat, Xerox, and
Microsoft.

COUNT1
INFRINGEMENT OF U.S. PATENT NO. 8.867.610

14.  Plaintiff Realtime realleges and incorporates by reference the foregoing
paragraphs above, as if fully set forth herein.

15.  Plaintiff Realtime is the owner by assignment of United States Patent No.
8,867,610 (“the ‘610 Patent”) entitled “System and methods for video and audio data
distribution.” The ‘610 Patent was duly and legally issued by the United States Patent
and Trademark Office on October 21, 2014. A true and correct copy of the ‘610 Patent is
included as Exhibit A.

16. On information and belief, DISH has made, used, offered for sale, sold
and/or imported into the United States DISH products and services that infringe the ‘610
patent, and continues to do so. By way of illustrative example, these infringing products
include, without limitation, DISH’s streaming video products and services compliant with
various versions of the H.264 video compression standard, such as, e.g., the DISH TV
service, and all versions and variations thereof since the issuance of the ‘610 patent
(“DISH Accused Instrumentalities™). See, e.g.,

https://forum.DISH.com/viewtopic.php?t=9864&p=58341 (“[Slatellite services (e.g.,

DirecTV, XstreamHD and DISH Network) utilize the 1080p/24-30 format with MPEG-4

AVC/H.264 encoding for pay-per-view movies that are downloaded in advance via

satellite or on-demand via broadband.”); hitp:/www.satelliteguys.us/xen/threads/hd-

bitrate-is-under-5-mb-s-for-most-channels-is-this-correct.256211/ (“For HD video DN




Case 6:17-cv-00567 Document 1 Filed 10/10/17 Page 7 of 29 PagelD #: 7

exclusively uses H.264 compression (sometimes ambiguously referred to here as MPEG-
4, as there is more than one MPEG-4 video compression format). H.264 is about 2X more
efficient than MPEG-2 for the same video quality.”).

17. On information and belief, Arris has made, used, offered for sale, sold
and/or imported into the United States Arris products and services that infringe the ‘610
patent, and continues to do so. By way of illustrative example, these infringing products
include, without limitation, Arris’s streaming video products and services compliant with
various versions of the H.264 video compression standard, such as, e.g., Arris MS4000,
and all versions and variations thereof since the issuance of the ‘610 patent (“Accused

Instrumentalities”). See, e.g., http://www.Arris.com/products/media-streamer-ms4000/

(“Transcode to H.264 with adaptive bitrate up to 4 Live/DVR streams”).

18.  On information and belief, each of DISH and Arris has directly infringed
and continues to infringe the ‘610 patent, for example, through its own use and testing of
the Accused Instrumentalities, which when used, practice the method claimed by Claim 1
of the ‘610 patent, namely, a method, comprising: determining, a parameter or an
attribute of at least a portion of a data block having video or audio data; selecting one or
more compression algorithms from among a plurality of compression algorithms to apply
to the at least the portion of the data block based upon the determined parameter or
attribute and a throughput of a communication channel, at least one of the plurality of
compression algorithms being asymmetric; and compressing the at least the portion of the
data block with the selected compression algorithm after selecting the one or more
compression algorithms.

19. The DISH Accused Instrumentalities determine a parameter of at least a
portion of a video data block. Different parameters correspond with, for example,
different moment to moment requirements, e.g., the degree of motion of a video data

block at any given time. See, €.8., http://www.satelliteguys.us/xen/threads/hd-bitrate-is-

under-5-mb-s-for-most-channels-is-this-correct.256211/ (“Subtracting out the audio data
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rates, most of the DN HD channels clock in less than 4 Mbit/s for the video stream.

However these rates are averages only. DN multiplexes several HD channels per

transponder, and their compressors can dynamically allocate higher or lower rates

for each channel based on moment to moment requirements. A static scene on one

channel would require far less than a high action scene on another. Still the data rates

do not appear to change drastically and the average rate does appear to be a reasonable

predictor of video quality. Furthermore DN reduces the resolution of a number of

their HD channels from 1920x1080 to 1440x1080. This leads to a softer picture more
amenable to higher compression.”).

20.  The Sling TV Accused Instrumentalities determine a parameter of at least
a portion of a video data block, e.g. based on different types of content.

hm)s:!;‘www.cuttinecords.comfhomeﬂo15!2/’9;’5iina-tv-technical—details (“First off, I

found out that the streams were of differing quality depending on what channel you were

watching. Sling has apparently tailored different encoding profiles to different types

of content which is nice. ... Below I have listed the encoding profile that each channel is

using. As you are probably aware, they are adaptive quality and jump between

various_qualities depending on how much bandwidth _is_available at any given
time.”).

21.  The Sling Media Accused Instrumentalities determine a parameter of at
least a portion of a video data block. Different parameters are determined, for example,
based on statistics observed by the Slingplayer client. See, e.g.,

https://answers.Slingbox.com/thread/3940 (“Sling Media believes their programming

methodology choses the best encoding parameteres based on the statistics observed by
the Slingplayer. You can see the statistics that it uses for the algorithim which
dynamically choses the parameters by pressing [Alt]+[Shift]+[i] while connected to the
Slingbox.”).

22. The DISH Accused Instrumentalities select one or more compression
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algorithms to apply to the at least the portion of the data block based upon the determined
parameter or attribute and a throughput of a communications channel, at least one of the
plurality of compression algorithms  being  asymmetric. See, e.g.,

http://www.satelliteguys.us/xen/threads/ hd-bitrate-is-under-5-mb-s-for-most-channels-is-

this-correct.256211/ (“Subtracting out the audio data rates, most of the DN HD channels

clock in less than 4 Mbit/s for the video stream. However these rates are averages only.
DN multiplexes several HD channels per transponder, and their compressors can

dynamically allocate higher or lower rates for each channel based on moment to

moment requirements. A static scene on one channel would require far less than a

high action scene on another. Still the data rates do not appear to change drastically and
the average rate does appear to be a reasonable predictor of video quality. Furthermore
DN reduces the resolution of a number of their HD channels from 1920x1080 to
1440x1080. This leads to a softer picture more amenable to higher compression.”).

23.  The Sling TV Accused Instrumentalities select one or more compression
algorithms to apply to the at least the portion of the data block based upon the determined
parameter or attribute and a throughput of a communications channel, at least one of the
plurality = of  compression algorithms  being  asymmetric. ~ See,  e.g.,

hltns:ﬁwww.cuttingcords.comfhomefZO15!2!935]ing—tv-technical-details (“First off, I

found out that the streams were of differing quality depending on what channel you were

watching. Sling has apparently tailored different encoding profiles to different types
of content which is nice. ... Below I have listed the encoding profile that each channel is
using. As you are probably aware, they are adaptive quality and jump between
various_qualities depending on how much bandwidth_is available at any given
time.”).

24. The Sling Media Accused Instrumentalities select one or more
compression algorithms to apply to the at least the portion of the data block based upon

the determined parameter or attribute and a throughput of a communications channel, at
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least one of the plurality of compression algorithms being asymmetric. See, e.g.,

https://answers.Slingbox.com/thread/3940 (“Sling Media believes their programming

methodology choses the best encoding parameteres based on the statistics observed by
the Slingplayer. You can see the statistics that it uses for the algorithim which
dynamically choses the parameters by pressing [Alt]+[Shift]+[i] while connected to the
Slingbox.”).

25. Based on a throughput of the communications channel—reflected by the
max video bitrate—and resolution parameter identified, any H.264-compliant system
such as the Accused Instrumentalities would determine which profile (e.g., “baseline,”
“extended,” “main”, or “high””) and/or which “level” within a profile (which corresponds,
e.g., to a maximum picture resolution, frame rate, and bit rate) corresponds with that
parameter, then select between at least two asymmetric compressors. If, for example,
baseline or extended is the corresponding profile, then the system will select a Context-
Adaptive Variable Length Coding (“CAVLC”) entropy encoder. If, for example, main or
high is the corresponding profile, then the system will select a Context-Adaptive Binary
Arithmetic Coding (“CABAC”) entropy encoder. Both encoders are asymmetric
compressors because it takes a longer period of time for them to compress data than to

decompress data. See https:/sonnati.wordpress.com/2007/10/29/how-h-264-works-part-

i/

10
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Baseline < Extended Main High , High

10

I and P Slices Yes Yes Yes Yes Yes

B Slices No Yes Yes Yes Yes

SI and SP Slices No Yes No No No

Multiple Reference Yes Yes Yes Yes Yes

Frames

1

In-Loop Deblocking Filter Yes Yes Yes Yes Yes

CAVLC Entropy Coding ' Yes Yes Yes Yes Yes

CABAC Entropy Coding No No Yes Yes Yes

Flexible Macroblock Yes Yes No No No

Ordering (FMO)

Arbitrary Slice Ordering Yes Yes No No No

(ASO)

Redundant Slices (RS) Yes Yes No No No

Data Partitioning No Yes No No No

Interlaced Coding No Yes Yes Yes Yes

(PIcAFF, MBAFF)

4:2:0 Chroma Format Yes Yes Yes Yes Yes

Monochrome Video No No No Yes Yes

Format (4:0:0)

4:2:2 Chroma Format No No No No No

4:4:4 Chroma Format No No No No No

8 Bit Sample Depth Yes Yes Yes Yes Yes

9 and 10 Bit Sample No No No No Yes

Depth

11 to 14 Bit Sample No No No No No

Depth

8x8 vs. 4x4 Transform No No No Yes Yes

Adaptivity

Quantization Scaling No No No Yes Yes

Matrices

Separate Cb and Cr QP No No No Yes Yes

control

Separate Color Plane No No No No No

Coding

Predictive Lossless No No No No No

Coding

See http://web.cs.ucla.edu/classes/fall03/cs218/paper/H.264 MPEG4 Tutorial.pdf

at7:

11
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The following table summarizes the two major types of entropy coding: Variable Length
Coding (VIC) and Context Adaptive Binary Arithmetic Coding (CABAC). CABAC offers
superior coding efficiency over VLC by adapting lo the changing probability distribution

of symbols, by exploiting correlation between symbols, and by adaptively exploiting bit
correlations using arithmelic coding. H.264 also supporis Context Adaptive Variable Length
Coding [CAVLC) which offers superior entropy coding over VLC without the full cost of

CABAC.

H.264 Entropy Coding = Comparison of Approaches

Characteristics

Variable Length Coding

(VLC)

Context Adaptive Binary
Arithmetic Coding(CABAC)

e Where it is used MPEG-2, H.264/MPEG-4 AVC
MPEG-4 ASP (high efficiency option)
* Probability distribution Static - Probabilities never Adaptive - Adjusts
change probabilities based on
actual data
* Leverages correlation No - Conditional Yes - Exploits symbol
between symbols probabilitias ignored comrelations by using
"conlexts”
* Non-integer code wards No - low coding efficiency ~ Yes - Exploits “arithmetic.
forhigh probability symbols  ceding” which generates
non-inleger code words for
higher efficiency

Moreover, the H.264 Standard requires a bit-flag descriptor, which is set to
determine the correct decoder for the corresponding encoder. As shown below, if the flag
=0, then CAVLC must have been selected as the encoder; if the flag = 1, then CABAC
must have been selected as the encoder. See

https://www.itu.int/rec/dologin pub.asp?lang=e&id=T-REC-H.264-201304-S!!PDF—

E&type=items (Rec. ITU-T H.264 (04/2013)) at 80:

entropy_coding_mode_flag selects the entropy decoding method to be applied for the syntax elements for which two
descriptors appear in the syntax tables as follows:

_  If entropy_coding mode flag is equal to 0, the method specified by the left descriptor in the syntax table is applied
(Exp-Golomb coded, see clause 9.1 or CAVLC, see clause 9.2).

—  Otherwise (entropy_coding_mode_flag is equal to 1), the method specified by the right descriptor in the syntax table
is applied (CABAC, see clause 9.3).

26.  The Accused Instrumentalities compress the at least the portion of the data

block with the selected compression algorithm after selecting the one or more,

12



Case 6:17-cv-00567 Document 1 Filed 10/10/17 Page 13 of 29 PagelD #: 13

compression algorithms. After its selection, the asymmetric compressor (CAVLC or
CABAC) will compress the video data, in accordance with the specifications of the
profile and level selected, to provide various compressed data blocks. See

https://sonnati.wordpress.com/2007/1 0/29/how-h-264-works-part-ii/:
Entropy Coding

For entropy coding, H.264 may use an enhanced VLC, a more complex context-adaptive
variable-length coding {CAVLC) or an ever more complex Context-adaptive binary-arithmetic
coding {CABAC) which are complex techniques to losslessly compress syntax elements in the
video stream knowing the probabilities of syntax elements in a given context. The use of
CABAC can improve the compression of around 5-7%. CABAC may requires a 30-40% of total
processing power to be accomplished.

See

http //citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1 602.1581&rep=rep1&type=pdf

at 13:

Typical compression ratios to maintain excellent quality are:
e 10:1 for general images using JPEG
e 30:1 for general video using H.263 and MPEG-2
e 60:1 for general video using H.264 and WMV9

27 On information and belief, DISH and Auris also directly infringe and
continue to infringe other claims of the ‘610 patent, for similar reasons as explained
above with respect to Claim 1 of the ‘610 patent.

28. On information and belief, use of the Accused Instrumentalities in their
ordinary and customary fashion results in infringement of the methods claimed by the
‘610 patent.

29.  On information and belief, DISH and Arris have had knowledge of the
‘610 patent since at least the filing of this Complaint or shortly thereafter, and on
information and belief, DISH and Arris knew of the ‘610 patent and knew of their
infringement, including by way of this lawsuit.

30.  Upon information and belief, the affirmative acts of each of DISH and

Arris of making, using, and selling the Accused Instrumentalities, and providing

13
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implementation services and technical support to users of the Accused Instrumentalities,
have induced since the filing of this Amended Complaint and continue to induce users of
the Accused Instrumentalities to use them in their normal and customary way to infringe
the ‘610 patent by practicing a method, comprising: determining, a parameter or an
attribute of at least a portion of a data block having video or audio data; selecting one or
more compression algorithms from among a plurality of compression algorithms to apply
to the at least the portion of the data block based upon the determined parameter or
attribute and a throughput of a communication channel, at least one of the plurality of
compression algorithms being asymmetric; and compressing the at least the portion of the
data block with the selected compression algorithm after selecting the one or more,
compression algorithms. For example, DISH instructs customers (e.g., of the Hopper
with Sling) that they can, “Watch Live TV: Live sporting events, weather, news, and
more — with a broadband-connected, Sling-enabled DVR and DISH Anywhere, you can
watch all of your favorite channels anywhere you go! Watch Recorded TV: Access
recorded shows from your broadband-connected, Sling-enabled DVR anywhere. You can
even start watching on your TV and resume watching later on your computer or mobile

device!”. See, e.g., https://www.myDISH.com/DISH-anywhere. For example, Arris

instructs its customers that the MS4000 can “[t]ranscode to H.264 with adaptive bitrate
up to 4 Live/DVR streams””. See, e.g.,
https://www.Arris.com/globalassets/resources/data-sheets/365-095-24637 ms4000.pdf.

For similar reasons, each of DISH and Arris also induces its customers to use the
Accused Instrumentalities to infringe other claims of the ‘610 patent. Each of DISH and
Arris specifically intended and was aware that these normal and customary activities
would infringe the ‘610 patent. Each of DISH and Arris performed the acts that
constitute induced infringement, since the filing of the Complaint, and would induce
actual infringement, with the knowledge of the ‘610 patent and with the knowledge, or

willful blindness to the probability, that the induced acts would constitute infringement.

14
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On information and belief, each of DISH and Arris engaged in such inducement to
promote the sales of the Accused Instrumentalities. Accordingly, each of DISH and Arris
has induced, since the filing of the Complaint, and continue to induce users of the
Accused Instrumentalities to use the Accused Instrumentalities in their ordinary and
customary way to infringe the ‘610 patent, knowing that such use constitutes
infringement of the ‘610 patent.

31. By making, using, offering for sale, selling and/or importing mto the
United States the Accused Instrumentalities, and touting the benefits of using the
Accused Instrumentalities’ compression features, each of DISH and Arris has injured
Realtime and is liable to Realtime for infringement of the ‘610 patent pursuant to 35
U.S.C. § 271.

32. As a result of the infringement of the ‘610 patent by DISH and Arris,
Plaintiff Realtime is entitled to monetary damages in an amount adequate to compensate
for DISH and Arris’s infringement, but in no event less than a reasonable royalty for the

use made of the invention by DISH and Arris, together with interest and costs as fixed by

the Court.
COUNT II
INFRINGEMENT OF U.S. PATENT NO. 8.934,535
33.  Plaintiff realleges and incorporates by reference the foregoing paragraphs

above, as if fully set forth herein.

34.  Plaintiff Realtime is the owner by assignment of United States Patent No.
8,934,535 (“the 535 patent”) entitled “Systems and methods for video and audio data
storage and distribution.” The 535 patent was duly and legally issued by the United
States Patent and Trademark Office on January 13, 2015. A true and correct copy of the
‘535 patent is included as Exhibit B.

35. On information and belief, DISH has made, used, offered for sale, sold
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and/or imported into the United States DISH products and services that infringe the *535
patent, and continues to do so. By way of illustrative example, these infringing products
include, without limitation, DISH’s streaming video products and services compliant with
various versions of the H.264 video compression standard, such as, e.g., the DISH TV
service, and all versions and variations thereof since the issuance of the ‘535 patent
(“DISH Accused Instrumentalities™). See, e.g.,

https://forum.DISH.com/viewtopic.php?t=9864&p=58341 (“[S]atellite services (e.g.,

DirecTV, XstreamHD and DISH Network) utilize the 1080p/24-30 format with MPEG-4
AVC/H.264 encoding for pay-per-view movies that are downloaded in advance via

satellite or on-demand via broadband.”); http://www.satelliteguys.us/xen/threads/hd-

bitrate-is-under-5-mb-s-for-most-channels-is-this-correct.256211/ (“For HD video DN
exclusively uses H.264 compression (sometimes ambiguously referred to here as MPEG-
4, as there is more than one MPEG-4 video compression format). H.264 is about 2X more
efficient than MPEG-2 for the same video quality.”).

36. On information and belief, Arris has made, used, offered for sale, sold
and/or imported into the United States Arris products and services that infringe the ‘535
patent, and continues to do so. By way of illustrative example, these infringing products
include, without limitation, Arris’s streaming video products and services compliant with
various versions of the H.264 video compression standard, such as, e.g., Arris MS4000,
and all versions and variations thereof since the issuance of the ‘535 patent (“Accused

Instrumentalities”). See, e.g., http://www.Arris.com/products/media-streamer-ms4000/

(“Transcode to H.264 with adaptive bitrate up to 4 Live/DVR streams™).

37.  On information and belief, each of DISH and Arris has directly infringed
and continues to infringe the ‘535 patent, for example, through its own use and testing of
the Accused Instrumentalities, which when used, practices the methods claimed by at
least Claim 15 of the 535 patent, including a method, comprising: determining a

parameter of at least a portion of a data block; selecting one or more asymmetric
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compressors from among a plurality of compressors based upon the determined
parameter or attribute; compressing the at least the portion of the data block with the
selected one or more asymmetric compressors to provide one or more compressed data
blocks; and storing at least a portion of the one or more compressed data blocks. Upon
information and belief, each of DISH and Arris uses the Accused Instrumentalities to
practice infringing methods for their own internal non-testing business purposes, while
testing the Accused Instrumentalities, and while providing technical support and repair
services for the Accused Instrumentalities to each of DISH and Arris customers.

38.  The DISH Accused Instrumentalities determine a parameter of at least a
portion of a video data block. Different parameters correspond with, for example,

different moment to moment requirements, e.g., the degree of motion of a video data

block at any given time. See, e.g., hitp://www.satelliteguys.us/xen/threads/hd-bitrate-is-
under-5-mb-s-for-most-channels-is-this-correct.256211/ (“Subtracting out the audio data
rates, most of the DN HD channels clock in less than 4 Mbit/s for the video stream.
However these rates are averages only. DN multiplexes several HD channels per

transponder, and their compressors can dvnamically allocate higher or lower rates

for each channel based on moment to moment requirements. A static scene on one

channel would require far less than a high action scene on another. Still the data rates

do not appear to change drastically and the average rate does appear to be a reasonable

predictor of video quality. Furthermore DN reduces the resolution of a number of

their HD channels from 1920x1080 to 1440x1080. This leads to a softer picture more

amenable to higher compression.”).
39.  The Sling TV Accused Instrumentalities determine a parameter of at least
a portion of a video data block, e.g. based on different types of content.

https://www.cuttingcords.com/home/2015/2/9/Sling-tv-technical-details (“First off, I

found out that the streams were of differing quality depending on what channel you were

watching. Sling has apparently tailored different encoding profiles to different tvpes
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of content which is nice. ... Below I have listed the encoding profile that each channel is

using. As you are probably aware, they are adaptive quality and jump between

various_qualities depending on how much bandwidth is available at_any given

time.”).

40.  The Sling Media Accused Instrumentalities determine a parameter of at
least a portion of a video data block. Different parameters are determined, for example,
based on statistics observed by the Slingplayer client. See, e.g.,

https://answers.Slingbox.com/thread/3940 (“Sling Media believes their programming

methodology choses the best encoding parameteres based on the statistics observed by
the Slingplayer. You can see the statistics that it uses for the algorithim which
dynamically choses the parameters by pressing [Alt]+[Shift]+[i] while connected to the
Slingbox.”).

41.  As, for example, explained above, the Accused Instrumentalities
determine a parameter of at least a portion of a video data block. As shown below,
examples of such parameters include bitrate (or max video bitrate) and resolution
parameters. Different parameters correspond with different end applications. H.264
provides for multiple different ranges of such parameters, each included in the “profiles”
and “levels” defined by the H.264 standard. See
http://www.axis.com/files/whitepaper/wp_h264 31669 en_0803_lo.pdf at 5:
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4,

H.264 profiles and levels

The joint group involved in defining H.264 focused on creating a simple and clean solution, limiting
options and featuresto a minimum. An important aspect of the standard, as with other video standards,
is providing the capabilities in profiles (sets of algorithmic features) and levels {performance classes)
that optimally support popular productions and common formats.

H.264 has seven profiles, each targeting a specific class of applications. Each profile defines what
feature set the encoder may use and limits the decoder implementation complexity.

Network cameras and video encoders will most likely use a profile called the baseline profile, which is
intended primarily for applications with limited computing resources. The baseline profile is the most
suitable given the available performance in a real-time encoder that is embedded in a network video
product. The profile also enables low latency, which is an important requirement of surveillance video and
also particularly important in enabling real-time, panftiltfzoom {PTZ) control in PTZ network cameras.

H.264 has 11 levels or degree of capability to limit performance, bandwidth and memory requirements.
Each level defines the bit rate and the encoding rate in macroblock per second for reselutions ranging

from QCIF to HDTV and beyond. The higher the resolution, the higher the level required.

See https://en.wikipedia.org/wiki/H.264/MPEG-4 AVC:

Levels with mgxlmurv] property values

Level

42.

Max video blt rate for video coding layer (VCL) Examples for high
Max decoding speed Max frame slze Kbive resolution
@ highest frame rate
{max stored frames)
n:::':ys Macroblocks/e s:';':;s Macroblocks B:::':;'n E:: ::::d High Profile High 10 Profile |~ T0ggle additional detalls
380,160 1,485 25,344 99 64 80 192 176x144@15.0 (4)
380,160 1,485 25,344 o 128 160 384 176x144@15.0 (4)
768,000, 3,000 101,376 396 182 240 576 352x28B@7.5 (2)
1,636,000 6,000 101,376 298 g4 480 1,152 352x288@15.2 (6)
3,041,280 11,880 101,376 a6 768 960 2,304 352x288@30.0 (6)
3,041,280 11,880 | 101,376 396 2,000 2,500 6,000 352x288@30.0 (6) .
5,088,800 19,800 202,752 792 4,000 5,000 12,000 352x576@25.0 (6)
5,184,000 ¢ 20,250 414,720 1,620 4,000 5,000 12,000 720x5TB@125 (5)
10,368,000 ! 40,500 414,720 1,620 10,000 12,500 30,000 720x576@25.0 (5)
27,648,000 108,000 921,600 3,600 14,000 17,500 42,000 1,280x720@30.0 (5)
55,206,000 216000 1310720 5.120 20,000 25,000 60,000 1,280x1,024©42.2 (4)
62,914,560 245760 2,007,152 8,192 20,000 25,000 60,000 2,048%1,024@30,0 (4)
62,814,560 2457600 2,007,152 8,102 50,000 62,500 150,000 2,048x1,024@30.0 (4)
133,693,440 522240 2,228,224 8,704 50,000 62,500 150,000 2,048x1,080@60.0 (4)
150,994,944 580,824 5,652,480 22,080 135,000 168,750 405,000 3,672%1,536@26 7 (5)
251,658,240 983,040  9.437,184 36,864 240000, 300,000 720,000 4,006x2,304@26.7 (5)
530,641,600 2073600 9,437,184 38,864 240,000, 300,000 720,000 4,096x2,304@56.3 (5)

The DISH Accused Instrumentalities select one or more compression

algorithms to apply to the at least the portion of the data block based upon the determined

parameter or attribute and a throughput of a communications channel, at least one of the

plurality

of  compression

algorithms

being

asymmetric.

See, e.g,

http://www.satelliteguys.us/xen/threads/hd-bitrate-is-under-5-mb-s-for-most-channels-is-
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this-correct.256211/ (“Subtracting out the audio data rates, most of the DN HD channels

clock in less than 4 Mbit/s for the video stream. However these rates are averages only.
DN multiplexes several HD channels per transponder, and their compressors can

dynamically allocate higher or lower rates for each channel based on_moment to

moment requirements. A static scene on one channel would require far less than a

high action scene on another. Still the data rates do not appear to change drastically and
the average rate does appear to be a reasonable predictor of video quality. Furthermore
DN reduces the resolution of a number of their HD channels from 1920x1080 to
1440x1080. This leads to a softer picture more amenable to higher compression.”).

| 43.  The Sling TV Accused Instrumentalities select one or more compression
algorithms to apply to the at least the portion of the data block based upon the determined
parameter or attribute and a throughput of a communications channel, at least one of the

plurality of  compression  algorithms  being asymmetric.  See, e.g.,

https://www.cuttingcords.com/home/2015/2/9/Sling-tv-technical-details (“First off, I

found out that the streams were of differing quality depending on what channel you were

watching. Sling has apparently tailored different encoding profiles to different types

of content which is nice. ... Below I have listed the encoding profile that each channel is

using. As you are probably aware, they are adaptive quality and jump between

various_qualities depending on how much bandwidth is available at any given

time.”).

44. The Sling Media Accused Instrumentalities select one or more
compression algorithms to apply to the at least the portion of the data block based upon
the determined parameter or attribute and a throughput of a communications channel, at
least one of the plurality of compression algorithms being asymmetric. See, e.g.,

https://answers.Slingbox.com/thread/3940 (“Sling Media believes their programming

methodology choses the best encoding parameteres based on the statistics observed by

the Slingplayer. You can see the statistics that it uses for the algorithim which
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dynamically choses the parameters by pressing [Alt]+[Shift]+[i] while connected to the
Slingbox.”).

45.  Based on a throughput of the communications channel—reflected by the
max video bitrate—and resolution parameter identified, any H.264-compliant system
such as the Accused Instrumentalities would determine which profile (e.g., “baseline,”
“extended,” “main”, or “high”) corresponds with that parameter, then select between at
least two asymmetric compressors. If baseline or extended is the corresponding profile,
then the system will select a Context-Adaptive Variable Length Coding (“CAVLC”)
entropy encoder. If main or high is the corresponding profile, then the system will select
a Context-Adaptive Binary Arithmetic Coding (“CABAC”) entropy encoder. Both
encoders are asymmetric compressors because it takes a longer period of time for them to
compress data than to decompress data. See

https://sonnati.wordpress.com/2007/10/29/how-h-264-works-part-ii/
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Baseline | Extended Main High High
10

I and P Slices Yes Yes Yes Yes Yes
B Slices No Yes Yes Yes Yes
SI and SP Slices No Yes No No No
Multiple Reference Yes Yes Yes Yes Yes
Frames

In-Loop Deblocking Filter  Yes Yes Yes Yes Yes
CAVLC Entropy Coding Yes Yes Yes Yes Yes
CABAC Entropy Coding No No Yes Yes Yes
Flexible Macroblock Yes Yes No No No
Ordering (FMO)

Arbitrary Slice Ordering ' Yes Yes No No No
(ASO) .

Redundant Silces (RS] Yes Yes No No No
Data Partitioning L No Yes No No No
Interlaced Coding \ No Yes Yes Yes Yes
(PicAFF, MBAFF) |

4:2:0 Chroma Format Yes Yes Yes Yes Yes
Monochrome Video No No No Yes Yes
Format (4:0:0)

4:2:2 Chroma Format No No No No . No
4:4:4 Chroma Format 4 No No No No " No
8 Bit Sample Depth Yes Yes Yes Yes Yes
9 and 10 BIt Sample No No No No Yes
Depth

11 to 14 Bit Sample No No No No No
Depth

B8x8 vs. 4x4 Transform No No No Yes Yes
Adaptivity

Quantization Scaling No No No Yes Yes
Matrices

Separate Cb and Cr QP No No No Yes Yes
control

Separate Color Plane No No No No No
Coding

Predictive Lossless No No No No No
Coding
See

http://web.cs.ucla.edu/classes/fall03/cs218/paper/H.264 MPEG4_Tutorial.pdf at 7:
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The following table summarizes the two major lypes of entropy coding: Variable Length
Coding [VIC) and Conlext Adaptive Binary Arithmetic Coding (CABAC). CABAC offers
superior coding efficiency over VLC by adapting lo the changing probability distibution

of symbols, by exploifing correlation between symbols, and by adaptively exploiting bit
correlations using arithmetic coding. H.264 also supporls Context Adaptive Variable Length
Coding [CAVLC) which offers superior entropy coding over VLC without the full cost of
CABAC.

H.264 Entropy Coding — Comparison of Approaches

Characteristics Variable Length Coding Context Adaptive Binary

(VLC) Arithmetic Coding(CABAC)

e Where it is used MPEG-2, H.264/MPEG-4 AVC
MPEG-4 ASP {high efficiency option)
¢ Probobility distribution Static - Prababilities naver Adaptive - Adjusts
change probabilities based on
actual data
e leverages correlation No - Conditional Yes - Exploits symbol
between symbols probabilities ignored correlations by using
“contexis”
¢ Non-integer code words No - Low coding efficiency Yes - Exploits “arithmetic
forhigh probability symbols coding” which generates
non-integer code words for
higher efficiency

Moreover, the H.264 Standard requires a bit-flag descriptor, which is set to
determine the correct decoder for the corresponding encoder. As shown below, if the flag
=0, then CAVLC must have been selected as the encoder; if the flag = 1, then CABAC
must have been selected as the encoder. See

https://www.itu.int/rec/dologin_pub.asp?lang=e&id=T-REC-H.264-201304-S!!PDF-

E&type=items (Rec. ITU-T H.264 (04/2013)) at 80:

entropy_coding_mode_flag selects the entropy decoding method to be applied for the syntax elements for which two
descriptors appear in the syntax tables as follows:

—  If entropy_coding_mode_flag is equal to 0, the method specified by the left descriptor in the syntax table is applied
(Exp-Golomb coded, see clause 9.1 or CAVLC, see clause 9.2),

- Othenwise (eatropy_coding_mode_flag is equal to 1). the method specified by the right descriptor in the syntax table
is applied (CABAC, see clause 9.3).
46. The Accused Instrumentalities compress the at least the portion of the data
block with the selected one or more asymmetric compressors to provide one or more
compressed data blocks. After its selection, the asymmetric compressor (CAVLC or

CABAC) will compress the video data to provide various compressed data blocks. See

https://sonnati.wordpress.com/2007/1 0/29/how-h-264-works-part-ii/:
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Entropy Coding

For entropy coding, H.264 may use an enhanced VLC, a more complex context-adaptive
variable-length coding (CAVLC) or an ever more complex Context-adaptive binary-arithmetic
coding (CABAC) which are complex technigues to losslessly compress syntax elements in the
video stream knowing the probabilities of syntax elements in a given context. The use of
CABAC can improve the compression of around 5-7%. CABAC may requires a 30-409% of total
processing power to be accomplished.

See

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.602.158 1 &rep=rep! &type=pdf

at 13:

Typical compression ratios to maintain excellent quality are:
e 10:1 for general images using JPEG
e 30:1 for general video using H.263 and MPEG-2
e 60:1 for general video using H.264 and WMV9

See http://www.ijera.com/papers/Vol3_issue4/BM34399403.pdf at 2:
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Most visual communication systems today
use Bascline Profile. Baseline is the simplest H.264
profile and defines, for example, zigzag scanning of
the picture and using 4:2:0 (YUV video formats)
chrominance sampling. In Baseline Profile, the
picture is split in blocks consisting of 4x4 pixels,
and each block is processed separately. Another
important clement of the Baseline Profile is the use
of Universal Variable Length Coding (UVLC) and
Context Adaptive Variable Length Coding
(CAVLC) entropy coding techniques.

The Extended and Main Profiles includes
the functionality of the Baseline Profile and add
improvements to the predictions algorithms. Since
transmitting every single frame (think 30 frames per
second for good quality video) is not feasible if you
are trying to reduce the bit rate 1000-2000 times,
temporal and motion prediction are heavily used in
H.264, and allow transmitting only the difference
between one frame and the previous frames. The
result is spectacular cfficiency gain, especially for
scenes with little change and motion.

The High Profile is the most powerful
profile in H.264, and it allows most cfficient coding
of video. For example, large coding gain achieved
through the use of Context Adaptive Binary
Arithmetic Coding (CABAC) encoding which is
more cfficient than the UVLC/CAVLC used in
Baseline Profile.

The High Profile also uses adaptive
transform that decides on the fly if 4x4 or 8x8-pixel
blocks should be used. For example, 4x4 blocks are
used for the parts of the picture that are dense with
detail, while parts that have little detail are
transformed using 8x8 blocks.

47. On information and belief, the Accused Instrumentalities store at least a
portion of the one or more compressed data blocks in buffers, hard disk, or other forms of
memory/storage.

48.  On information and belief, DISH and Aurris also directly infringe and
continue to infringe other claims of the ‘535 patent, for similar reasons as explained
above with respect to Claim 15 of the ‘535 patent.

49, On information and belief, use of the Accused Instrumentalities in their
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ordinary and customary fashion results in infringement of the methods claimed by the
535 patent.

50.  On information and belief, DISH and Arris have had knowledge of the
‘535 patent since at least the filing of this Complaint or shortly thereafter, and on
information and belief, DISH and Arris knew of the ¢535 patent and knew of their
infringement, including by way of this lawsuit.

51.  Upon information and belief, the affirmative acts of each of DISH and
Arris of making, using, and selling the Accused Instrumentalities, and providing
implementation services and technical support to users of the Accused Instrumentalities,
have induced since the filing of this Amended Complaint and continue to induce users of
the Accused Instrumentalities to use them in their normal and customary way to infringe
the ‘535 patent by practicing a method, comprising: determining a parameter of at least a
portion of a data block; selecting one or more asymmetric compressors from among a
plurality of compressors based upon the determined parameter or attribute; compressing
the at least the portion of the data block with the selected one or more asymmetric
compressors to provide one or more compressed data blocks; and storing at least a
portion of the one or more compressed data blocks. For example, DISH instructs
customers (e.g., of the Hopper with Sling) that they can, “Watch Live TV: Live sporting
events, weather, news, and more — with a broadband-connected, Sling-enabled DVR and
DISH Anywhere, you can watch all of your favorite channels anywhere you go! Watch
Recorded TV: Access recorded shows from your broadband-connected, Sling-enabled
DVR anywhere. You can even start watching on your TV and resume watching later on

your computer or mobile device!”. See, e.g., hitps://www.myDISH.com/DISH-

anywhere. For example, Arris instructs its customers that the MS4000 can “[t]ranscode to
H.264 with adaptive bitrate up to 4 Live/DVR  streams”. See, e.g.

https://www.Arris.con/ globalassets/ resources/data-sheets/365-095-24637 ms4000.pdf.

For similar reasons, each of DISH and Arris also induces its customers to use the
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Accused Instrumentalities to infringe other claims of the ‘535 patent. Each of DISH and
Arris specifically intended and was aware that these normal and customary activities
would infringe the ¢535 patent. Each of DISH and Arris performed the acts that
constitute induced infringement, since the filing of the Complaint, and would induce
actual infringement, with the knowledge of the “535 patent and with the knowledge, or
willful blindness to the probability, that the induced acts would constitute infringement.
On information and belief, each of DISH and Arris engaged in such inducement to
promote the sales of the Accused Instrumentalities. Accordingly, each of DISH and Arris
has induced, since the filing of the Complaint, and continue to induce users of the
Accused Instrumentalities to use the Accused Instrumentalities in their ordinary and
customary way to infringe the ‘535 patent, knowing that such use constitutes
infringement of the ‘535 patent.

52. By making, using, offering for sale, selling and/or importing into the
United States the Accused Instrumentalities, and touting the benefits of using the
Accused Instrumentalities’ compression features, each of DISH and Arris has injured
Realtime and is liable to Realtime for infringement of the ‘535 patent pursuant to 35
U.S.C. §271.

53 As a result of the infringement of the ‘535 patent by DISH and Arris,
Plaintiff Realtime is entitled to monetary damages in an amount adequate to compensate
for DISH and Arris’s infringement, but in no event less than a reasonable royalty for the
use made of the invention by DISH and Arris, together with interest and costs as fixed by
the Court.

PRAYER FOR RELIEF

WHEREFORE, Plaintiff Realtime respectfully requests that this Court enter:
a. A judgment in favor of Plaintiff that Defendants have directly infringed,
either literally and/or under the doctrine of equivalents, the ‘610 patent and the ‘535

patent;
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b. A judgment in favor of Plaintiff that Defendants have indirectly infringed,
either literally and/or under the doctrine of equivalents, the ‘610 patent and the 535
patent, since the filing of the Complaint in this action;

b. A permanent injunction prohibiting Defendants from further acts of
infringement of the ‘610 patent and the ‘535 patent;

¢l A judgment and order requiring Defendants to pay Plaintiff its damages,
costs, expenses, and prejudgment and post-judgment interest for Defendants’
infringement of the ‘610 patent and the ‘535 patent, as provided under 35 U.S.C. § 284;
and

d. A judgment and order requiring Defendants to provide an accounting and
to pay supplemental damages to Realtime, including without limitation, prejudgment and
post-judgment interest;

e. A judgment and order finding that this is an exceptional case within the
meaning of 35 U.S.C. § 285 and awarding to Plaintiff its reasonable attorneys’ fees
against Defendants; and

f. Any and all other relief as the Court may deem appropriate and just under

the circumstances.

DEMAND FOR JURY TRIAL

Plaintiff, under Rule 38 of the Federal Rules of Civil Procedure, requests a trial by

jury of any issues so triable by right.

Dated: October 10, 2017 Respectfully submitted,

/s/ Marc A. Fenster w/permission by Claire
Henry

Marc A. Fenster (CA SBN 181067)

Reza Mirzaie (CA SBN 246953)

Brian D. Ledahl (CA SBN 186579)

C. Jay Chung (CA SBN 252794)

Philip X. Wang (CA SBN 26223 9)

RUSS AUGUST & KABAT
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12424 Wilshire Boulevard, 12th Floor
Los Angeles, CA 90025
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mfenster@raklaw.com
rmirzaie@raklaw.com
bledahl@raklaw.com
jchung@raklaw.com
pwang@raklaw.com

T. John Ward, Jr.

Texas State Bar No. 00794818
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Longview, Texas 75606-1231
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SYSTEM AND METHODS FOR VIDEO AND
AUDIO DATA DISTRIBUTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

"Ihis application is a continuation of U.S. patent applica-
tion Scr. No. 14/033,245, filed on Sep. 20, 2013, which is a
continuation of U.S. patent application Ser. No. 13/154,239,
filed on Jun. 6, 2011, now U.S. Pat. No. 8,553,759, whichisa
continuation of U.S. patent application Ser. No. 12/123.081,
filed on May 19, 2008. now U.S, Pat. No. 8.073,047, which is
acontinuation of U.S. patent application Ser. No. 10/076.013,
filed on Feb. 13, 2002, now U.S. Pat. No. 7.386.046, which
claims the benefit of U.S. Provisional Application No.
60/268,394, filed on Feb. 13, 2001, each of which is fully
incorporated herein by reference.

BACKGROUND

1. Technical Field

The present invention relates generally 1o data compres-
sion and decompression and, in particular, 1o a system and
method for compressing and decompressing data based on an
actual or expected throughput (bandwidth) of a system that
employs data compression. Additionally the present inven-
tion relates to the subsequent storage, retrieval, and manage-
ment of information in data storage devices ulilizing either
compression and/or accelerated data storage and retrieval
bandwidth.

2. Description of the Related Art

There are a variety of data compression algorithms that are
currently available, both well-defined and novel. Many com-
pression algorithms define one or more parameters that can be
varied, cither dynamically or a-priori, to change the perfor-
mance characteristics of the algorithm. For example, with a
typical dictionary based compression algorithm such as Lem-
pel-Ziv, the size of the dictionary can affect the performance
of the algorithm. Indeed, a large dictionary may be employed
to yicld very good compression ratios but the algorithm may
take a long time to execute. If speed were more important than
compression ratio, then the algorithm can be limited by
selecting u smaller dictionary. thereby obtaining 4 much
faster compression time. but at the possible cost of a lower
compression ratio. The desired performance ofa compression
algorithm and the system in which the data compression 1§
employed. will vary depending on the application.

Thus, one challenge in employing data compression for a
given application or system is selecting one or more optimal

compression algorithms from the variety of available algo-

rithms. Indeed, the desired balance between speed and effi-
ciency is typically a significant factor that is considered in
determining which algorithm o employ for a given set of
data. Algorithms that compress particularly well usually take
longer 10 execute whereas algorithms that execute quickly
usually do not compress particularly well.

Accordingly, a system and method that would provide
dynamic modification of compression system paramelers so
as to provide an optimal balance between exccution speed of
the algorithm (compression rate) and the resulting compres-
sion ratio, is highly desirable.

Yet another problem within the current art is data storage
and retrieval bandwidth limitations. Modemn computers uti-
lize a hicrarchy of memory devices. In order 1o achieve maxi-
mum performance levels, modem processors utilize onboard
memory and on board cache to obtain high bandwidth access
1o both program and data. Limitations in process technologies
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currently prohibit placing a sufficient quantity of onboard
memory for most applications. Thus, in order to offer suffi-
cient memory for the operating systeni(s), application pro-
grams, and user data, computers often use various forms of
popular off-processor high speed memory including static
random access memory (SRAM), synchronous dynamic ran-
dom access memory (SDRAM), synchronous burst static ram
(SBSRAM). Due to the prohibitive cost of the high-speed
random access memory, coupled with their power volalility, a
third lower level of the hicrarchy exists for non-volatile mass
storage devices. While mass storage devices offer increased
capacity and fairly economical data storage. their data storage
and retrieval bandwidth is often much less in relation to the
other elements of a compuling system.

Compulers systems represent information in a variety of
manners. Discrete information such as text and numbers are
easily represented in digital data. This type of data represen-
tation is known as symbolic digital data Symbolic digital data
is thus an absolule representation of data such as a letter,
figure, character, mark, machine code, or drawing.

Continuous information such as speech. music, audio,
images and video, frequently exists in the natural world as
analog information. As is well known to those skilled in the
arl, recenl advances in very large scale integration (VI.S1)
digital computer technology have enabled both discrete and
analog information to be represented with digital data. Con-
tinuous information represented as digital data is often
referred to as diffuse data. Diffuse digital data is thus a rep-
resentation of data that is of low information density and is
typically not casily recognizable to humans in its native form.

Modem computers utilize digital data representation
because of its inherent advantages. For example, digital data
is more readily processed, stored, and transmitted due (o its
inherently high noise immunity. In addition, the inclusion of
redundancy in digital data representation enables error detec-
tion and/or correction. Error detection and/or correction
capabilities are dependent upon the amount and type of data
redundancy, available error detection and correction process-
ing, and extent of data corruption.

One outcome of digital data representation is the continu-
ing need for increased capacity in data processing, storage,
and transmittal. This is especially true for diffuse data where
increases in [fidelity and resolution create exponentially
greater quantitics of data. Data compression is widely used to
reduce the amount of data required 1o process. transmit, or
store a given quantity of information. In general, there are two
types of data compression techniques that may be utilized
either separalely or jointly to encode/decode data: lossless
and lossy data compression.

Over the last decade, computer processor performance has
improved by at least a factor of 50. During this same period,
magnetic disk storage has only improved by a factor of 5.
Thus one additional problem with the existing arl is that
memory storage devices severely limit the performance of
consumer, entertainment, office. workstation, servers, and
mainframe computers for all disk and memory intensive
operations. :

For example, magnetic disk mass storage devices currently
employed in a varicty of home, business. and scientific com-
puting applications suffer from significant seek-lime access
delays along with profound read/write data rate limitations.
Currently the fastest available (15,000) rpm disk drives sup-
port only a 40.0 Megabyle per second data rate (MB/sec).
This is in stark contrast to the modern Personal Computer's
Peripheral Component Interconnect (PCI) Bus’s input/output
capability of 512 MB/sec and internal local bus capability of
1600 MB/sec.
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Another problem within the current ari is that emergent
high performance disk interface standards such as the Small
Computer Systems Interface (SCSI-3).iSCSI, Fibre Channel,
AT Altachment UltraDMA/100+, Serial Storage Architec-
ture. and Universal Serial Bus offer only higher data transter
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 lim-
ited by the same typical physical media restriction. In 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).

RAID 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 ata 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.

Another problem with most modern mass storage devices
is their inherent unreliability. Many modern mass storage
devices utilize rotating assemblies and other types of electro-
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 techniques are also employed that support various trade-
offs between data bandwidth and data reliability.

Standard types of RAID systems currently available
include RAID Levels 0, 1, and 5. The configuration selected
depends on the goals to be achieved. Specifically data reli-
ability. data validation, data storage/retrieval bandwidth, and
cost all play a role in defining the appropriate RAID data
storage solution. RAID level 0 entails purc 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 [ailure 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.

RAID Level 1 utilizes disk mirroring where data is dupli-
cated 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 subsequently
compared. This tends 1o decrease data bandwidth from even
that ol 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 the background while the entire system continues 10
operate in a performance degraded but fully operational
mode. Once the data rebuild is complete. normal operation
resumes. Henee, another problem with RAID systems is the
high cost of inicreased reliability and associated decrease in
performance.

RAID Level 5 employs disk data striping and parity error
detection to increase both data bandwidth and reliability
simultancously. 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
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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 continucs to operate ina
performance 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. Typically mass storage devices
include magnetic and optical tape, magnetic and optical
disks, and various solid-state mass storage devices. It should
be noted that the present invention applies 1o all farms and
manners of memory devices including storage devices utiliz-
ing magnetic, optical, neural and chemical techniques or any
combination thereof.

Yet another problem within the current art is the applica-
tion and use of various data compression techniques. It is well
known within the current art that data compression provides
several unique benefits. First, data compression can reduce
the time to transmit data by more efficiently utilizing low
bandwidth data links. Second, data compression economizes
on data storage and allows more information to be stored for
a fixed memory size by representing information more effi-
ciently.

For purposes of discussion, data compression is canoni-
cally divided into lossy and lossless techniques. Lossy data
compression techniques provide foran inexact representation
of the original uncompressed data such that the decoded (or
reconstructed) data differs from the original unencoded/un-
compressed data. Lossy data compression is also known as
irreversible or noisy compression. Negentropy is defined as
the quantity of information in a given sct of data. Thus, one
obvious advantage of lossy data compression is that the com-
pression ratios can be larger than that dictated by the negent-
ropy limit, all at the expense of information content. Many
lossy data compression techniques seek to exploil various
traits within the human senses to eliminate otherwise imper-
ceptible data. For example, lossy data compression of visual
imagery might seek to delete information content in excess of
(he display resolution or contrast ratio of the target display
device.

On the other hand, lossless data compression techniques
provide an exact representation of the original uncompressed
data. Simply stated, the decoded (or reconstructed) data is
identical to the original unencoded/uncompressed data. Loss-
less data compression is also known as reversible or noiseless
compression. Thus, lossless data compression has, as its cur-
rent limit, a minimum representation defined by the entropy
of a given data set.

A rich and highly diverse set ol lossless data compression
and decompression algorithms exist within the current art.
These range from the simplest “adhoc™ approaches to highly
sophisticated formalized techniques that span the sciences of
information theory, statistics, and artificial intelligence, One
fundamental problem with almost all modern approaches is
the compression ratio to encoding and decoding speed
achieved. As previously stated. the current theoretical limit
for data compression is the entropy limit of the data set to be
encoded. However, in practice, many factors actually limit the
compression ratio achieved. Most modern compression algo-
rithms arc highly content dependent. Content dependency
exceeds the actual statistics of individual elements and often
includes a variety of other factors including their spatial loca-
tion within the data set.
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Of popular compression techniques. arithmetic coding
possesses the highest degree of algorithmic effectiveness, and
as expected, is the slowest to execute. This is followed in tum
by dictionary compression, Huflman coding, and run-length
coding with respectively decreasing execute times. What is
not apparent from these algorithms, that is also one major
deficiency within the current art, is knowledge of their algo-
rithmic efficiency. More specifically, given a compression
ratio (hal is within the effectiveness of multiple algorithms,
the question ariscs as their corresponding efficiency.

Within the current art there also presently exists a strong
inverse relationship between achieving the maximum (cur-
rent) theoretical compression ratio, which we define as algo-
rithmic effectiveness, and requisile processing lime. For a
given single algorithm the cffectiveness over a broad class of
data sets including text, graphics, databases, and executable
object code is highly dependent upon the processing effort
applied. Given a baseline data set, processor operating speed
and target architecture, along wilh ils associated supporting
memory and peripheral set, we define algorithmic cfficiency
as the time required to achieve a given compression ratio.
Algorithmic efficiency assumes that a given algorithm is
implemented in an optimum object code representation
execuling [rom the optimum places in memory. This is almost
never achieved in practice due to limitations within modern
optimizing software compilers. It should be further noted that
an optimum algorithmic implementation for a given input
data set may not be optimum for a different data set. Much
work remains in developing a comprehensive set of metrics
for mecasuring data compression algorithmic performance,
however for present purposes the previously defined terms of
algorithmic effectiveness and efficiency should suffice.

Various solutions to this problem of optimizing algorith-
mic implementation are found in U.S. Pat. Nos. 6,195,024
and 6,309,424, issucd on Feb. 27, 2001 and Oct. 30, 2001,
respectively, to James Fallon, both of which are entitled
“Content Independent Data Compression Method and Sys-
tem,” and are incorporated herein by reference. These patents
describe data compression methods that provide content-in-
dependent data compression, whercin an optimal compres-
sion ratio for an encoded stream can be achieved regardless of
the data content of the input data stream. As more fully
described in Lhe above incorporated patents, a data compres-
sion protocol compriscs applying an input data stream to cach
of a plurality of different encoders to, in effect, generate a
plurality of encoded data streams. The plurality of encoders
are preferably selected based on their ability to effectively
encode different types of input data. The final compressed
data stream is generated by selectively combining blocks of
the compressed streams output from the plurality of encoders
based on one or more factors such as the optimal compression
ratios obtained by the plurality of decoders. The resulting
compressed output stream can achieve the greatest possible
compression, preferably in real-time, regardless of the data
content.

Yet another problem within the current art relates to data
management and the use of existing file management sys-
tems. Present computer operating systems utilize file man-
agement systems to store and retrieve information in a uni-
form, easily identifiable, format. Files are collections of
executable programs and/or various data objects. Files occur
in a wide variety of lengths and must be stored within a data
storage device. Most storage devices, and in particular, mass
storage devices, work most efficiently with specific quantitics
of data. For example, modern magnetic disks are often
divided into cylinders, heads and sectors. This breakout arises
from legacy electro-mechanical considerations with the for-
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mat of an individual sector often some binary multiple of
byles (512, 1024, ... ). A fixed or variable quantity of sectors

housed on an individual track. The number of sectors permit-
ted on a single track is limiled by the number of reliable flux
reversals that can be encoded on the storage media per linear
inch, often referred to as linear bit density. In disk drives with
multiple heads and disk media, a single cylinder is comprised
of multiple tracks.

A [ile allocation table is ofien used to organize both used
and unused space on a mass storage device. Since a file often
comprises more than one sector of data, and individual sec-
tors or contiguous strings of sectors may be widely dispersed
over multiple tracks and cylinders, a file allocation table
provides a methodology of retrieving a (ile or portion thereof.
File allocation tables arc usually comprised of strings of
pointers or indices that identify where various portions of a
file are stored.

In-order to provide greater flexibility in the management of
disk storage at the media side of the interface, logical block
addresses have been substituted for legacy cylinder, head,
sector addressing. This permits the individual disk to opti-
mize its mapping from the logical address space to the physi-
cal sectors on the disk drive. Advantages with this technique
include faster disk accesses by allowing the disk manulac-
turer greater flexibility in managing data interleaves and other
high-speed access techniques. In addition, the replacement of
bad media sectors can take place at the physical level and need
not be the concern of the file allocation table or host computer.
Furthermore, these bad sector replacement maps are defin-
able on a disk by disk basis.

Practical limitations in the size of the data required to both
represent and process an individual data block address, along
with the size of individual data blocks, governs the type offile
allocation tables currently in use. For example, a 4096 byte
logical block size (8 sectors) employed with 32 bit logical
block addresses. This yields an addressable data space of
17.59 Terabytes. Smaller logical blocks permit more efficient
use of disk space. Larger logical blocks support a larger
addressable data space. Thus one limitation within the current
art is that disk filc allocation tables and associated file man-
agement systems are a compromise between efficient data
storage, access speed, and addressable data space.

Data in a computer has various levels of information con-
tent. Even within a single file, many data types and formats
are utilized. Each data representation has specific meaning
and each may hold differing quantities of information. Within
the current art, computers process data in a native, uncom-
pressed, format, Thus compressed data must ollen be decom-
pressed prior to performing various data processing functions
or operations. Modern file systems have been designed to
work with data in its native format. Thus another significant
problem within the current art is that file systems are not able
to randomly access compressed data in an eflicient manner.

Further aggravating this problem is the fact that when data
is decompressed, processed and recompressed it may not fit
back into its original disk space, causing disk fragmentation
or complex disk space reallocation requirements. Several
solutions exist within the current art including file by file and
block structured compressed data management.

In file by file compression, each file is compressed when
stored on disk and decompressed when retrieved. For very
small files this technique is often adequate, however for larger
files the compression and decompression times are 10o slow,
resulting in inadequate system level performance. In addition,
the ability to access randomly access data within a specific file
is lost. The one advantage to file by file compression tech-
niques is that they are easy to develop and are compatible with
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existing file systems. Thus file by file compressed data man-
agement is not an adequate solution.

Block structured disk compression operates by compress-
ing and decompressing fixed block sizes of data. Block sizes
are often fixed, but may be variable in size. A single file
usually is comprised of multiple blocks, however a file may
be so small as to fit within a single block. Blocks are grouped
together and stored in one or more disk sectors as a group of
Blacks (GOBs). A group of blocks is compressed and decom-
pressed as a unit, thus there exists practical limitations on the
size o GOBs. Most compression algorithms achieve a higher
level of algorithmic effectiveness when operating on larger
quantilies of data. Restated, (he larger the quantity of data
processed with a uniform information density, the higher the
compressions ratio achieved. If GOBs are small compression
ratios are low and processing time short. Conversely, when
GOBS are large compression ratios are higher and processing
time is longer. Large GOBs tend to perform in a manner
analogous to file by file compression. The two obvious ben-
efits to block structured disk compression are psendo-random
data access and reduced data compression/decompression
processing time.

Several problems exist within the current art for the man-
agement of compressed blocks. One method for storage of
compressed files on disk is by contiguously storing all GOBs
corresponding Lo a single {ile. However as [iles are processed
within the computers, files may grow or shriuk in size. Inef-
ficient disk storage results when a substantial file size reduc-
tion occurs. Conversely when a file grows substantially, the
additional space required to store the data may not be avail-
able contiguously. The result of this process is substantial
disk fragmentation and slower access times.

An alternate method is to map compressed GOBs into the
next logical free space on the disk. One problem with this
method is that average file access times are substantially
increased by this technique due to the random data storage.
Peak access delays may be reduced since (he statistics behave
with a more uniform white spectral density, however this is
not guaranteed.

A further layer of complexity is encountered when com-
pressed information is to be managed on more than one data
storage device. Competing requirements of data access band-
widtl, data reliability/redundancy, and efficiency of storage
space are encountered.

These and other limitations within the current art are solved
with the present invention.

SUMMARY OF THE INVENTION

The present invention is directed to a system and method
for compressing and decompressing based on the actual or
expected throughput (bandwidth) of'a system employing data
compression and a technique of optimizing based upon
planned, expected, predicted, or actual usage.

In one aspect of the present invention, a system for provid-
ing bandwidth sensitive data compression comprises:

a data compression sysiem for compressing and decom-
pressing data input to the system;

a plurality of compression routines selectively utilized by
the data compression system: and

a controller lor tracking the throughput of the system and
gencerating a control signal to sclect a compression routine
based on the system throughput. In a preferred embodiment,
when the controller determines that the system throughput
falls below a predetermined throughput threshold, the con-
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troller commands the data compression engine to use a com-
pression routine providing a faster rate of compression so as
to increase the throughput.

In another aspeet, a system for providing bandwidth sen-
sitive data compression comprises a plurality of access pro-
files, operatively accessible by the controller that enables the
controller to determine a compression routine that is associ-
ated with a data type of the data to be compressed. The access
profiles comprise information that enables the controller to
select a suitable compression algorithm that provides a
desired balance between execution speed (rate of compres-
sion) and efficiency (compression ratio).

In yet another aspect, a syslem comprises a dala slorage
controller for controlling the compression and storage of
compressed data 1o a storage device and the retrieval and
decompression of compressed data from the storage device.
The system throughput tracked by the controller preferably
comprises a number of pending access requests to a storage
device.

Inanother aspect, the system comprises a data transmission
controller for controlling the compression and transmission
of compressed data, as well as the decompression of com-
pressed data received over a communication channel. The
system throughput tracked by the controller comprises a
number of pending transmission requests over the communi-
cation channel.

In yet another aspect of the present invention, a method for
providing bandwidth sensitive data compression in a data
processing system, comprises the steps of:

compressing data using an first compression routine pro-
viding a first compression rate;

tracking the throughput of the data processing system to
determine if the first compression rate provides a throughput
that meets a predetermined throughput threshold; and

compressing data using a second compression routine pro-
viding a second compression rate that is greater than the first
compression rale, il the tracked throughput does not meet the
predetermined throughput threshold.

Preferably, the first compression routine comprises a
default asymmetric routine and wherein the second compres-
sion routine comprises a symmetric routine.

In another aspect, the method comprises processing a user
command to load a user-selected compression routine for
compressing data.

In another aspect, the method further comprises processing
a user command to compress user-provided data and auto-
matically selecting a compression routine associated with a
data type of the user-provided data.

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

BRIET DESCRIPTION OF THE DRAWINGS

FIG. 1 is a high-leve] block diagram of a system for pro-
viding bandwidth sensitive data compression/decompression
according 10 an embodiment of the present invention.

FIG. 2 is a flow diagram of & method for providing band-
width sensitive data compression/decompression according
to one aspect of the present invention.

FIG. 3 is a block diagram of a preferred system for imple-
menting a bandwidth sensitive data compression/decompres-
sion method according to an embodiment of the present
invention.
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FIG. 4A is a diagram of a file system format of a virtual
and/or physical disk according to an embodiment of the
present invention.

FIG. 4B is a diagram of a data structure of a sector map
entry of a virtual block table according to an embodiment of
the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention is directed to a system and method
for compressing and decompressing based on the actual or
expected throughput (bandwidth) of'a system employing data
compression. Although one of ordinary skill in the art could
readily envision various implementations for the present
invention, a preferred system in which this invention is
employed comprises a data storage controller that preferably
utilizes a real-time data compression system to provide
“gccelerated” data storage and retrieval bandwidths. The con-
cept of “accelerated” data storage and retrieval was intro-
duced in U.8. patent application Ser. No. 09/266,394, filed
Mar. 11, 1999, entitled “System and Methods For Accelerated
Data Storage and Retrieval,” now U.S. Pat. No. 6,601,104,
and U.8. patent application Ser. No. 09/481,243. filed Jan. 11,
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 applica-

tions, “accelerated” data storage comprises receiving a digital

data stream al a data transmission rate which is greater than
the data storage rate of a targel storage device, compressing
the input stream at a compression 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. I a
storage controller for the mass storage device is capable of
compressing (in real time) an input data stream with an aver-
age 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 (“store-
widih™) of the mass storage device by a factor of three. Simi-
larly. accelerated data retricval comprises retrieving a com-
pressed digital data stream from a target storage device at the
rate equal 1o, e.g., the data access rate of the targel storage
device and then decompressing the compressed data at a rate
that increases the elfective data access rate of the target slor-
age device. Advantageously. providing accelerated data stor-
age and retrieval at (or close 10) real-time can reduce or
eliminate traditional bottlenecks associated with, e.g.. local
and network disk accesses.

In a prelerred embodiment, the present invention is imple-
mented for providing accelerated data storage and retrieval.
In one embodiment, a controller tracks and monitors the
throughput (data storage and retrieval) of a data compression
system and generates control signals 10 enable/disable differ-
ent compressionalgorithms when, e.g., abottleneck occurs so
as 10 increase the throughput and eliminate the bottlencck.

In the following description of preferred embodiments.
two categories of compression algorithms are defined—an
“asymmetrical” data compression algorithm and a “sym-
melrical data compression algorithms. An asymmelrical data
compression algorithm is referred 1o herein as one in which
the execution lime for the compression and decompression
routines differ significantly. In particular, with an asymmetri-
cal algorithm, either the compression routine is slow and the
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decompression routine is fast or the compression routine is
fast and the decompression routine is slow. Examples of
asymmetrical compression algorithms include dictionary-
based compression schemes such as Iempel-Ziv.

On the other hand, a “symmetrical”” data compression algo-
rithm is referred to herein as one in which the execution time
for the compression and the decompression routines are sub-
stantially similar, Examples of symmetrical algorithms
include table-based compression schemes such as HulTman.
For asymmetrical algorithms. the total exccution time ta per-
form one compress and one decompress of a data set is typi-
cally greater than the total execution time of symmetrical
algorithms. But an asymmetrical algorithm typically achieves
higher compression ratios than a symmetrical algorithm.

It is to be appreciated that in accordance with the present
invention. symmetry may be defined in terms of overall effec-
tive bandwidth, compression ratio, or time or any comibina-
tion thereof. In particular, in instances of frequent data read/
writes, handwidth is the optimal parameter [or symmetry. In
asymmetric applications such as operating systems and pro-
grams, the governing factor is net decompression bandwidth,
which is a function of both compression speed, which gov-
ems data retrieval time, and decompression speed, wherein
the total governs the net effective data read bandwidth. These
factors work in an analogous manner for data storage where
the governing factors are both compression ratio (storage
time) and compression speed. The present invention applies
to any combination or subset thereof. which is utilized to
optimize overall bandwidth, storage space, or any operating
point in between.

Referring now to FIG. 1, a high-level block diagram illus-
trates a system for providing bandwidth sensitive data com-
pression/decompression according to an embodiment of the
present invention. In particular, FIG. 1 depicts a host system
10 comprising a controller 11 (e.g., a file management sys-
tem). a compression/decompression (or data compression)
system 12, a plurality of compression algorithms 13, a storage
medium 14, and a plurality of data profiles 15. The controller
tracks and monitars the throughput (e.g., data storage and
retricval) of the data compression system 12 and generates
control signals to enable/disable diflerent compression algo-
rithms 13 when the throughput falls below a predetermined
threshold. In one embodiment, the system throughput that is
tracked by the controller 11 preferably comprises a number of
pending access requesis to the memory systen.

The data compression system 12 is operalively connected
10 the storage medium 14 using suitable protocols to write and
read compressed data 1o and from the storuge medium 14. 1t
is 10 be understood that the storage medium 14 may comprise
any form of memory device including all forms of sequential,
pseudo-random, and random access storage devices. The
storage medium 14 may be volatile or non-volatile in nature,
orany combination thereol. Storage mediumas known within
the current art include all forms of random access memory,
magnetic and optical tape, maguetic and optical disks, along
with various other forms of solid-state mass storage media.
Thus it should be noted that the current invention applies to all
forms and manners of storage media including, but not lim-
ited to, storage mediums utilizing magnetic, optical, and
chemical techniques, or any combination thereof. The data
compression system 12 preferably operates in real-time (or
substantially real-time) to compress data to be stored on the
storage medium 14 and to decompress data that is retrieved
from the storage medium 14. In addition, the data compres-
sion system 12 may receive data (compressed or not com-
pressed) via an I/O (input/output) port 16 that is transmitted
over a transmission line or communication channel from a
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remote location, and then process such data (e.g., decompress
or compress the data). The data compression system 12 may
further transmit data (compressed or decompressed) via the
1/O port 16 to another network device for remote processing
or storage.

The controller 11 utilizes information comprising a plural-
ity of data profiles 15 to determine which compression algo-
rithms 13 should be used by the data compression system 12.
In a preferred embodiment, the compression algorithms 13
comprise one or more asymmetric algorithms. As noted
above, with asymmetric algorithms, the compression ratio is
typically greater than the compression ratios obtained using
symmetrical algorithms. Preferably, a plurality ol asymmet-
ricalgorithms are selected to provide one ormore asymmetric
algorithms comprising a slow compress and fast decompress
routine, as well as one or more asymmetric algorithms com-
prising a fast compress and slow decomipress routine.

The compression algorithms 13 further comprisc onc or
more symmetric algorithms, each having a compression rate
and corresponding decompression rate that is substantially
equal. Preferably, a plurality of symmetric algorithms are
selected to provide a desired range of compression and
decompression rates for data (o be processed by a symmeltric
algorithm.

In a preferred embodiment. the overall throughput (band-
width) of the host system 10 is one factor considered by the
controller 11 in deciding whether to use an asymmetrical or
symmetrical compression algorithm for processing data
stored 1o, and retrieved from, the storage medium 14. Another
factor that is used ta determine the compression algorithm is
the type of data to be processed. In a preferred embodiment.
the data profiles 15 comprise information regarding predeter-
mined access profiles of different data sets, which enables the
controller 11 to sclect a svitable compression algorithm based
on the data type. Tor instance, the data profiles may comprise
a map that associates different datatypes (based on, e.g.. a file
extension) with preferred one(s) of the compression algo-
rithms 13. For example, preferred access profiles considered
by the controlier 11 are set forth in the following table.

Access Profile 1: Access Profile 2 Access Profile 3

The amount of times data
is read from and written
lo the storage medium is
substantially the same.

Data is written
10 the storage

Data is written to a
storage medium once
(or very few tines) medin ofien
but is read from the but read few
storage medium many times Times

With Access Profile 1, the decompression routine would be 3

executed significantly more times than the corresponding
compression routine. This is typical with operating systems.
applications and websites, for example. Indeed. an asym-
metrical application can be used 10 (offline) compress an (OS)
operating system, application or Website using a slow com-
pression routine to achieve a high compression ratio. After the
compressed OS, application or website is stored, the asym-
metric algorithm is then used during runtime to decompress,
at a significant rate, the OS, application or website launched
or accessed by a user.

Therefore, with data sets falling within Access Profile 1, it
is preferable to utilize an asymmetrical algorithm that pro-
vides a slow compression routine and a fast decompression
routine so as to provide an increasc in the overall system
performance as compared the performance that would be
obtained using a symmetrical algorithm. Further, the com-
pression ratio obtained using the asymmetrical algorithm
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would likely be higher than that obtained using a symmetrical
algorithm (thus effectively increasing the storage capacity of
the storage device).

With Access Profile 2, the compression routine would be
executed significantly more times than the decompression
routine. This is typical with a system for automatically updat-
ing an inventory database. for example, wherein an asymmet-
ric algorithm that provides a fast compression routine and a
slow decompression routine would provide an overall faster
(higher throughput) and efficient (higher compression ratio)
system performance than would be obtained using a sym-
metrical algorithm.

With Access Profile 3, where data is accessed with a similar
number of reads and writes, the compression routine would
be excculed approximately the same number of times as the
decompression routine. This is typical of most user-generated
data such as documents and spreadsheets. Therefore. it is
preferable to utilize a symmetrical algorithm that provides a
relatively fast compression and decompression routine. This
would result in an overall system performance that would be
faster as compared to using an asvmmetrical algorithm (al-
though the compression ratio achieved may be lower).

The following table summarizes the three data access pro-
files and the type of compression algorithm that would pro-
duce optimum throughput.

Example Compressed
Access Data Compression  Duata Decompression
Profile Types Algorithm Characteristics ~ Algorithm
1. Write Operating  Asynunetrical ~ Very high Asymimetrical
lew, syslems.  (Slow cornpression (Fast
Read Programs, COMPIESS) ratio decompress)
many Web sites
2. Write  Auto- Asymmetrical ~ Very high Asymmetrical
many, matically  (Fast compression (Slow
Read updated compress) ratio decompress)
few inventory

database
3. Similar User Symmetrical Standard Symmetrical
number of generated compression
Reads and documents ratio

Writes

In accordance with the present invention, the access profile
of a given data st is known a priori or determined prior 1o
compression so that the optimum category of compression
algorithm can be selected. As explained below, the selection
process may be performed either manually or automatically
by the controller 11 of the data compression system 12. Fur-
ther, the decision regarding which routines will be used at
compression time (write) and at decompression time (read)is
preferably made before or at the time of compression. This is
because once data is compressed using a certain algorithm,
only the matching decompression rouline can be used o
decompress the data, regardless of how nnch processing time
is available at the time of decompression.

Referring now to FIG. 2, a flow diagram illustrates a
method for providing bandwidth sensitive data compression
according lo one aspect of the present invention. For purposes
of illustration, it is assumed that the method depicted in FIG.
2 is implemented with a disk controller for providing accel-
erated data storage and retrieval from a hard disk on a PC
(personal computer). The data compression system is initial-
ized during a boot-up process after the PC is powered-on and
a default compression/decompression routine is instantiated
(step 20).

In a preferred embodiment, the default algorithm com-
prises an asymmelrical algorithm since an operating systen
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and application programs will be read from hard disk memory
and decompressed during the initial use of the host system 10.
Indeed, as discussed above, an asymmetric algorithm that
provides slow compression and fast decompression is prefer-
able for compressing operating systems and applications so
as to obtain a high compression ratio (to effectively increase
the storage capacity of the hard disk) and fast data access (to
effectively increase the retrieval rate from the hard disk). The
initial asymmetric routine that is applied (by, e.g., a vendor) to
compress the operating system and applications is preferably
set as the default. The operating system will be retrieved and
then decompressed using the default asynmunetric routine
(step 21).

During initial runtime, the controller will maintain use the
default algorithm until certain conditions are mel. For
instance, if a read command is received (affimative result in
step 22), the controller will determine whether the data to be
read from disk can be compressed using the current routine
(step 23). For this determination, the controller could, e.g.,
read a flag value that indicates the algorithm that was used to
compress the file. If the data can be decompressed using the
current algorithm (affimative determination in step 23), then
the file will be retrieved and decompressed (step 25). On the
other hand, if the data cannot be decompressed using the
current algorithm (negative determination in step 23), the
controller will issue the appropriate control signal to the
compression system to load the algorithm associated with the
file (step 24) and, subsequently, decompress the file (step 25).

1f a write command is received (affirmative result in step

26). the data to be stored will be compressed using the current 3

algorithm (step 27). During the process of compression and
storing the compressed data, the controller will track the
throughput to determine whether the throughput is meeting a
predetermined threshold (step 28). For example, the control-
ler may track the number of pending disk accesses (access
requests) to determine whether a bottleneck is occurring. 1f
the throughput of the system is not meeting the desired thresh-
old (e.g.. the compression system cannol maintain the
required or requested data rates) (negative determination in
step 28). then the controller will command the déta compres-
sion system to utilize a compression routine providing faster
compression (e.g., a fast symmetric compression algorithm)
(step 29) so as to miligate or eliminate the bottleneck,

If, on the other hand, the system throughput is mecting or
exceeding the threshold (affirmative determination in step 28)
and the current algorithm being used is a symmetrical routine
(affirmative determination in step 30), in an effort to achieve
optimal compression ratios, the controller will command the
data compression system (0 use an asymmetric compression

algorithm (step 31) that may provide a slower rate of com- 5

pression, but provide efficient compression.

This process is repeated such that whenever the controller
determines that the compression system cun maintain the
required/requested data throughput using a slow (highly effi-
cient) asymmetrical compression algorithm, the controller
will allow the compression system lo operate in the asym-
metrical mode. This will allow the system to obtain maximum
storage capacity on the disk. Further. the controller will com-
mand the compression system to usc a symmelric routine
comprising a fast compression routine when the desired
throughput is not met. This will allow the system to, e.g.,
service the backlogged disk accesses. Then, when the con-
troller determines thal the required/requested data rates are
subsequently lower and the compression system can maintain
the data rate, the controller can command the compression
system to use a slower (but more efficient) asymmetric com-
pression algorithm.
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With the above-described method depicted in FIG. 2, the
selection of the compression routine is performed automati-
cally by the controller so as to optimize system throughput. In
another embodiment. a user that desires to install a program
or text files, for example, can command the system (via a
software utility) to utilize a desired compression routine for
compressing and storing the compressed program or files to
disk. For example, for a power user, a GUI menu can be
displayed that allows the user to directly select a given algo-
rithm. Alternatively. the system can detect the type of data
being installed or stored Lo disk (via [ile extension, etc.) and
automatically select an appropriate algorithm using the
Access Profile information as described above, For instance,
the user could indicate 1o the controller that the data being
installed comprises an application program which the con-
troller would determine falls under Access Profile 1. The
controller would then command the compression engine to
utilize an asymmetric compression algorithm cmploying a
slow compression routine and a fast decompression routine.
The result would be a one-time penalty during program instal-
lation (slow compression), but with fast access to the data on
all subsequent executions (reads) of the program, as well as a
high compression ralio.

It is to be appreciated that the present invention may be
implemented in any data processing system, device, or appa-
ratus using data compression. For instance, the present inven-
tion may be employed in a data transmission controller in a
network environment to provide accelerated data transmis-
sion over 4 communication channel (i.¢., effectively increasc
the transmission bandwidth by compressing the data at the
source and decompressing data at the receiver, in real-time).

Further, the present invention can be implemented with a
data storage controller utilizing data compression and decom-
pression to provided accelerated data storage and retricval
from a mass storage device. Exemplary embodiments of pre-
ferred data storage controllers in which the present invention
may be implemented are described, for example, in U.S.
patent application Ser. No. 09/775,903, filed on Feb. 2, 2001,
cntitled “Data Storewidth Accelerator”, now U.S. Pat. No.
6,748,457, which is commonly assigned and fully incorpo-
rated herein by reference.

FIG. 3 illustrates a preferred embodiment of a data storage
controller 120 as described in the above-incorporated U.S.
Ser. No. 09/775.905 for implementing a bandwidth sensitive
data compression protocol as described herein. The data stor-
age controller 120 comprises a DSP (digital signal processor)
121 (or any other micro-processor device) that implements a
data compression/decompression routine. The DSP 121 pref-
erably employs a plurality of symmetric and asymmetric
compression/decompression as described herein. The data
storage controller 120 further comprises at least one program-
mable logic device 122 (or volatile logic device). The pro-
grammable logic device 122 preferably implements the logic
(program code) for instantiating and driving both a disk inter-
face 114 and a bus interface 115 and for providing full DMA
(direct memory access) capability for the disk and bus inter-
faces 114. 115. Further, upon host computer power-up and/or
agsertion of a system-level “reset” (e.g., PCI Bus reset), the
DSP 121 initializes and programs the programmable logic
device 122 before of the completion of initialization of the
host computer. This advantageously allows the data storage
controller 120 1o be ready 1o accept and process commands
from the host computer (via the bus 116) and retrieve boot
data from the disk (assuming the data storage controller 120
is implemented as the boot device and the hard disk stores the
boot data (e.g., operating systen, etc.))
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The data storage controller 120 further comprises a plural-
ity of memory devices including a RAM (random access
memory) device 123 and a ROM (read only memory) device
124 (or FLASH memory or other types ol non-volatile
memory). The RAM device 123 is utilized as on-board cache
and is preferably implemented as SDRAM. The ROM device
124 is utilized for non-volatile storage of logic code associ-
ated with the DSP 121 and configuration data used by the DSP
121 10 program the programmable logic device 122.

The DSP 121 is operatively connected to the memory
devices 123, 124 and the programmable logic device 122 via
alocal bus 125. The DSP 121 is also operatively connected to
the programmable logic device 122 via an independent con-
trol bus 126. The programmable logic device 122 provides
data flow control between the DSP 121 and the host computer
system attached to the bus 116, as well as data flow control
between the DSP 121 and the storage device. A plurality of
external /O ports 127 are included for data transmission
and/or loading of one or more programmable logic devices.
Preferably. the disk interface 114 driven by the programmable
logic device 122 supports a plurality of hard drives.

The storage controller 120 further comprises computer
reset and power up circuitry 128 (or “boot configuration
cireuit™) for controlling initialization (either cold or warm

boots) of the host computer system and storage controller 2

120. A preferred boot configuration circuit and preferred
computer initialization systems and protocols are described
inU.S. patent application Ser. No. 09/775,897. filed on Feb. 2,
2001, entitled “System and Methods For Computer Initial-
ization.” now abandoned, which is commonly assigned and
incorporated hierein by reference. Preferably, the boot con-
figuration circuit 128 is employed for controlling the initial-
izing and programming the programmable logic device 122
during configuration of the host computer system (i.e., while
the CPU of the host is held in reset). The boot configuration
circnit 128 ensures that the programmable Jogic device 122
(and possibly other valatile or partially volatile logic devices)
is initialized and programmed before the bus 116 (suchasa
PCI bus) is fully reset. In particular, when power is first
applied 10 the boot configuration circuit 128, the boot con-
figuration circuit 28 generates a control signal to reset the
local system (e.g., storage controller 120) devices such as a
DSP, memory, and 170 interfaces. Once the local system is
powered-up and resct. the controlling device (suchas the DSP
121) will then proceed 1o automatically determine the system
environment and configure the local system to work within
{hat environment. By way of example, the DSP 121 of the disk
storage contruller 120 would sense that the data storage con-
troller 120 is on a PCI computer bus (expansion bus) and has
attached 1o it a hard disk on an IDE interface. The DSP 121
would then load the appropriate PCI and IDE interfaces into
the programmable logic device 122 prior to completion of the
host system reset. Once the programmable logic device 1 22is
configured for its environment. the boot device controller is
reset and ready to accept commands over the computer/ex-
pansion bus 116.

Tt is to be understood that the data storage controller 120
may be utilized as a controller for transmitting data (com-
pressed or uncompressed) to and from remote locations over
the DSP VO ports 127 or bus 116, for example. Indeed. the /O
ports 127 of the DSP 121 may be used for transmitting data
(compressed or uncompressed) that is either retrieved from
the disk or received from the host system via the bus 116, lo
remote locations for processing and/or storage. Indeed, the
1/0 ports 127 may be operatively connected to other data
storage controllers or to a network communication channels.
Likewise, the data storage controller 120 may receive data

w

—

0

H

—

20

30

40

65

72

16

(compressed or uncompressed) over the I/O ports 127 of the
DSP 121 from remmote systems that are connected to the /O
ports 127 of the DSP, for local processing by the data storage
controller 120. For instance, a remote system may remotely
access the data storage controller 120 (via the 1/O ports of the
DSP or the bus 116) to utilize the data compression, in which
case the data storage controller 120 would transmit the com-
pressed data back to the system that requested compression.

In accordance with the present invention, the system (e.g..
data storage controller 120) preferably boots-up in a mode
using asymmetrical data compression. It is to be understood
that the boot process would not be affected whether the sys-
tem boots up defaulting to an asymmetrical mode or to a
symmetrical mode. This is because during the bool process of
the computer, it is reading the operating system from the disk,
not writing. However, once data is written to the disk using a
compression algorithm, it must retrieve and read the data
using the corresponding decompression algorithm.

As the user creates, deletes and edits [iles. the data storage
controller 120 will preferably utilize an asymmetrical com-
pression routine that provides slow compression and fast
decompression. Since using the asymmetrical compression
algorithm will provide slower compression than a symumetri-
cal algorithm, the file system of the computer will track
whether the data storage controller 120 has disk accesses
pending. If the data storage controller 120 does have disk
accesses pending and the system is starting to slow down, the
file management system will command the data storage con-
troller 120 1o use a faster symmetrical compression algo-
rithm. If there arc no disk access requests pending, the file
management system will leave the disk controller in the mode
of using the asymmetrical compression algorithm.

1f the data storage controller 120 was switched to using a
symmetrical algorithm. the file management system will
preferably signal the controller to switch back to a default
asymmetrical algorithm when, e.g.. therate of the disk access
requests slow to the point where there are no pending disk
accesses.

At some point a user may decide to install software or load
files onto the hard disk. Before installing the softwarc, for
example, as described above, the user could indicate to the
data storage controller 120 (via a sofiware utility) to enter and
remain in an asymmetric mode using an asymmetric com-
pression algorithm with a slow compression routing and a
very fast decompression routine. The disk controller would
continue to use the asymmetrical algorithm until commanded
otherwise, regardless of the number of pending disk accesses.
‘Then, alter completing the software installation, the user
would then release the disk controller from this “asymmetri-
cal only” mode of operation (via the software utility).

Again, when the user is not commanding the data storage
controller 120 to remain in a certain mode. the file manage-
ment system will determine whether the disk controller
should use the asymmetrical compression algorithms or the
symmetrical compression algorithms based on the amount of
backlogged disk activity. If the backlogged disk activity
exceeds a threshold, then the file management system will
preferably command the disk controller to use a faster com-
pression algorithm, even though compression performance
may suffer. Otherwise. the file management system will com-
mand the disk controller to use the asymmetrical algorithm
that will yield greater compression performance.

It is 1o be appreciated that the data compression methods
described hercin by be integrated or otherwise implemented
with the content independent data compression methods
described in the above-incorporated U.S. Pat. Nos. 6,195,024
and 6,309,424.



Case 6:17-cv-00567 Document 1-2 Filed 10/10/17 Page 43 of 45 PagelD #: 73

US 8,867,610 B2

17

FIG. 4A is a diagram of a file system format of a virtual
and/or physical disk according to an embodiment of the
present invention.

In yet another embodiment of the present invention, a
virtual file management system is utilized to store, retrieve, or
transmit compressed and/or accelerated data. In one embodi-
ment of the present invention, a physical or virtual disk is
utilized employing a representative file system format as
illustrated in FIG. 4A. As shown in FIG. 4A, a virtual [ile
system format comprises onc or morc data items. For
instance, a “Superblock” denotes a grouping of configuration
information necessary for the operation of the disk manage-
ment system. The Superblock typically resides in the first
sector of (he disk. Additional copies of the Superblock are
preferably maintained on the disk for backup purposes. The
number of copies will depend on the size of the disk. One
sector is preferably allocated for each copy of the Superblock
on the disk, which allows storage to add additional param-
elers for various applications. The Superblock preferably
comprises information such as (i) compress size; (ii) virtual
block table address; (iii) virtual block table size; (iv) alloca-
tion size; (v) number of free sectors (approximate); (vi) ID
(“Magic”™) number; and (vii) checksum.

The “compress size” refers to the maximum uncompressed
size of data that is grouped together for compression (referred
to as a “data chunk™). For example, if the compress size is set
to 16 k and a 40 k data block is sent to the disk controller for
storage, it would be divided into two 16 k chunks and one 8 k
chunk. Each chunk would be compressed separately and pos-
sess its own header. As noted above, for many compression
algorithms, increasing the compression size will increase the
compression ratio obtained. However, even when a single
byte is needed from a compressed data chunk, the entire
chunk must be decompressed, which is a tradeoff with respect
to using a very large compression size.

The “virtual block table address™ denotes the physical
address of the virtual block table. The “virtual block table
size” denotes the size of the virtual block table.

The “allocation size™ refers to the minimum number of
contiguous sectors on the disk to reserve for cach new data
entry. For example, assuming that 4 sectors are allowed for
each allocation and that a compressed data entry requires only
1 sector, then the remaining 3 sectors would be lefi unused.
Then, if that picce of data were to be appended, there would
be room to increase the data while remaining contiguous on
the disk. Indeed, by maintaining the data contiguously, the
speed at which the disk can read and write the data will
increase. Although the controller preferably attempts 1o keep
these unused sectors available for expansion of the data, if the
disk were to fill up, the controller could use such sectors to
store new data entries. In this way, a system can be configured
to achieve greater speed, while not sacrificing disk space.
Selting the allocation size 1o 1 seclor would effectively dis-
able this feature.

The “number Of free sectors™ denotes the number of physi-
cal free sectors remaining on the disk. The ID (“Magic) num-
ber” identifies this data as a Superblock. The *“checksum”
comprises a number that changes based on the data in the
Superblock and is used for crror checking. Preferably, this
number is chosen so that all of the words in the Superblock
(including the checksum) added up are equal to zero.

FIG. 4B is a diagram of a data structure of a sector map
entry of a virlual block table according Lo an embodiment of
the present invention.

The “virtual block table” (VET) comprises a number of
“sector map” entries, one for each grouping of compressed
data (or chunks). The VET may reside anywhere on the disk.
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The size of the VBT will depend on how much data is on the
disk. Each sector map entry comprises 8 bytes. Although
there is preferably only one VBT on the disk, cach chunk of
compressed data will have a copy of its sector map entry in its
header. If the VBT were to become corrupted, scanning the
disk for all sector maps could create a new one.

The term “type” refers to the sector map type. For example,
a value of “00” corresponds to this sector map definition.
Other values are preferably reserved for future redefinitions
of the sector map.

A “C Type” denotes a compression type. A value of “000”
will correspond to no compression. Other values are defined
as required depending on the application. This function sup-
ports the use of multiple compression algorithms along with
the use of various forms of asymmetric data compression.

The “C Info” comprises the compression information
needed for the given compression type. These values are
defined depending on the application, In addition, the data
may be tagged based on its use—for example operating sys-
tem “00”, Program “017, or data “10”. Frequency of use or
access codes may also be included. The size of this field may
be greatly expanded to encode statistics supporting these
items including, for example, cumulative number of times
accessed, number of times accessed within a given time
period or CPU clock cycles, and other related data.

The “‘sector count” comprises the number of physical sec-
tors on the disk that are used for this chunk of compressed
data. The “L BA” refers to the logical block address, or physi-
cal disk address. for this chunk of compressed data.

Referring back to FIG. 4A, each “Data” block represent
cach data chunk comprising a header and compressed data.
The data chunk may up anywhere from 1 to 256 sectors on the
disk. Each compressed chunk of data is preferably preceded
on the disk by a data block header that preferably comprises
the following information: (i) sector map; (ii) VBI; (iii) ID
(“Magic™) Number; and (iv) checksum.

The “sector map” comprises a copy of the sector map entry
in the VBT for this data chunk. The “VBI” is the Virtual Block
Index, which is the index into the VBT that corresponds to this
data chunk. The “ID (“Magic) Number” identifies this data as
a data block header. The “checksum” number will change
based on the data in the header and is used for error checking.
This number is preferably chosen such that the addition of all
the words in the header (including the checksum) will equal
zero.

It should be noted that the present invention is not limited
to checksums but may employ any manner of error detection
and correction techniques, utilizing greatly expanded fields
error detection and/or correction.

It should be further noted that additional fields may be
employed to support encryption, specifically an identifier for
encrypted or unencrypled data along with any parameters
necessary for routing or processing the data to an appropriate
decryption module or user.

The virtual size of the disk will depend on the physical size
of the disk, the compress size selecled, and the expected
compression ratio. For example, assume thereis a 75 GB disk
with a selected compress size expecting a 3:1 compression
ratio. the virtual disk size would be 225 GB. This will be the
maximum amount of uncompressed data that the file system
will be able to store on the disk.

If the number chosen is too small, then the entire disk will
not be utilized. Consider the above example where a system
comprises a 75 GB disk and a 225 GB virtual size. Assume
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that in actuality during operation the average compression
ratio obtained is 5:1. Whereas this could theoretically allow
375 GB to be stored on the 75 GB disk, in practice, only 225
GB would be able to be slored on the disk before a “disk full”
message is received. Indeed, with a 5:1 compression ratio, the
225 GB of data would only take up 45 GB on the disk leaving
30 GB unused. Since the operating system would think the
disk is full, it would not attempt to write any more information
lo the disk.

On the other hand, if the number chosen is too large, then
the disk will fill up when the operating system would still
indicate that there was space available on the disk. Again
consider the above example where a system comprises a 75
GB disk and a 225 GB virtual size. Assume further that during
operation, the average compression ratio actually obtained is
only 2:1. In this case, the physical disk would be full after
writing 150 GB to it, but the operating system would still
think there is 75 GB remaining. If the operating system tried
(o wrile more informaltion 1o the disk, an error would occur.

Thus, in another embodiment of the present invention, the
virtual size of the disk is dynamically altered based upon the
achieved compression ratio. In one embodiment, a running
average may be utilized to reallocate the virtual disk size.
Alteratively. certain portions of the ratios may already be
known—such as a preinstalled operating system and pro-
grams. Thus, this ratio is utilized for that portion of the disk,
and predictive techniques are utilized for the balance of the
disk or disks.

Yet in another embodiment, users are prompted for setup
information and the computer sclects the appropriate virtual
disk(s) size or selects the best method of estimation based on,
e.g., a high level menu of what is the purpose of this com-
puter: home, home office, business, server. Another submenu
may ask for the expected data mix, word, excel, video, music,
ctc. Then, based upon expected usage and associated com-
pression ratios (or the use of already compressed data in the
event of certain forms of music and video) the results are
utilized to set the virtual disk size.

1t should be noted that the present invention is independent
of the number or types of physical or virtual disks, and indeed
may be utilized with any type of storage.

It is to be understood that the systems and methods
described herein may be implemented in various forms ol
hardware, softwarc, firmware, special purpose processors, or
a combination thereof. In particular, the present invention
may be implemented as an application comprising program
instructions that are tangibly embodied on a program storage
device (e.g., magnetic {loppy disk, RAM, ROM, CD ROM,
etc.) and executable by any device or machine comprising
suitable architecture. It is to be further understood that,
because some of the constituent system components and pro-
cess steps depicted in the accompanying Figures are prefer-
ably implemented in software, the aclual connections
between such components and steps may differ depending
upon the manner in which the present invention is pro-
grammed. Given the teachings herein, one of ordinary skill in
the related art will be able to contemplate these and similar
implementations or configurations of the present invention.

Although illustrative embodiments have been described
herein with reference to the accompanying drawings, it is to
be understood that the present system and method 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 from the scope or spirit of
the invention. All such changes and modifications are
intended to be included within the scope of the invention as
defined by the appended claims.
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What is claimed is:

1. A method, comprising:

determining, a parameter or an attribute of at least a portion

of a data block having video or audio data;
selecting one or more compression algorithms from among
a plurality of compression algorithms to apply to the at
least the portion of the data block based upon the deter-
mined parameter or attribute and a thronghput of a com-
munication channel, at least one of the plurality of com-
pression algorithms being asymmetric; and

compressing the at least the portion of the data block with
the selected compression algorithm after selecting the
one or more, compression algorithms.

2. The method of claim 1, further comprising:

storing at least a portion of the compressed data block.

3. The method of claim 2, further comprising:

retrieving at least a portion of the at least stored portion of

the compressed data block based upon a user command
or the throughput of the communication channel.

4. The method of claim 1, wherein selecting comprises:

selecting the one or more compression algorithms to apply

to the at least the portion of the data block based upon the
determined parameter or attribute, the throughput of the
communication channel, and a [requency ol access of al
least a portion of a second compressed or uncompressed
data block.

5. The method of claim 1, wherein compressing comprises:

compressing the at least the portion of the data block with

the selected one or more compression algorithms based
upon a user command.

6. The method of claim 1, wherein each compression algo-
rithm from among the plurality of compression algorithms is
asymmetric.

7. The method of claim 1, further comprising:

determining the throughput of the communication channel

by utilization of a portion of a memory device.

8. The method of claim 2, further comprising:

retrieving at least a portion of the at least stored portion of

the compressed data block based upon a utilization of
one or more central processing units (CPUs).

9. An apparatus, comprising:

a controller configured to:

determine a parameler or an attribute of at least a portion
of a data block having vidco or audio data, and

select one or more compression algorithms from among
a plurality of compression algorithms to determine a
plurality of compression algorithms to apply to the at
least the portion of the data block based upon the
determined parameter or attribute and a throughput of
a communication channel, at least one of the plurality
of compression algorithms being asymmetric; and

a data compression system configured to compress the at

least the portion of the data block with the selecled one
or more compression algorithms.

10. The apparatus of claim 9, further comprising:

a storage medium configured to store a portion of the at

least compressed portion of the data block.

11. The apparatus of claim 10, wherein the data compres-
sion system is further configured to retricve at lcast a portion
of'the at least stored portion of the at least compressed portion
of the data block based upon the throughput of the commu-
nication channel or a user command.

12. The apparatus of claim 10, wherein the data compres-
sion system is further configured to:

retrieve at least a portion of the at least stored portion of the

at least compressed portion of the data block based upon
the throughput of the communication channel; and
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retrieve at least a portion of a second compressed data
block, compressed with one or more second compres-
sion algorithms from among the plurality of compres-
sion algorithms, based upon a second throughput of the
communication channel,

wherein at least one of the one or more second compression

algorithms are different from at least one of the selected
one or more compression algorithms, and

wherein the second throughput of the communication

channel is different from the throughput of the conumu-
nication channel.

13. The apparatus of claim 12, wherein the controller is
further configured to retrieve at least a portion of a third
compressed data block that was compressed with one ormore
third compression algorithms from among the plurality com-
pression algorithms based upon a third throughput of the
communication channel, the third throughput of the commu-
nication channel differing from the first or the second
throughputs of the communication channel.

14. The apparatus of claim 9, wherein the controller is
configured to select the one or more comptession algorithuns
to apply to the at least the portion of the data block based upon
the determined parameter or attribute. the throughput of the
communication channel, and a [requency ol access ol at least
the portion of a second compressed or uncompressed data
block.

15. The apparatus of claim 9, wherein the data compression
system is configured to compress the at least the portion of the
data block with the selected one or more compression algo-
rithms based upon a user command.

16. The apparatus of claim 9. wherein each compression
algorithm from among the plurality of compression algo-
rithms is asymmetric.

17. The apparatus of claim 9, wherein the controller is
further configured to determine the throughput of the com-
munication channel by utilization of a portion of a memory
device.

18. The apparatus of claim 10. wherein the data compres-
sion system is furthér configured to retrieve at least a portion
of the at least stored portion of the compressed data block
based upon a utilization of one or more central processing
units (CPUs).

19. A method, comprising:

determining a plurality of compression algorithms;

selecting one or more compression algaritiums from among

the determined plurality of compression algorithms
based upon a frequency of access of at least a portion of
a compressed or uncompressed data block, at least one
of the plurality of compression algorithms being asym-
metric; and

compressing. at least a portion of a second data block with

the selected one or more compression algorithms.

20. The method of claim 19, further comprising;

storing at least a portion of the at least compressed portion

of the at least the portion of the second data block.

20

30

40

435

50

75

22

21. The method of claim 20, further comprising:

retrieving at least a portion of the at least compressed
portion of the at lcast the portion of the second data block
based upon a throughput of a communication channe] or
a user command.

22. The method of claim 19, further comprising:

selecting one ormore second compression algorithms from
among the determined plurality compression algorithms
to apply to at least a portion of the second data block
based upon a throughput of a communication channel.

23. The method of claim 19, wherein compressing com-
prises:

compressing the at least the portion of the second data
block with the selected one or more compression algo-
rithms based upon a user comimand.

24. The method of claim 19, wherein each compression
algorithm from amoung the plurality of compression algo-
rithms is asymmetric.

25. An apparatus, comprising:

a controller configured to:

determine a plurality of compression algorithms, at least
one of the plurality of compression algorithms being
asymmetric, and

select one or more compression algorithms from among
the determined plurality of compression algorithms
based upon a [requency ol access ol al least a porlion
of a compressed or uncompressed data block: and

a data compression system configured to compress at least
a portion of a second data block with the selected one or
more compression algorithms.

26. The apparatus of claim 25, further comprising:

a storage medium configured to store at least portion of the
compressed portion of the at least the porfion of the
second data block.

27. The apparatus of claim 26. wherein the data compres-
sion system is further configured to retrieve a portion of the
stored portion of the at least compressed portion of'the at least
the portion of the seeond data block based upon a throughput
of a communication channel or a user command.

28. The apparatus of claim 25, wherein the controller is
further configured to select one or more second compression
algorithms from among the determined plurality compres-
sion of algorithms to apply to the at least the portion of the
second data block based upon a throughput of a communica-
tion channel.

29. The apparatus of claim 25, wherein the data compres-
sion system is configured to compress the at least the portion
of the second data block with the selected onc or more com-
pression algorithuns based upon a user command.

30. The apparatus of claim 25, wherein each compression
algorithm from among the plurality of compression algo-
rithms is asymmetric.

* * *
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SYSTEMS AND METHODS FOR VIDEO AND
AUDIO DATA STORAGE AND DISTRIBUTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/154,239, filed on Jun. 6, 2011. now U.S. Pat.
No. 8.553,759. which is a continuation of U.S. patent appli-
cation Ser. No. 12/123.081, filed on May 19, 2008, now U.S.
Pat, No. £.073.047, which is a continuation of U.S. patent
application Ser. No. 10/076.013, filed on Feb. 13, 2002, now
U.S. Pat. No. 7,386,046, which claims the benefit of US.
Provisional Application No. 60/268,394, filed on Feb. 13.
2001, each of which is fully incorporated herein by reference
in its entirety.

BACKGROUND

1. Technical Field

The present invention relates generally to data compres-
sion and decompression and. in particular, 1o a sysiem and
method for compressing and decompressing data based on an
actual or expected throughpul (bandwidth) ol a system that
employs data compression. Additionally the present inven-
tion relates 1o the subsequent storage. retrieval, and manage-
ment of information in data storage devices utilizing either
compression and/or accelerated data storage and retrieval
bandwidth.

2. Description of the Related Art

There are a variety of data compression algorithms that are
currently available, both well-defined and novel. Many com-
pressionalgorithms define one or more paramelers thatcanbe
varied. either dynamically or a-priori, to change the perfor-
mance characteristics of the algorithm. For example, with a
typical dictionary based compression algorithm such as Lem-
pel-Ziv, the size of the dictionary can affect the performance
of the algorithm, Indeed, a large dictionary may be employed
to yield very good compression ratios but the algorithm may
take a long time to execute. If speed were more important than
compression ratio, then the algorithm can be limited by
selecting a smaller dictionary, thereby obtaining a much
faster compression time, but at the possible cost of a lower
compression ratio. The desired performance ofacompression
algorithm and the system in which the data compression is
employed. will vary depending on the application.

Thus, one challenge in employing data compression fora
given application or system is sclecting one or more optimal
compression algorithms {rom the variety of available algo-
rithms. Indeed, (he desired balance beiween speed und efli-
ciency is typicully a significant factor that is considered in
determining which algorithm to employ for a given set of
data. Algorithms that compress particularly well usually take
longer to execule whereas algorithms that execute quickly
usually do not compress particularly well.

Accordingly, a system and method that would provide
dynamic modification of compression sysicm parameters so
as to provide an optimal balance between execution speed of
the algorithm (compression rate) and the resulling compres-
sion ratio, is highly desirable.

Yet another problem within the current art is data storage
and retrieval bandwidth limitations. Modern computers uti-
lize a hierarchy of memory devices. In order to achieve maxi-
mum 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 placing a sufficient quantity of onboard

110

—

0

30

45

55

2

memory for most applications. Thus, in order to offer suffi-
cient memory for the operating system(s). application pro-
grams, and user data, computers often use various forms of
popular oll-processor high speed memory including static
random access memory (SRAM), synchronous dynamic ran-
dom 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. While mass storage devices offer increased
capacity and fairly economical data storage, their data storage
and retrieval bandwidth is often much less in relation o the
other elements of a computing system.

Computers systems represent information in a variety of
manners. Discrete information such as text and numbers are
easily represented in digital data. This type of data represen-
tation is known as symbolic digital data. Symbolic digital
data is thus an absolute representation of data such as a letter,
figure, character, mark, machine code, or drawing.

Continuous information such as speech, music, audio,
images and video, frequently exists in the patural world as
analog information. As is well known to those skilled in the
art. receni advances in very large scale integration (VLSI)
digital computer technology have enabled both discrete and
analog information to be represented with digital data. Con-
tinuous information represented as digital data is often
referred to as diffuse data. Diffuse digital data is thus a rep-
resentation of data that is of low information density and is
typically not easily recognizable 10 humans in its native form.

Modern computers utilize digital data representation
hecause of its inherent advantages. For example, digital data
is more readily processed, stored, and transmitted due to its
inherently high noise immunity. In addition, the inclusion of
redundancy in digital data representation enables error detec-
tion and/or correction. Error detection and/or correction
capabilities are dependent upon the amount and type of data
redundancy, available error detection and correction process-
ing, and extent of data corruption.

One outcome of digital data representation is the continu-
ing need for increased capacity in data processing, storage,
and transmittal. ‘[his is especially true for diffuse data where
increases in fidelity and resolution create exponentially
greater quantities of data, Data compression is widely used to
reduce the amount of data required to process, transmit. or
store a given quantity of information. In general, there are two
types of data compression techniques that may be utilized
cither separately or jointly to encode/decode data: lossless
and lossy data compression.

Over the last decade, computer processor performance has
improved by at least a factor of 50. During this sume period,
magnetic disk storage has only improved by a factor of 5.
Thus one additional problem with the existing art is that
memory storage devices severely limit the performance of
consumer, entertainment, office, workstation. servers, and
mainframe computers for all disk and memory intensive
operations.

For example, magnetic disk mass storage devices currently
employed in 4 variety of home. business, and scientific com-
puting applications suffer from significant seek-time access
delays along with profound read/write dala rate limitations.
Currently the fastest available (15,000) rpm disk drives sup-
port only a 40.0 Megabyte per second data rate (MB/sec).
This is in stark contrast to the modern Personal Computer’s
Peripheral Component Interconnect (PCI) Bus’s input/output
capability of 512 MB/sec and internal local bus capability of
1600 MB/sec.
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Another problem within the current art is that emergent
high performance disk interface standards such as the Small
Computer Systems Interface (SCS1-3).iSCSI, Fibre C hannel,
AT Attachment UltraDMA/100+, Serial Storage Architec-
ture, and Universal Serial Bus offer only higher data transfer
rates through intermediate data bullering in random uccess
memory. These interconnect stralegies do not address the
fundamental problem that all modern magnetic disk storage
devices for the personal computer marketplace are still lim-
ited by the same typical physical media restriction. In prac-
tice. faster disk access data rates are only achieved by the high
cost solution of simultancously accessing multiple disk
drives with a technique known within the art as data striping
and redundant array of independent disks (RAID).

RAID systems oflen allord (he user the benefit ol increased
data bandwidth for data storage and retrieval. By simulta-
neously 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 lincar incrcase in data bandwidth requires a
proportional number of added disk storage devices.

Another problem with most madern mass storage devices
is their inherent unreliability. Many modern mass storage
devices utilize rotating assemblies and other types of electro-
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 onasingle disk drive, on multiple
places on twa or more independent disk drives. More com-
plex techniques are also employed that support various trade-
offs between data bandwidth and data reliability.

Standard types of RAID systems currently available
include RAID Levels 0, 1, and 5. The configuration selected
depends on the goals to be achieved. Specifically data reli-
ability. data validation, data storage/retrieval 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 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 Jow cost
improved bandwidth requires a significant decrease in reli-
ability.

RAID Level 1 utilizes disk mirroring where data is dupli-
cated on an independent disk subsystem. Validation of data
amongst the (wo independent drives is possible if the dala is
simullaneously 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 the background while the entire system continues 1o
operate in a performance degraded but fully operational
mode. Once the data rebuild is complete, normal operation
resumes. Hence, another problem with RAID syslems 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 both 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
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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 [ully operational mode. Once the
data rebuild is complete, normal operation resumes.

Thus another problem with redundant modem 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. Typically mass storage devices
include magnetic and oplical tape, magnetic and optical
disks. and various solid-state mass storage devices. It should
be noted that the present invention applies to all forms and
manners of memory devices including storage devices utiliz-
ing magnelic, optical, neural and chemical techniques or any
combination thereof.

Yel another problem within the current art is the applica-
tion and use of various data compression techniques. It is well
known within the current arl that data compression provides
several unique benefits. First, data compression can reduce
the time 1o transmit data by more efliciently utilizing low
bandwidih data links. Second, data compression economizes
o1 data storage and allows more information 1o be stored for
a fixed memory size by representing information more effi-
ciently.

For purposes of discussion, data compression is canoni-
cally divided into lossy and lossless techniques. Lossy data
compression techniques provide for an inexact representation
of the original uncompressed data such that the decoded (or
reconstructed) data differs from the original unencoded/un-
compressed data. Lossy data compression is also known as
irreversible or noisy compression. Negentropy is defined as
the quantity of information in a given set of data. Thus, one
obvious advantage of lossy data compression is that the com-
pression ratios can be larger than that dictated by the negent-
ropy limit, all at the expense of information content, Many
lossy data compression techniques seck to exploit various
traits within the human senses to eliminate otherwise imper-
ceptible data. For example, lossy data compression of visual
imagery might seek to delete information content in excess of
the display resolution or contrast ratio of the target display
device.

On the other hand, lossless data compression techniques
provide an exact representation of the original uncompressed
data. Simply stated, the decoded (or reconstructed) data is
identical to the original unencoded/uncompressed data. Loss-
less data compression is also known as reversible or noiseless
compression. Thus, lossless data compression has, as its cur-
ren( limit, a minirnum representation defined by the entropy
of a given data set.

A rich and highly diverse set of lossless data compression
and decompression algorithms exist within the current art.
These range from the simplest “adhoc™ approaches to highly
sophisticated formalized techniques that span the sciences of
information theory. statistics, and artificial intelligence. One
fundamental problem with almost all modern approaches is
{he compression ratio lo encoding and decoding speed
achieved. As previously stated, the current theoretical limit
for data compression is the entropy limit of the data set to be
encoded. However, in practice, many factors actually limit the
compression ratio achieved. Most modem compression algo-
rithms are highly content dependent. Content dependency
exceeds the actual statistics of individual elements and often
includes a variety of other factors including their spatial loca-
tion within the daia set.
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Of popular compression techniques, arithmetic coding
possesses the highest degree of algorithmic effectiveness, and
as expected, is the slowes! to execute. This is followed in turn
by dictionary compression, Huffman coding, and run-length
coding with respectively decreasing execute times. What is
not apparent from (hese algorithms, that is also one major
deficiency within the current art, is knowledge of their algo-
rithmic efficiency. More specifically, given a compression
ratio that is within the effectiveness of multiple algorithms.
the question arises as their corresponding efficiency.

Within the current art there also presently exists a strong
inverse relationship between achieving the maximum (cur-
rent) theoretical compression ratio, which we define as algo-
rithmic effectiveness, and requisite processing time. For a
given single algorithm the elfectiveness over a broad class of
data sets including tex!. graphics, databases, and executable
object code is highly dependent upon the processing effort
applied. Given a baseline data set, processor operating speed
and targel architecture, along with its associated supporting
memory and peripheral set, we define algorithmic efficiency
as the time required to achicve a given compression ratio,
Algorithmic efficiency assumes that a given algorithm is
implemented in an optimum object code representation
executing [rom the optimum places in memory. This is almost
never achieved in practice due to limitations within modern
optimizing software compilers. It should be further noted that
an optimum algorithmic implementation for a given input
data set may not be optimum for a different data set. Much
work remains in developing a comprehensive set of metrics
for measuring data compression algorithmic performance,
however for present purposes the previously defined terms of
algorithmic effectiveness and efficiency should suffice.

Various solutions to this problem of optimizing algorith-
mic implementation are found in U.S. Pat. Nos, 6,195,024
and 6,309,424, issued on Feb. 27, 2001 and Oct. 30, 2001,
respectively, to James Fallon, both of which are entitled
“Content Independent Data Compression Method and Sys-
tem,” and are incorporated herein by reference. These patents
describe data compression methods that provide content-in-
dependent data compression, wherein an optimal compres-
sion ratio for an encoded stream can be achieved regardless of
the data content of the input data stream. As more fully
described in the above incorporated patents, a data compres-
sion protocol comprises applying an input data stream to each
of a plurality of different encoders to, in effect, generate a
plurality of encoded data streams. The plurality of encoders
are preferably sclected based on their ability to effectively
encode different types of input data. The final compressed
data stream is generated by selectively combining blocks of
the compressed streams outpul from the plurality of encoders
based on one or more faclors such as the oplimal compression
ratios obtained by the plurality of decoders. The resulting
compressed output stream can achieve the greatest possible
compression. preferably in real-time, regardless of the data
content.

Yet another problem within the current art relates to data
management and the use of existing file management sys-
tems. Present computer operating systems utilize file man-
agemen systems Lo store and retrieve information in a uni-
form, easily identifiable, format. Files are collections of
executable programs and/or various data objects. Files occur
in a wide variety of lengths and must be stored within a data
storage device. Most storage devices, and in particular. mass
storage devices, work most efficiently with specific quantities
of data. For example, modem magnetic disks are ofien
divided into cylinders, heads and sectors. This breakout arises
from legacy electro-mechanical considerations with the for-
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mat of an individual sector often some binary multiple of
bytes (512, 1024, . .. ). A fixed or variable quantity of sectors

housed on an individual track. The number of sectors permit-
ted on a single track is limited by the number of reliable flux
reversals that can be encoded on the storage media per linear
inch, olien referred 1o as linear bit density. In disk drives with
multiple heads and disk media, a single cylinder is comprised
of multiple tracks.

A file allocation table is often used to organize both used
and unused space on a mass storage device. Since a file often
comprises more than one sector of data, and individual sec-
tors or contiguous strings of sectors may be widely dispersed
over multiple tracks and cylinders, a file allocation table
provides a methodology of retrieving a file or portion thereof.
File allocation tables are usually comprised of strings of
pointers or indices that identify where various portions of a
file are stored.

In-order to provide greater flexibility in the management of
disk storage at the media side of the interface. logical block
addresses have been substituted for legacy cylinder, head,
scctor addressing. This permits the individual disk to opti-
mize its mapping from the logical address space to the physi-
cal sectors on (he disk drive. Advantages with this technique
include faster disk accesses by allowing the disk manufac-
turer greater flexibility in managing data interleaves and other
high-speed access techniques. In addition, the replacement of
bad media seclors can take placeat the physical level and need
not be the concern of the file allocation table or host computer.
Furthermore, these bad sector replacement maps are defin-
ablc on a disk by disk basis.

Practical limitations in the size of the data required to both
represent and process an individual data block address, along
with the size of individual data blocks, governs the type offile
allocation tables currently in use. For example, a 4096 byte
logical block size (8 sectors) employed with 32 bit logical
block addresses. This yields an addressable data space of
17.59 Terabytes. Smaller logical blocks permit more efficient
use of disk space. Larger logical blocks support a larger
addressable data space. Thus onc limitation within the current
art is that disk file allocation tables and associated file man-
agement syslems are a compromise between efficient data
storage, access speed, and addressable data space.

Data in a computer has various levels of information con-
tent. Even within a single file; many data types and formats
are ulilized, Cach data representation has specific meaning
and each may hold differing quantities of information. Within
the current art, computers process data in a native, uncom-
pressed, format. Thus compressed data must often be decom-
pressed prior to performing various data processing functions
or operalions. Modern file sysiems have been designed lo
work with dala in its native format. Thus another significant
problem within the current art is that file systems are not able
to randomly access compressed data in an efficient manner.

Further aggravating this problem is the fact that when data
is decompressed, processed and recompressed it may not fit
back into its original disk space, causing disk fragmentation
or complex disk spacc reallocation requirements. Several
solutions exist within the current art including file by file and
block structured compressed data management.

In file by file compression, each file is compressed when
stored on disk and decompressed when retrieved. For very
small files this technique is often adequate, however for larger
files the compression and decompression limes are too slow,
resulting ininadequate system level performance. Inaddition.
the ability 1o access randomly access data within a specific file
is lost. The one advantage to file by file compression tech-
niques is that they are easy to develop and are compatible with
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existing file systems. Thus file by file compressed data man-
agement is not an adequate solution.

Block structured disk compression operates by compress-
ing and decompressing {ixed block sizes of data. Block sizes
are often fixed, but may be variable in size. A single file
usually is comprised of multiple blacks, however a file may
be so small as to fit within a single block. Blocks are grouped
together and stored in one or more disk sectors as a group of
Blocks (GOBs). A group of blocks is compressed and decom-
pressed as a unit, thus there exists practical limitations on the
size of GOBs. Most compression algorithms achieve a higher
level of algorithmic eflectiveness when operating on larger
quantities of data. Restated, the larger the quantity of data
processed with a uniform information density, the higher the
compressions ratio achieved. If GOBs are small compression
ratios are low and processing time short. Conversely, when
GOBS are large compression ratios are higher and processing
time is longer. Large GOBs tend to perform in a manner
anlogous 1o file by file compression. The two obvious ben-
efits to block structured disk compression are psuedo-random
data access and reduced data compression/decompression
processing time.

Several problems exist within the current ant for the man-
agement of compressed blocks. One method for storage of
compressed files on disk is by contiguously storing all GOBs
corresponding to 2 single file. However as files are processed
within the computers, files may grow or shrink in size. Inefl-
ficient disk storage results when a substantial file size redue-
tion occurs. Conversely when a file grows substantially, the
additional space required to store the data may not be avail-
able contiguously. The result of this process is substantial
disk fragmentation and slower access times.

An alternate method is to map compressed GOBs into the
next logical free space on the disk. Onc problem with this
method is that average file access times are substantially
increased by this technique due Lo the random data sloruge.
Peak access delays may be reduced since the statistics behave
with a more uniform white spectral density, however this is
not guaranteed.

A further layer of complexity is encountered when com-
pressed information is to be managed on more than one data
storage device. Competing requirements of data access band-
width, data reliability/redundancy, and cfficiency of storage
space are encountered.

‘These and other limitations within the current art are solved
with the present invention.

SUMMARY OF THE INVENTION

‘I'he present invention is directed 10 4 system and method
for compressing and decompressing based on the actual or
expected throughput (bandwidth) ofa system employing data
compression and a technique of optimizing based upon
planned, expected. predicted. or actual usage.

In one aspect of the present invention, a system for provid-
ing bandwidth sensitive data compression compriscs:

a data compression system for compressing and decom-

pressing data inpul 1o the system;

a plurality of compression routines selectively utilized by

the data compression system; and

a controller for tracking the throughput of the system and

generating a control signal to select a compression rou-
tine based on the system throughput. In a preferred
embodiment, when the controller determines that the
system throughput falls below a predetermined through-
put threshold. the controller commands the data com-
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pression engine to use a compression routine providing
a faster rate of compression so as to increase the through-
put.

In another aspect, a system lor providing bandwidth sen-
sitive data compression comprises a plurality of access pro-
files, operatively accessible by the controller that enables the
coniroller to determine a compression routine that is associ-
ated with a data type of the data to be compressed. The access
profiles comprise information that enables the controller to
select a suitable compression algorithm that provides a
desired balance between execution speed (rate of compres-
sion) and efliciency (compression ratio).

In yet another aspect, a system comprises a data storage
controller for controlling the compression and storage of
compressed data to a storage device and the retrieval and
decompression of compressed data from the storage device.
The system throughput tracked by the controller preferably
comprises a number of pending access requests to a storage
device.

Inanother aspect, the system comprises a data transmission
controller for controlling the compression and transmission
of compressed data, as well as the decompression of com-
pressed data received over a communication channel. The
system throughput tracked by the controller comprises a
number of pending transmission requests over the commini-
cation channel.

In yet another aspect of the present invention, a method for
providing bandwidth sensitive data compression in a data
processing system, comprises the steps of:

compressing data using an first compression routine pro-

viding a first compression rate;

tracking the throughput of the data processing system to

determine if the first compression rate provides a
throughput that mecets a predetermined throughput
threshold: and

compressing data using a second compression routine pro-

viding a second compression rate that is greater than the
first compression rate, if the tracked throughput does not
meet the predetermined thronghput threshold.

Preferably. the first compression routine comprises a
default asymmetric routine and wherein the second compres-
sion routine comprises a symmelric routine.

In another aspect, the method comprises processing a user
command to load a user-selected compression rouline for
compressing dala.

In another aspect, the method further comprises processing
a user command to compress user-provided data and auto-
matically selecting a compression routine associated with a
data type of the user-provided data.

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

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a high-level block diagram of a system for pro-
viding bandwidth sensitive data compression/decompression
according 1o an embodiment of the present invention.

FIG. 2 is a flow diagram of a method for providing band-
width sensitive data compression/decompression according
to one aspect of the present invention.

FIG. 3 is a block diagram of a preferred system for imple-
menting a bandwidth sensitive data compression/decompres-
sion method according to an embodiment of the present
invention.
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FIG. 4A is a diagram of a file system format of a virtual
and/or physical disk according to an embodiment of the
present invention.

FIG. 4B is a diagram of a data structure of a sector map
entry of a virtual block table according to an embodiment of
the present invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention is directed to a system and method
for compressing and decompressing based on the actual or
expected throughput (bandwidth) of a system employing data
compression. Although one of ordinary skill in the art could
readily envision various implementations for the present
invention, a preferred system in which this invention is
employed comprises a data storage controller that preferably
utilizes a real-ime data compression system to provide
“aceelerated” data storage and retrieval bandwidths. The con-
cept of “accelerated” data storage
duced in U.S. patent application Ser. No. 09/266,394. filed
Mar. 11. 1999, entitled “System and Methods For Accelerated
Duta Storage and Retrieval” now U.S. Pat. No. 6,601,104,
and U.S. patent application Ser. No. 09/481,243, [iled Jan. 11,
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 applica-

tions, “accelerated” data storage comprises 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 steam at a compression rate that increases the effec-
tive data storage rate of the target storage device and storing
the compressed data in the target storage device. Forinstance,
assume that a mass storage device (such as a hard disk) has a
data storage rate of 20 megabyles per second. If a storage
controller for the mass storage device is capable of compress-
ing (in real time) an input data stream with an average com-
pression 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 1o, e.g.. the data access rate of the larget storage device
and then decompressing the compressed data at a rate that
increases the effective data access rate of the target storage
device. Advantageously, providing accelerated data storage
and retrieval at (or close to) real-lime can reduce or eliminate
traditional bottlenecks associated with, e.g., local and net-
work disk accesses.

In a preferred embodiment, the present invention is imple-
mented for providing accelerated data storage and retrieval,
In one embodiment, a controller tracks and monitors the
throughput (data storage and retrieval) of a data compression
system and generates contro] signals 10 enable/disable differ-
ent compressionalgorithms when, e.g..a bottieneck occurs so
as 1o increase (he throughput and eliminate the bottleneck.

In the following description of preferred embodiments,
two categories of compression algorithms are defined—an
“gsymmetrical” data compression algorithm and a “sym-
metrical data compression algorithms. An asymmetrical data
compression algorithm is referred to herein as one in which
the execution time for the compression and decompression
routines differ significantly. In particular, with an asymmetri-
cal algorithm, either the compression routine is slow and the
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decompression routine is fast or the compression routine is
fast and the decompression routine is slow. Examples of
asymmelrical compression algorithms include dictionary-
based compression schemes such as Lempel-Ziv.

On the other hand. a “symmetrical™ data compression algo-
rithm is referred to herein as one in which the execulion time
for the compression and the decompression routines are sub-
stantially similar. Examples of symmetrical algorithms
include table-based compression schemes such as Huffman.
For asymmetrical algorithms, the total execution time to per-
form one compress and one decompress of a data set is typi-
cally greater than the total exccution time of symmetrical
algorithms. But an asymmetrical algorithm typically achicves
higher compression ratios than a symmetrical algorithm.

It is to be appreciated that in accordance with the present
invention, symmetry may be defined in terms of overall effec-
tive bandwidth, compression ratio, or time or any combina-
tion thereof in particular, in instances of frequent data read/
writes, bandwidth is the optimal parameter for symmetry. In
asymmetric applications such as operating systems and pro-
grams, the governing factor is net decompression bandwidth,
which is a function of both compression speed, which gov-
erns data retrieval time, and decompression speed, wherein
{he total governs the net effective datu read bandwidth. These
factors work in an analogous manner for data storage where
the govering factors are both compression ratio (storage
time) and compression speed. The present invention applies
to any combination or subset thereof, which is utilized to
optimize overall bandwidth. storage space. or any operaling
point in between.

Referring now to FIG. 1, a high-level block diagram illus-
trates a system for providing bandwidth sensitive data com-
pression/decompression according to an embodiment of the
present invention. In particular, FIG. 1 depicts a host system
10 comprising a controller 11 (e.g.. a file management sys-
tem), a compression/decompression system 12, a plurality of
compression algorithms 13, a storage medium 14, and a plu-
rality of data profiles 15. The controller tracks and monitors
the throughput (c.g., data storage and retrieval) of the data
compression system 12 and generates control signals to
enable/disable different compression algorithms 13 when the
throughput falls below a predetermined threshold. In one
embodiment, the system throughput that is tracked by the
controller 11 preferably comprises a number of pending
access requests o the memory system.

The compression system 12 is operatively connected to the
storage medium 14 using suitable protocols to write and read
compressed data to and from the storage medium 14. 1t istobe
understood that the storage medium 14 may comprise any
form of memory device including all forms ol sequential,
pseudo-random, and random access storage devices. The
memory storage device 14 may be volatile or non-volatile in
nature, or any combination thereof. 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. Thus it should be noted that the current
invention applies toall forms and manners of memory devices
including, but not limited 1o, storage devices ulilizing mag-
netic, optical, and chemical techniques, or any combination
thereof. The data compression system 12 preferably operates
inreal-time (or substantially real-time) to compress data to be
stored on the storage device 14 and to decompress data that is
retrieved from the storage device 14. In addition, the com-
pression system 12 may receive data (compressed or not
compressed) via an /O (input/output) port 16 that is trans-
mitted over a transmission line or communication channel
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from a remote location, and then process such data (e.g.,
decompress or compress the data). The compression system
12 may further transmit data (compressed or decompressed)
via the YO port 16 to another network device for remote
processing or storage. 5

The controller 11 utilizes information comprising a plural-
ity of data profiles 15 to determine which compression algo-
rithms 13 should be used by the compression system 12. In a
preferred embodiment. the compression algorithms 13 com-
prise one or more asymmetric algorithms. As noted above. 10
with asymmetric algorithms. the compression ratio is typi-
cally greater than the compression ratios obtained using sym-
metrical algorithms. Prcferably, a plurality of asymmetric
algorithms are selected to provide one or more asymmetric
algorithms comprising a slow compress and fast decompress 15
routine, as well as one or more asymmelric algorithms com-
prising a fast compress and slow decompress routine.

The compression algorithms 14 further comprise one or
more symmetric algorithms, each having a compression rate
and corresponding decompression rate that is substantially 20
cqual. Preferably, a plurality of symmetric algorithms arc
selected to provide a desired range of compression and
decompression rales lor data lo be processed by a symmetric
algorithm.

In a preferred embodiment, the overall throughput (band-
width) of the system 10 is one factor considered by the con-
troller 11 in deciding whether 1o use an asymmetrical or
symmetrical compression algorithm for processing data
stored to, and retrieved from, the storage device 14. Another
factor that is used to determine the compression algorithm is 30
the type of data to be processed. In a preferred embodiment,
the data profiles 15 comprise information regarding predeter-
mined access profiles of different data sets, which enables the
controller 11 to select a suitable compression algorithm based
on the data type. For instance, the data profiles may comprise 35
a map that associates different data types (based on, e.g., 2 file
extension) with preferred one(s) of the compression algo-
rithms 13. For example, preferred access profiles considered
by the controller 11 are sct forth in the following table.

¥
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Access Profile 1: Access Profile 2 Access Profile 3

Data is written to a Data is written The amount of times data
storage medium once to the storage is read from and written

(or very few times) medium often to the storage mediumis 45
but is read from the but read few substantially the same.

storage medium many times Times

12

With Access Profile 1, the decompression routine would be
exceuted significantly more times than the corresponding
compression routine. This is typical with operating systems,
applications and websites, for example. Indeed, an asym-
metrical application can be used to (oflline) compress an (OS)
operating systemn, application or Website using a slow com-
pression routinc to achieve a high compression ratio. After the
compressed OS, application or website is stored, the asym-
metric algorithm is then used during runtime to decompress,
at a significant rate, the OS, application or website launched
or accessed by a user.

Therefore, with data sets falling within Access Profile 1, it
is preferable to utilize an asynunetrical algorithm that pro-
vides a slow compression routine and a fast decompression
routine so as to provide an increase in the overall system
performance as compared the performance that would be
obtained using a symmetrical algorithm. Further, the com-
pression ratio obtained using the asymmetrical algorithm
would likely be higher than that obtained using a symmetrical
algorithm (thus effectively increasing the storage capacity of
the storage device).

With Access Profile 2, the compression routine would be
executed significantly more times than the decompression
routine. This is typical with a system for automatically updat-
ing an inventory database, for example, wherein an asymmet-
ric algorithm (hat provides a fast compression routine and a
slow decompression routine would provide an overall faster
(higher throughput) and cfficient (higher compression ratio)
system performance than would be obtained using a sym-
metrical algorithm.

With Access Profile 3, where data is accessed with a similar
number of reads and writes, the compression routine would
be executed approximately the same number of times as the
decompression routine. This is typical of most user-generated
data such as documents and spreadsheets. Therefore, it is
preferable to utilize a symmetrical algorithm that provides a
relatively fast compression and decompression routine. This
would result in an overall system performance that would be
faster as compared to using an asymmetrical algorithm (al-
though the compression ratio achieved may be lower).

The following table summarizes the three data access pro-
files and the type of compression algorithm that would pro-
duce optimum throughput.

Compressed
Example Data  Compression Data Decompression
Access Profile  Types Algorithm Characteristics ~ Algorithm
1. Write few, Operating Asymmetrical Very high Asymmetrical
Read many systems, (Slow compress) compression (Fast decompress)
Programs, ratio
Web sites
2. Write Autornatically ~ Asymmetrical Very high Asymmetrical
many, Read updated (Fast compression (Slow
few inventory compress) ratio decompress)
databasc
3. Similar User Symmetrical Standard Synunetrical
number of generated COMPICSSION
Reads and documents ratio
Writes
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In accordance with the present invention, the access profile
of a giver, data set is known a priori or determined prior to
compression so that the optimum category of compression
algorithm can be selected. As explained below, the selection
process may be performed either manually or automatically
by the controller 11 of the data compression system 12. Fur-
ther, the decision regarding which routines will be used at
compression time (write) and at decompression time (read) is
preferably made before or at the time of compression. This is
because once data is compressed using a certain algorithm,
only the matching decompression routine can be used to
decompress the dala, regardless ol how much processing lime
is available at the time of decompression.

Referring now to FIG. 2, a flow diagram illustrates a
method for providing bandwidth sensitive data compression
according to one aspect of the present invention. For purposes
of illustration, it is assumed that the method depicted in FIG.
2 is implemented with a disk controller for providing accel-

erated dala storage and retrieval from a hard disk on a PC 2

(personal computer). The data compression system is initial-
ized during a boot-up process after the PC is powered-on and
a default compression/decompression routine is instuntiated
(step 20).

In a preferred embodiment, the default algorithm com-
prises an asymmetrical algorithm since an operating system
and application programs will be read from hard disk memory
and decompressed during the initial use of the system 10.
Indeed, as discussed above, an asymmetric algorithm that
provides slow compression and fast decompression is prefer-
able for compressing operating systems and applications so
as to obtain a high compression ratio (to effectively increase
the storage capacity of the hard disk) and fast data access (to
effectively increase the retrieval rate from the hard disk). The
initial asymmetric routine that is applied (by. ¢.g., a vendor) to
compress the operating system and applications is preferably
set as the default. The operating system will be retrieved and
then decompressed using the default asymmetric routine
(step 21).

During initial runtime, the controller will maintain use the
default algorithm until certain conditions are met. For
instance, if a read command is received (affirmative result in
step 22), the controller will determine whether the data to be
read from disk can be compressed using the current routine
(step 23). For this determination. the controller could, e.g..
read a flag value that indicates the algorithm that was used 1o
compress the file. If the data can be decompressed using the
current algorithm (affirmative determination in step 23). then
the file will be retrieved. and decompressed (step 25). On the
other hand, if the data cannot be decompressed using the
current algorithm (negative defermination in step 23), the
controller will issue the appropriate control signal to the
compression system to load the algorithm associated with the
file (step 24) and, subsequently. decompress the file (step 25),

If a write command is received (affirmative result in step
26), the data to be stored will be compressed using the current
algorithm (step 27). During the process of compression and
storing the compressed data, the controller will track the
throughput lo determine whether the throughput is meeting a
predetermined threshold (step 28). For example, the control-
ler may track the number of pending disk accesses (access
requests) to determine whether a bottleneck is occurring. If
the throughput of the system is not meeting the desired thresh-
old (e.g., the compression system cannot maintain the
required or requested data rates)(negative determination in
step 28), then the controller will command the data compres-
sion system to utilize a compression routine providing faster
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compression (e.g., a fast symmetric compression algorithm)
(step 29) so as to mitigate or eliminate the bottleneck.

If, on the other hand, the system throughput is meeting or
exceeding the threshold (affirmative determination in step 28)
and the current algorithm being used is a symmetrical routine
(aflirmative determination in step 30), in an efTort 1o achieve
optimal compression ratios, the controller will command the
data compression system to use an asymmetric compression
algorithm (step 31) that may provide a slower rate of com-
pression, but provide efficient conipression.

This process is repeated such that whenever the controller
determines that the compression system can maintain the
required/requested data throughput using a slow (highly effi-
cient) asymmetrical compression algorithm, the controller
will allow the compression system to operale in the asym-
metrical mode. This will allow the system to obtain maximum
storage capacity on the disk. Further, the controller will com-
mand the compression system to use a synunetric routine
comprising a fast compression routine when the desired
throughput is not met. This will allow the system to, e.g.,
service the backlogged disk accesses. Then, when the con-
troller determines that the required/requested data rates are
subsequently lower and the compression system can maintain
the data rate, the controller can command the compression
system to use a slower (but more efficient) asymmeltric com-
pression algorithm.

With the above-described method depicted in FIG. 2, the
selection of the compression routine is performed automati-
cally by the controller so as to optimize system throughput. In
another cmbodiment, a uscr that desires to install a program
or text files, for example, can command the system (via a
software utility) to utilize a desired compression routine for
compressing and storing the compressed program or files to
disk. For example. for a power user. a GUI menu can be
displayed that allows the user to directly select a given algo-
rithm. Alternatively, the system can detect the type of data
being installed or stored to disk (via file extension, etc.) and
automatically select an appropriate algorithm using the
Access Profile information as described above. For instance,
the user could indicate to the controller that the data being
installed comprises an application program which the con-
troller would determine falls under Access Profile 1. The
controller would then command the compression engine 1o
utilize an asymmetric compression algorithm employing a
slow compression routine and a fast decompression rouline.
The result would be a one-time penalty during program instal-
lation (slow compression), but with fast access to the data on
all subscquent excettions (reads) of the program, as well asa
high compression ratio.

It is 1o be appreciated that the present invention may be
implemented in any data processing syslem. device, or appa-
ratus using data compression. For instance. the present inven-
tion may be employed in a data transmission controller in a
network environment to provide accelerated data transmis-
sion over a communication channel (i.e., effectively increase
the transmission bandwidth by compressing the data at the
source and decompressing data at the receiver, in real-time).

Further, the present invention can be implemented with a
data slorage controller utilizing data compression and decom-
pression to provided accelerated data storage and retrieval
from a mass storage device. Exemplary embodiments of pre-
ferred data storage controllers in whicli the present invention
may be implemented are described, for example, in U.S.
patent application Ser. No. 09/775,905, filed on Feb. 2, 2001,
entitled “Data Storewidth Accelerator”, now U.S. Pat. No.
6.748.457, which is commonly assigned and fully incorpo-
rated herein by reference.
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FIG. 3 illustrates a preferred embodiment of a data storage
controller 120 as described in the above-incorporated U.S.
Ser. No. 09/775.905, now U.S. Pat. No, 6,748,457, for imple-
menting a bandwidth sensitive data compression protocol as
described herein. The storage controller 120 comprises a DSP
(digital signal processor) 121 (or any other MLCIO-Processor
device) that implements a data compression/decompression
routine. The DSP 121 preferably employs a plurality of sym-
metric and asymmelric compression/decompression as
described herein. The data storage controller 120 farther com-
prises at least one programmable logic device 122 (orvolatile
logic device). The programmable logic device 122 preferably
implements the logic (program code) for instantiating and
driving both a disk interface 114 and a bus interface 115and
for providing full DMA (direct memory access) cuapability lor
the disk and bus interfaces 114, 115. Further, upon host com-
puter power-up and/or assertion of a system-level “reset”
(... PCI Bus reset), the DSP 121 initializes and programs the
programmable logic device 122 before of the completion of
initialization of the host computer. This advantageously
allows the data storage controller 120 1o be ready to accept
and process commands from the host computer (via the bus
116) and retrieve boot data [rom the disk (assuming the data
storage controller 120 is implemented as the boot device and
the hard disk stores the boot data (e.g., operating system,
ele.))

The data storage controller 120 further comprises a plural-
ity of memory devices including a RAM (random access
memory) device 123 and a ROM (read only memory) device
124 (or FLASH memory or other types of non-volatile
memory). The RAM device 123 is utilized as on-board cache
and is preferably implemented as SDRAM. The ROM device
124 is utilized for non-volatile storage of logic code associ-
ated with the DSP 121 and configuration data used by the DSP
121 to program the programmable logic device 122.

The DSP 121 is operatively connected to the memory
devices 123, 124 and the programmable logic device 122 via
a local bus 125. The DSP 121 is also operatively connected 10
the programmable logic device 122 via an independent con-
trol bus 126, The programmable logic device 122 provides
data flow control between the DSP 121 and the host computer
system attached to the bus 116, as well as data flow control
between the DSP 121 and the storage device. A plurality of
external. /O ports 127 are included for data transmission
and/or loading of one or more programmable logic devices.
Preferably, the disk interface 114 driven by the programmable
logic device 122 supports a plurality of hard drives.

The storage controller 120 further compriscs computer
reset and power up circuitry 128 (or “boot configuration
circuit”) for controlling initialization (either cold or warm
boots) of the host computer system and slorage controller
120. A preferred boot configuration circuit and preferred
computer initialization systems and protocols are described
in U.S. patent application Ser. No. 09/775,897, filed on Feb. 2,
2001, entitled “System and Methods For Computer Initial-
ization,” published as U.S. Patent Publication No. Us 2001-
0047473 Al, which is commonly assigned and incorporated
herein by reference. Preferably, the boot configuration circuit
128 is employed for controlling the initializing and program-
ming the programmable logic device 122 during configura-
tion of the host computer system (i.e., while the CPU of the
host is held in reset). The boot configuration circuit 128
ensures that the programmable logic device 122 (and possibly
other volatile or partially volatile logic devices) is initialized
and programmed before the bus 116 (such as a PCI bus) is
fully reset. In particular, when power is first applied to the
boot configuration circuit 128, the boot configuration circuit
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28 generates a control signal Lo reset the local system (e.g.,
storage controller 120) devices such as a DSP, memory, and
/O interfaces. Once the local system is powered-up and reset,
the controlling device (such as the DSP 121) will then pro-
ceed to automatically determine the system environment and
configure the local system to work within that environment.
By way of example, the DSP 121 of the disk storage coniroller
120 would sense that the data storage controller 120 is on a
PCI computer bus (expansion bus) and has attached 1o ita
hard disk on an 1DE interface. The DSP 121 would then load
the appropriate PCI and IDE interfaces into the program-
mable logic device 122 prior to completion of the host system
resel. Once the programmable logic device 122 is configured
for its environment, the boot device controller is reset and
ready to accept commands over the computer/expansion bus
116.

It is to be understood that the data storage controller 120
may be utilized as a controller for transmitting data (com-
pressed or uncompressed) (o and from remote locations over
the DSP 1/O ports 127 or system bus 116. for example.
Indeed, the 1/O ports 127 of the DSP 121 may be used for
transmitting data (compressed oruncompressed) that is either
retrieved from the disk or received [rom the host system via
the bus 116. to remote locations for processing and/or storage.
[ndeed, the /O ports may be operatively connected to other
data storage controllers or to a network communication chan-
nels. Likewise, the data storage controller 120 may receive
data (compressed or uncompressed) over the /O ports 127 of
the DSP 121 from remote systems that are connecied to the
/O ports 127 of the DSP, for local processing by the data
storage controller 120. For instance, a remote system may
remotely access the data storage controller 120 (via the 1/O
ports of the DSP or system bus 116) to utilize the data com-
pression. in which case the data storage controller 120 would
transmit the compressed data back to the system thal
requested compression.

In accordance with the present invention, the system (e.g.,
data storage controller 120) preferably boots-up in a mode
using asymmetrical data compression. It is to be understood
that the boot process would not be affected whether the sys-
tem boots up defaulting to an asymmetrical mode or to a
symmetrical mode. This is because during the boot process of
the computer, it is reading the operating system from the disk,
not writing. [However, once data is written to the disk using a
compression algorithm, it must retrieve and read the data
using the corresponding decompression algorithm.

As the user creates, deletes and edits files, the disk control-
ler 120 will preferably utilize an asymmetrical compression
routine that provides slow compression and fast decompres-
sion. Since using the asymmetrical compression algorithm
will provide slower compression than a symmetrical algo-
rithm. the file system of the computer will track whether the
disk controller 120 has disk accesses pending. 1f the disk
controller 120 does have disk accesses pending and the sys-
tem is starting to slow down, the file management system will
command the disk controller 120 to usc a faster symmetrical
compression algorithm, If there are no disk access requests
pending, the file management system will leave the disk con-
troller in the mode of using the asymmetrical compression
algorithm.

If the disk coutroller 120 was switched to using a sym-
metrical algorithm, the file management system will prefer-
ably signal the controller to switch back to a default asym-
metrical algorithm when, e.g.. the rate of the disk access
requests slow 1o the point where there are no pending disk
accesses.
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At some point a user may decide to install software or load
files onto the hard disk. Before installing the software, for
example, as described above, the user could indicate to the
disk controller 120 (via a sofiware utility) to enter and remain
in an asymmetric mode using an asymmetric compression
algorithm with a slow compression routine and a very last
decompression routine. The disk controller would continue to
use the asymmetrical algorithm until commanded otherwise,
regardless of the number of pending disk accesses. Then, after
completing the software installation, the user would then
release the disk controller from this “asymmetrical only™
mode of operation (via the software utility).

Again, when the user is not commanding the disk control-
ler 120 to remain in a certain mode, the file management
system will determine whether the disk controller should use
the asymmetrical compression algorithms or the symumetrical
compression algorithms based on the amount of backlogged
disk activity. If the backlogged disk activity exceeds a thresh-
old, then the file management system will preferably com-
mand the disk controller to use a faster compression algo-
rithm, cven though compression performance may suffer.
Otherwise, the file management system will command the
disk controller (o use the asymmetrical algorithm that will
yield greater compression performance.

1t is 1o be appreciated that the data compression methods 2

described herein by be integrated or othenwise implemented
with the content independent data compression methods
described in the above-incorporated. U.S. Pat. Nos. 6,195,
024 and 6,309.424.

FIG. 4A is a diagram of a file system format of a virtual
and/or physical disk according to an embodiment of the
present invention.

In yet another embodiment of the present invention, a
virtual file management system is utilized to store, retrieve, or
transmit compressed and/or accelerated data. In one embodi-
ment of the present invention, a physical or virtual disk is
utilized employing a representative file system format as
illustrated in FIG. 4A. As shown in FIG. 4A, a virtual file
system format comprises one or more data items. For
instance, a “Superblock™ denotes a grouping of configuration
information necessary for the operation of the disk manage-
ment system. The Superblock typically resides in the first
sector of the disk. Additional copies of the Superblock are
preferably maintained on the disk for backup purposes. The
number of copies will depend on the size of the disk. One
sector is preferably allocated for each copy of the Superblock
on the disk. which allows storage to add additional param-
cters for various applications. The Superblack preferably
comprises information such as (i) compress size: (if) virtual
block table address; (iii) virtual block table size; (iv) alloca-
tion size; (v) number of free sectors (approximate); (vi) 1D
(*Magic”) number; and (vii) checksum.

The “compress size” refers to the maximum uncompressed
size of data that is grouped together for compression (referred
to as a “data chunk™). For example, if the compress size is set
10 16 k and a 40 k data block is sent to the disk controller for
storage, it would be divided into two 16 k chunks and onc 8k
chunk. Bach chunk would be compressed separately and pos-
sess its own header. As noted above, for many compression
algorithms, increasing the compression size will increase the
compression ratio obtained. However, even when a single
byte is needed from a compressed data chunk, the entire
chunk must be decompressed, which isa tradeoff with respect
to using a very large compression size.

The “virtual block table address” denotes the physical
address of the virtual block table. The “virtual block table
size” denotes the size of the virtual block table.
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The “allocation size” refers to the minimum number of
contiguous sectors on the disk to reserve for each new data
entry. For example, assuming that 4 sectors are allowed for
cachallocation and that acompressed data entry requires only
1 sector. then the remaining 3 sectors would be left unused.
Then, if that piece of data were (o be appended, there would
be room to increase the data while remaining contiguous on
the disk. Indeed. by maintaining the data contiguously, the
speed at which the disk can read and write the data will
increase. Although the controller preferably attempts to keep
these unused sectors available for expansion of the data, if the
disk were to fill up. the controller could use such sectors (o
store new data entrics. In this way, a system can be configured
1o achieve greater speed, while not sacrificing disk space.
Setting the allocation size 1o 1 sector would ellectively dis-
able this feature.

The “number Of free sectors™ denotes the number of physi-
cal free sectors remaining on the disk. The ID (“Magic) num-
ber” identifies this data as a Superblock. The “checksum™
comprises a number that changes based on the data in the
Superblock and is used for error checking. Preferably, this
number is chosen so that all of the words in the Superblock
(including the checksum) added up are equal (o zero.

FIG. 4B is a diagram of a data structure ol a sector map
entry of a virtual block table according 10 an embodiment of
the present invention.

The “virtual block table” (VET) comprises a number of
“sector map” entries, one for each grouping of compressed
data (or chunks). The VET may reside anywhere on the disk.
The size of the VBT will depend on how much data is on the
disk. Bach sector map entry comprises 8 bytes. Although
there is preferably only one VBT on the disk, each chunk of
compressed data will have a copy of its sector map entry in its
header: If the VBT were to become corrupted, scanning the
disk for all sector maps could create a new one.

The term “type” refers to the sector map type. For example,
a value of “00™ corresponds to this sector map definition.
Other values are preferably reserved for future redefinitions
of the sector map.

A “C Type" denotes a compression type. A value of “000"
will correspond to no compression. Other values are defined
as required depending on the application. This function sup-
ports the use of multiple compression algorithms along with
the use of various forms of asymmetric data compression.

The “C Info” comprises the compression information
needed for the given compression type. These values are
defined depending on the application. In addition. the data
may be tagged based on its use—for example operating sys-
tem “00", Program “01", or data *10™. Frequency of use or
access codes may also be included. The size of this lield may
be greatly expunded to encode statistics supporling these
items including. for example, cumulative number of times
accessed, number of times accessed within a given time
period or CPU clock cycles, and other related data.

The “sector count” comprises the number of physical sec-
tors on the disk that are used for this chunk of compressed
data. The “LBA” refers to the logical block address, or physi-
cal disk address. for this chunk of compressed data.

Reflerring back to FIG. 4A, each “Data” block represent
each data chunk comprising a header and compressed data.
Thedata chunk may up anywhere from 1 to 256 sectors on the
disk. Each compressed chunk of data is preferably preceded
on the disk by a data block header that preferably comprises
the following information: (i) sector map: (i) VBI; (iii) ID
(“Magic”) Number: and (iv) checksum.

The “sector map” comprises a copy of the sector map entry
inthe VBT for this data chunk. The *VBI" is the Virtual Block
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Index, whichis the index into the VBT that correspondsto this
data chunk. The “ID (“Magic) Number” identifies this dataas
a data block header. The “checksum’™ number will change
bascd on the data in the header and is used for error checking,
This number is preferably chosen such that the addition ofall
{he words in the header (including the checksum) will equal
zero.

1t should be noted that the present invention is not limited
to checksums but may employ any manner of error detection
and correction techniques, utilizing greatly expanded fields
error detection and/or correction.

1t should be further noted that additional ficlds may be
employed to support encryption, specifically an identifier for
encrypted or unencrypled data along with any parameters
necessary for routing or processing the data Lo an appropriaie
decryption module or user.

The virtual size of the disk will depend on the physical size
of the disk, the compress size selected, and the expected
compression ratio. For example, assume there isa 75 GB disk
with a selected compress size expecting a 3:1 compression
ratio, the virtual disk size would be 225 GB. This will be the
maximum amount of uncompressed data that the file system
will be able to store on the disk.

If the number chosen is tov small, then the entire disk will

ot be utilized. Consider the above example where a system 2

comprises a 75 GB disk and a 225 GB virtual size. Assume
that in actality during operation the average compression
ratio obtained is 5:1. Whereas this could theoretically allow
375 GB 1o be stored on the 75 GB disk, in practice, only 225
GB would be able 1o be stored on the disk before a “disk full”
message is received. Indeed, witha 5:1 compression ratio, the
225 GB of data would only take up 45 GB on the disk leaving
30 GB unused. Since the operating system would think the
diskis full, it would not attempt to write any more information
to the disk.

On the other hand, if the number chosen is 100 large. then
the disk will fill up when the operating system would still
indicate that there was space available on the disk. Again
consider the above example where a system comprises a 75
GR disk anda 225 GB virtual size. Assume further that during
operation, the average compression ratio actually obtained is
only 2:1. In this case, the physical disk would be full after
writing 150 GB 1o it, but the operating system would still
think there is 75 GiB remaining. If the Operating system tried
to write more information 1o the disk, an error would occur.

Thus. in another embodiment of the present invention, the
virtual size of the disk is dynamically altered based upon the
achieved compression ratio. In one embodiment. a running
average may be utilized to reallocate the virtual disk size.
Alternatively, certain portions of the ratios may already be
known—such as a preinstalled vperating system and pro-
grams. Thus, this ratio is utilized for that portion of the disk,
and predictive techniques are utilized for the balance of the
disk or disks.

Yet in another embodiment, users are prompted for setup
information and the computer sclects the appropriate virtual
disk(s) size or selects the best method of estimation based on,
e.g.. a high level menu of what is the purpose of this com-
puter: home, home ofTice, business. server. Another submenu
may ask for the expected data mix, word, excel, video, music,
etc. Then, based upon expected usage and associated com-
pression ratios (or the use of already compressed data in the
event of certain forms of music and video) the results are
utilized to set the virtual disk size.

It should be noted that the present invention is independent
of the number or types of physical or virtual disks, and indeed
may be utilized with any type of storage.
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It is to be understood that the systems and methods
described herein may be implemented in various forms of
hardware, software, firmware, special purpose processors, or
a combination thercof. In particular. the present invention
may be implemented as an application comprising program
instructions that are tangibly embodied on a program slorage
device (e.g., magnetic floppy disk, RAM, ROM, CD ROM,
etc.) and executable by any device or machine comprising
suitable architecture. It is to be further undersiood that,
because some of the constituent system components and pro-
cess steps depicted in the accompanying Figures are prefer-
ably implemented in software, the actual connect ions
between such components and steps may differ depending
upon the manner in which the present invention is pro-
grammed. Given the teachings herein, one ol ordinary skill in
the related art will be able to contemplate these and similar
implementations or configurations of the present invention.

Although illustrative embodiments have been described
herein with reference to the accompanying drawings. it is 1o
be undersiood that the present system and method 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 [rom the scope or spirit of
the invention. AU such changes and modifications are
intended to be included within the scope of the invention as
defined by the appended claims.

What is claimed is:
1. A method, comprising:
determining a parameter or attribute of at least a portion of
a data block having audio or video data;

selecting an access profile from among a plurality of'access
profiles based upon the determined parameter or
attribute; and

compressing the at least the portion of the data block with

one or more compressors using asymmetric data com-
pression and information from the selected access pro-
file to create one or more compressed data blocks. the
information being indicative of the one or more com-
pressors to apply to the at least the portion of the data
block.

2. The method of claim 1, wherein the data block is from
among a plurality of data blocks, and wherein the compress-
ing comprises:

compressing the plurality of data blocks to create the oneor

more compressed data blocks.

3. The method of claim 2, wherein the plurality of data
blocks comprises:

one or more files.

4. The method of claim 1, wherein the one or more com-
pressed data blocks comiprise:

one or more files.

5. The method of claim 1, further comprising:

storing at least a portion of the one or more compressed

data blocks in one or more files.

6. The method of claim 1, further comprising:

storing at least a portion of the one or more compressed

data blocks.

7. The method of claim 6, further comprising:

retrieving at least a portion of the at leas stored portion of

the one or more compressed data blocks;

transmitting the at least retrieved portion of the at least

stored portion of the one or more compressed data
blocks over the Internet; and

decompressing the at least transmitied portion of the at

least stored portion of the one more compressed data
blocks.
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8. The method of claim 1, further comprising:

selecting the one or more compressors {0 compress the at
least the portion of the data block to create at least a
second compressed data block based upon a number ol
reads of at least a portion of a first compressed data block
that was created [rom the at least the portion of the data
block.

9. The method of claim 1, wherein the determining of the
parameter or attribute of the at least the portion of the data
block excludes determining based only upon reading a
descriptor of the at least the portion of the data block.

10. The method of claim 1, wherein the at least the portion
of the data block is from among a plurality of data blocks; and
wherein the compressing comprises:

compressingat least a portion of the plurality of data blocks

with the one or more compressors using the asymmetric
data compression and the information to create the one
or more compressed data blocks.

11. The method of claim 10, wherein the plurality of data
blocks or the one or more compressed data blocks comprise:

at least a portion of a file.

12. The method of claim 1, wherein the compressing com-
prises:

compressing the at least the portion of the data block with

the selected one or more asymmetric compressors 10
create one or more portions of the one or more com-
pressed data blocks, the at leas( the portion of the data
block having been compressed with the selected one or
more asymmetric compressors to create the one or more
portions of the one or more compressed data blocks. and
further comprising:

storing at least the one or more portions of the one or more

compressed data blocks.

13. The method of claim 12, further comprising:

retrieving at least a portion of he at least stored one or more

portions of the one or more compressed data blocks:
transmitting the at least retrieved portion of the at least
stored one or more portions of the one or more com-
pressed data blocks over the Internet; and
decompressing the at least transmitted portion of the at
least stored one or more portions of the one or more
compressed data blocks in real-time.
14. A method, comprising:
determining a parameter or attribute of at least a portion of
a data block;

selecting an access profile from among a plurality of access
profiles based upon the determined parameter or
attribute; and

compressing the at least the portion of the data block with

one or more compressors utilizing information from the
selected access profile to create one or more compressed
data blocks, the information being indicative of the one
or more compressors to apply to the at least the portion
of the data block,

wherein the one or more compressors utilize at least one

slow compress encoder and at least one fast decompress
decoder, and

wherein compressing the at least the portion of the data

block with the at least one slow compress encoder takes
more time than decompressing the at least the portion of
the data block with the at least one fast decompress
decoder if the time were measured with the at least one
slow compress encoder and the at least one fast decom-
press decoder running individually on a common host
system.
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15. A method, comprising:

determining a parameter of at least a portion of a data
block;

selecting one or more asymmelric COMPressors from
among a plurality of compressors based upon the deter-
mined parameter or atiribute;

compressing the at least the portion of the data block with
the selected one or more asymietric compressors to
provide one or more compressed data blocks: and

storing at least a portion of the one or more compressed
data blocks.

16. The method ol claim 15, wherein the compressing

comprises:

compressing the at least the portion of the data black with
the selected one or more asymmetric compressors to
create one or more portions of the one or more com-
pressed data blocks, the at least the portion of the data
block having been compressed with the one or more
selected asymmetric compressors (o create the one or
more portions of the one or more compressed data
blocks, and wherein the storing comprises:

storing at least the one or more portions of the one or more
compressed data blocks.

17. ‘I'e method of claim 16, further comprising:

relrieving and transmitting at least a portion of the at Jeast
stared one or more portions of the one or more com-
pressed data blocks based upon a user command.

18. The method of claim 17, wherein the retrieving is based

upon a utilized capacity of one or more central processing
units (CPUs).

19. The method of claim 16, further comprising:

retrieving and transmitting at least a portion of the at least
stored one or more portions of the one or more com-
pressed data blocks based upon a user value.

20. The method of claim 16, further comprising:

retrieving and transmitting at least a portion of the at least
stored one or more portions of the one or more com-
pressed data blocks based upon a utilized capacity of a
portion of a memory device.

21. The method of claim 16, further comprising:

retrieving and transmitting at least a portion of the at least
stored one or more portions of the one or more com-
pressed data blocks based upon a throughput of a com-
munication channel used for transmission of the at least
retrieved portion of the al least stored one or more por-
tions of the one or more compressed data blocks.

22. The method of claim 16, wherein the at least stored one

or more portions of the one or more compressed data blocks
comprises:

audio or video information.

23. The method of claim 16, further comprising:

retrieving and transmiiting at least a portion of the at least
one or more stored portions of the one or more com-
pressed data blocks in real-time; and

decompressing a portion of the at least transmitted portion
of the at least one or more stored portions of the onc or
more compressed data blocks after transmission in real-
time.

24. The method of claim 15, wherein the selecting com-

prises:

selecting the one or more asymmetric COmpressors based
upon the determined parameter or attribute and a num-
ber of reads of the at least the portion of the data block.

25. The methad of claim 15, further comprising:

decompressing at least a portion of the one or more com-
pressed data blocks to provide one or more decom-
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pressed data blocks based uponaa first number of reads of
the least the portion of one or more compressed data
blocks; and

recompressing at least a portion of the one or more decom-

pressed data blocks with the one or more asymmelric 5
COMPressors.

26. The method of claim 25, wherein the selection of the
one or more asymmelric compressors for recompressing the
at least the portion of the one or more decompressed data
blocks was based upon a second number of reads of the at
least the portion of the one or more compressed data blocks.

27. A method. comprising:

sclecting onc or more compressors based upon anumber of

reads of at least a portion of a compressed data block
having audio or video data to identily one or more 15
selected compressors: and

compressing i least a portion of a second data block with

the one or more selected compressors using asymmetric
data compression to provide a compressed data block.

28. The method of claim 27, wherein the number of reads 20
of the at least the portion of the compressed data block occurs
within a given period of time.

29. The method of claim 27, further comprising:

retrieving and transmitting the at least the portion of the

compressed block based upon a user command. 25
30. The method of claim 16. further comprising:
retrieving at leasta portion of the at least stored one or more
portions of the one or more compressed data blocks
based upon a utilized capacity of one or more central
processing units (CPUs). 30
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