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(57) Abstract: Representative embodiments are disclosed for a rapid and highly parallel decompression of compressed executable
and other files, such as executable files for operating systems and applications, having compressed blocks including run length en-
coded ("RLE") data having data-dependent references. An exemplary embodiment includes a plurality of processors or processor
cores to identify a start or end of each compressed block; to partially decompress, in parallel, a selected compressed block into inde -
pendent data, dependent (RLE) data, and linked dependent (RLE) data; to sequence the independent data, dependent (RLE) data,
and linked dependent (RLE) data from a plurality of partial decompressions of a plurality of compressed blocks, to obtain data spe -
citied by the dependent (RLE) data and linked dependent (RLE) data, and to insert the obtained data into a corresponding location in
an uncompressed file. The representative embodiments are also applicable to other types of data processing for applications having
data dependencies.
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PARLLEL DECOMPRESSING OF EXECUTABLES FOR
ACCELERATING THE LAUNCH AND PERFORMANCE

CROSS-REFERENCE TO A RELATED APPLICATION
{801} This application is a nonprovisional and claims the beneflt of and prionty to
U.S. Provisional Patent Application No. 62/017,388, filed June 26, 2014, inventors Pagl L,

Master et al., titled “Parallel Decompression of Compressed Executable Files for Accelerating

>
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13 the Launch and Performance of Applications”, which is commonly assigned herewith, and al
of which is hereby incorporated herein by reference in its entirety with the same full force and

effect as if set forth in its entivety herein.

FIELD OF THE INVENTION
15 {862} The present invention relates generally to computing apphications, and more

specifically to the parallel processing of data baving data dependencices, such as the paraliel

L
g

i

decompression of compressed executable files, for accelerating the launch and performance of

operating systems and other computing applications.

20 BACKGROUND
{603] Many devices, especially mobile devices such as smartphones and computing
tablets, store exccutabie files in a compressed form in nonvolatile memory {(such a FLASH
memory). For example, smartphounes and tablets which use an Android operating systen, for
example, store the executable instructions for virtually every application or program as a

25 compressed file in a FLASH memory, enabling the use of a smaller and less expensive FLASH
memory than would otherwise be required. Inaddition, in roany devices, the operating system
iself or parts of the operating system may also be stored as compressed files. These
compressed files must be decompressed, without loss of data, into the complete executable file
hefore the corresponding application can execute, f.e., before the application can be launched

3¢ and start operating,
{f804] Such an executable file may be compressed using any compression algorithm
or methodology. Many are compressed using the GNU “Gzip” or other variations, such as
Linux “Gunzip”, for example and without fimitation. These compressed {iles are typically

comprised of a plurality of vaniable length blocks, with run length encoding ("RLE”), which

creates significant data dependencies throughout the entire comapressed file. For example, Gzip

&
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employs RLE across mudtiple blocks and requires a moving window of about 32 Kbytes, i.e.,
decoding a current symbol may reference an earlier syrobol as far back as 32 Khytes within the
file. In addition, compression algon hms such as Gzip do not preserve data which might be
ugefi] in the decompression, such as the actual length of any given block, While the
compression of a file may be done in parallel, such as by dividing a file into segments and
compressing each segment, it has been widely believed {and publicly stated by the creator of
(zip} that it is “impossiblie” to decompress such compressed files m paralicl, largely due to the
difficulties mentioned above.

{845] Historically, the time required for decompression of an executable file was not

a concern because the compressed executable file required to be decompressed only once,
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uring initial installation of the application, at which point the decompressed
executable file would be stored in eemory and be available for exccution. Now, however,
while less space 1o nonvolatile memory may be advantageous for various devices, the trade-off
is that every time such an application i launched (e.g., for every mohile telepbone call), it xoust
be read from the nonvolatile merory and decorapressed, which takes considerable time

namely, enough time delay (or lag tire) to be noticeable by the consumer or other user,

{606} Various decompression programs, such as “pigz”, purport to provide for
parallel decompression of Gzip compressed data. The pigz program, however, only uthizes a

single, serial thread for the actual decompression of the compressed data, and 1s parallef only
insofar as it provides additional threads in paratie] for non-decompression functionality, such as

reading, writing, and check calculations.

{3671 Accordingly, a need remains for an apparatus, systern, method, and software
for data-dependent parallel processing, to accelerate executable file processing, application

processing, and data processing. For exampie, such an apparatus, system, method, and
software should provide for acceleration of the deconpression of compressed files, such as
through the paralie] decompression of corapressed executable files, including operating systerns

and program applications. Such an apparatus, system, method, and software further should
provide such acceleration for compression algorithms which have been viewed as “impossible”
to accelerate, such as Gzip, and further should be extendable o the acceleration of the operation
and execution of other types of computing applications, such as operating systems, Linux
kernel, Java, Javascript, AOT, gaming applications, and so on, to result in faster boot

operations, faster execution of an application, and an enhanced user experience.
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SUMMARY OF THE INVENTION
{838} The representative or exemplary ershodiments of the present wvention provide
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nutnerous advanlages. Representative embodiments provide for a rapid and highly paralle]
data-dependent processing, to accelerate executable file processing, application processing, and
data processing, inchiding the rapid and highly parallel decompression of compressed
executable and other files, such as executable files for operating systems and applications. For
example, such a compressed file typically has a plurality of compressed blocks inclading run

length encoded (*RLE") data having data-dependent references spanning multiple compressed

blocks,
{649} Various implernentations have demonsirated a dramatic improvement in the
decompression time required to boot or launch applications, consistently across a wide variety

of svsteras and devices. For example, the booting of an Android operating systern, which
typically takes about 21 seconds, has been reduced as low as about 3.2 seconds, roughly an
mmprovement of about 7x, i.e., operating system loading which is seven times faster usiog
representative erabodiments. The launching of Firefox has been reduced frorn about 4.4

ris)

seconds 10 0.72 seconds, while the launching of Google Maps has been reduced from about

0.925 seconds to 0.22 seconds, and the launching of Chrome has been reduced {from about 1.1
seconds 10 0.24 seconds. It should be noted that each of these programs has been compressed
and stored in a FLASH memory using a compression algorithm such as Gzip or Gunzip, the
parallel decompression of which heretofore were considered “impossible”. The various
representative embodiments have not only rendered the “impossible” possible, but have done so
with dramatic acceleration results and significantly noticeable improvement in performance to

1

better, enhanced user experience, particularly with
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rably noticed by a user and provide a

o

3
tablet and smartphone applications.
{6146] While the various enibodiments are illustrated and discussed with reference to
an example of parallel decompression of a compressed file having data-dependent references
spanning nwiiple compressed blocks, those having skl 1o the art will recognize the wider
applicability of the exemplary embodiments, allowing for the accelerated, parallel processing of
applications and/or data having data dependencies. Al such embodiments are considere
equivalent and within the scope of the claims herein,
{f811] For purposes of the present disclosure, “independent” data, as used herein,
means and refers to data which does not have any data dependencies within that particular or
sclected sequence, stream or string of data. For example, in data compression, such
independent data may also be described as “literal” data, such as a string of characters or digits

(such as ASCII code) which are not themselves run length encoded and, therefore, that
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sequence, strearn or string of data does not depend for its interpretation, processing, ot
decoropression upon another, separate ot second sequence, strean or string of data. Ta contrast,

59 i

“dependent” data, as used herein, means and refers to a sequence, stream or string of data

which has data dependencies and, therefore, that sequence, stream or string of data does depenc
for 1ts mterpretation, processing, or decompression upon another, separate or second seguence,
stream or string of data, such as being dependent upon independent (e g., literal) data or Rurther
dependent upon other dependent data, forming a chain or linkage of data dependencies, i.e.,
muiltiple levels of data dependencies. For example, in data compression, such dependent data
may be RLE data which simply consists of and provides a reference to or refers to the position
or location {e.g., bit or character position or relative bit or character position) and size {e.g.,
caunt or string length) of other data, which may be independent (literal} data or additional RLE

data, and which may be within the same or a different biock. In addition, also in data

(44

v provides a reference to other

compression, such dey

endent data may be RLE data which siroply

LE data, and w such case, may be referred to herein as “huked” dependent data or “roultiple”

-

dependent data {i.¢., data baving roultiple levels of data dependencies), such as linked RLE data
consisting of first RLE data which provides a reference to the location and size of another,
second sequence, stream or string of data which also inchides second RLE data within that
second sequence, stream or string of data which provides a reference to the location and size of
another, third sequence, stream or string of data, and 80 on, creating potentially innumerable
levels of data dependencies.

{6312] In a representative embodinent, an apparatus is disclosed for paraliel

iccompression of a compressed file, with the apparatus comprising: a first, nonvolatile

jo N

memory storing the compressed file, the compressed {ile having a plurality of compressed
blocks, the compressed file comprising independent data and dependent, run length encoded

(“RLE"} data having data-dependent references spanning nuliiple compressed biocks of the

]

furality of blocks; one or reore decorapression processors or processor cores, of a plurality of
PrOCESSOES OF Processas cores, cach decorupression Processor OF Processor core programmed,
adapted or configured to partially decompress a selected block into the independent data, the
dependent RLE data, and any binked dependent RUE data; and one or more aggregation and
Erge Processors of processor cores, of the phirality of processors or processor cores, at least
one aggregation and merge processor or processor core programmed, adapted or configured to
sequence the independent data, dependent RLE data, and linked dependent RLE data from a

phirality of partial decompressions of the plorality of compressed blocks, and at least one

aggregation and merge processor or processor core programmed, adapted or configured to

PCT/US2015/037901
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obtain data specified by the dependent RLE date and linked dependert RLE data, and usert the

obtained data into corresponding locations to form an uncorapressed data fle.

{813} In a representative embodiment, the apparatus may further comprise: a
phirality of deconmpression processors or processor cores, of the plurality of processors or
processor cores, cach decorpression processor or processor core of the phurality of
decompression processors or processor cores programmed, adapted or configured to partially
decompress a corresponding selected block of the plurality of compressed blocks, in parallel,
into the independent data, the dependent RLE data, and the linked dependent RLE data.

{614} In a representative embodiment, the apparatus may further comprise: at least
ong distributor processor or processor corg, of the plurality of processors or processor cores,
programmed, adapted or configured to identify a start or end of each compressed block of the
plurality of compressed blocks and transfer a single or individuated compressed block to the
one or More COmPUtation Processors or processor cotes, For example, the at feast one
distabutor processor or processor core, of the plurality of processors or processor cores, may be
further progrararned, adapted or configured to identify the start or end of a selected corapressed
block of the plurality of compressed blocks by performing a partial decompression of the
selected hlock.

{615] Also for exaniple, the at least one distribuior processor or processor core may
be operative in a first pipelined stage, the one or more decompression Processors of Processor
cores may be operative in a second pipelined stage, and the one or more aggregation and merge
DIOCESSOTS OF Processer cores may be operative n a third pipelined stage.

{616} In a representative emabodiment, the apparatus nay further comprise: a
plurality of distributor processors or processor cores, of the plurality of processors or processor
cores, with each distributor procsssor or processor core of the plurality of distributor processors
OF Processor cores programmed, adapted or configured to identify the start or end of one or
more compressed blocks of the plurality of compressed blocks, in parallel, and transfer a single
or ndividuated compressed block to the one or more computation processors O Processor
cores. For such a representative embodiment, each distributor processor or processor core may
be further programmed, adapted or configured 1o identify the start or end of 3 selected
compressed block of the plurality of compressed blocks by performing a partial decompression
of the selected block, each distributor processor or processor core commencing the partial
decompression at a starting point in a conipressed block having a predetermined or variable
offset from partial decompression starting points of other distributor processors or processor

cores of the plurality of distributor processors or processor cores.
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{0171 Tn ancther represeatative embodiment, at least one of the processors or

processor cores 18 further prograromed, adapied or configured to create and stove, 1n the

4]

memory, metadata indicating a start or end of each compressed block of the plurality of
compressed blocks. For stich a representative embodiment, at least one distributor processor or
processor core, of the plurality of processors or processor cores, may be programamed, adapted
or configured to utilize the stored metadata to identify the start or end of the selected

compressed block of the plarality of compressed blocks.

{818] In a representative embodiment, the apparatus may further comprise: a cyclic
redundancy check processor or processor core of the plurality of processors or processor cores

progranned, adapted or configured to perforot a cyclic redundancy check of the uncompressed
data file.

{6191 In another representative cmbodirpent, the apparatus may further comprise: 2
second, randorn access raemory, wherein at least one aggregation and ruerge processor ot
processor core is further programimed, adapted or configured to store the wndependent data o
order w the second mmemory, to subsequently obtain data specified by the dependent RLE data
and Imked dependent RLE date, and insert the obtained data into corresponding locations in the
second memory to form the uncompressed data Gle,

{624] {n another representative embodiment, at least one of the processors or
processor cores is further programmed, adapted or configured to compress and store the
uncompressed data file in the memory as a second compressed file having a plurality of second

compressed blocks which have data dependencies selely within a given second compressed

hlock of the plurality of second compressed blocks. For such a representative embodiment, at

least one distributor processor or processor core, of the plurality of processors or processor
cores, programumed, adapted or configured to transfer cach second compressed block of the
plurality of second compressed biocks to the one or more decompression processors or
PIOCESsOT COTEs.

{0211 Tn ancther represeatative embodiment, at least one of the processors or
processor cores 1s further programmed, adapted or configured to tag or identify the linked
dependent RLE data. For such a representative embodiment, at least one aggregation and merge
PIOCessor or processor core 1s further programmed, adapted or configured to use the tag or
identification of the linked dependent RLE data to sequence the obtaining of the data specified
by the hinked dependent RLE data subsequent to the obtaining of the data specified by the
dependent BLE data.

{8221 In a representative embodiment, the apparatus is embodied as a smartphone or

tablet computer.

PCT/US2015/037901
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{823 A processor-traplemented rethod for parallel decompression of a compressed
61 s also disclosed, with the compressed file baving a plurality of compressed blocks, the
compressed file compnsing independent data and dependent, nun length encoded (“RLE”) data
having data-dependent references spanning multiple compressed blocks of the plarality of
blocks, and with the method comprising: using one or more decompression processors or
processor cores, of a plarality of processors or processor cores, partially decompressing a
sclected block into the independent data, the dependent RLE data, and any linked dependent
RLE data; and using one or more aggregation and merge processors or processor cores, of the

,.

shirality of processors or processor cores, sequencing the independent data, depondent RLE

data, and lirked dependent RLE data from a plurality of partial decompressions of the plurality
of compressed blocks, and obtaining data specified by the dependent RLE data and linked
dependent RLE data, and rosert the obtained data ioto corresponding Jocations to form an
uncorapressed data file.

624} In a representative embodiument, the method may further comprise: using a

plurality of decompression processors or processor cores, of the plurality of processors of

processor cores, partially decompressing a corresponding selected block of the plurality of
compressed blocks, m paraliel, into the independent data, the dependent RLE data, and the
linked dependent RLE data

{625] In a representative embodiment, the method may further comprise: using at
least one distributor processor or processor core, of the phirality of processors or processor

cores, identifying a start or end of each compressed block of the phirality of compressed blocks

ot

ransferring a single or individuated conpressed block to the one or more computation

>

and

o

DIocessors or processor cores. For such a representative emabodiment, the step of identifying

-
~1
o

the start or end of a selected compressed block of the pharality of compressed blocks may
further comprise: performing 2 partial decompression of the selected block.

{826] Tu a represertative erabodiment, the method ray further coraprise: using a

-

harality of distributor processors or processor cores, of the plurality of processors or processor
cores, wWdentifying the start or end of one or more compressed blocks of the plorality of
compressed blocks, in parallel, and transferring a single or mdividuated compressed block to
the one or more compritation processors or processor cores. For such a representative
embodiment the step of identifying the start or end of a selected compressed block of the
phirality of compressed blocks may firther comprise: performing a partial decompression of
the selected block, each distributor processor or processor core comimnencing the partial

decompression at a starting point in a conipressed block having a predetermined or variable

PCT/US2015/037901
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offset from partial decompression starting points of other distributor processors ot processor
cores of the plurality of distributor processors or processor cores.
{827} In another representative embodiment, the method may further comprise:
creating and storing, in a memory, metadala mndicating a start or end of each compressed block
of the plurality of compressed blocks. For such a representative embodiment, the method may
further comprise: using at least one distributor processor or processor core, of the plurality of
PIOCESSOTs OF processor cores, utilizing the stored metadata to identify the start or end of the
sclected compressed block of the plorality of compressed blocks.

{628} In another represertative cmbodiment, the muethod may further comaprise: using

at least one processor or processor core of the pharality of processors of processor ¢ores,
performing a cyclic redundancy check of the uncorpressed data file.

6291 In a representative embodunent, the method may further comprise: using at
least oue aggregation and DCrEe Processor OF processor cove, storing the independent data in

order  a ypemory, subsequently obtaining data specified by the dependent RLE data and

01
{941

linked dependent RLE data, and inserting the obtained data into corresponding locations in

L]

memory to form the uncompressed data file,
{638 in yel ancther representative embodiment, the method may further comprise:
using at least one of the processors or processor cores, conpressing and storing the
uncompressed data file in a memory as a second compressed file having a plurality of second
compressed blocks which have data dependencies selely within a given second compressed
block of the phirality of second compressed blocks. For such a representative embodiment, the
method may further comprise: using at least one distributor processor or processor core, of the
plurality of processors or processor cores, transterring cach second compressed block of the
plurality of second compressed biocks to the one or more decompression processors or
DIOCESSOT COTes.
{0311 Tn ancther vepreseatative embodiment, the method may further comprise:
ising at least one of the processors or processar cores, tagging or identifying the linked
dependent RLE data. For sach a representative embodiment, the methed may further comprise:
uging at least one aggregation and merge processor or processor core, using the tag or
identification of the linked dependent RLE data to sequence the obtaining of the data specified
by the hinked dependent RLE data subsequent to the obtaining of the data specified by the
dependent BLE data.
{6321 In a representative embodiment, the method may be operative in a smariphone
or tablet to accelerate booting of an operating systemn or to accelerate launching of a computing

application.
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{833 A non-transifory, tangible medivm storing computer- or processor-readahle
software having a plurality of executable instructions for execution by oue or more processors
or processor cores {or parallel decompression of a compressed file is also disclosed, with the
phirality of execotable instructions operative in a smartphone or tablet o accelerate booting of
an operating system or to accelerale launching of a computing appbceation, the compressed file
having a plurality of compressed blocks, the compressed file comprising independent data and
dependent, run length encoded (“RLE”) data having data-dependent references spanning
muiltiple compressed blocks of the plurality of blocks, with the non-transitory, tangible medium
coOmprising: one of more executable instructions, of the plurality of executable instructions, to
ause one of MOore decompPIession Processors or processor cores, of a plurality of processors or
processor cores, 1o partially decompress a seiected block into the independent data, the
dependent RLE data, and any linked dependent RLE data; and one or more executable
mastructions, of the pluraiity of executable instructions, 1o cause one or more aggregation and
IMErEe processors or processar cores, of the plurality of processors or processor cores, 1o

sequence the mdepeondent data, dependent RLE date, and hinked dependent RLE data from a

*’.'5

slorality of partial decompressions of the plurality of compressed blocks, to obtain data

specified by the dependent RLE data and linked dependent RLE data, and to insert the obtained

data into corresponding locations to form an uncompressed data file.

{634] In a representative embodiment, the non-transitory, tangible medium may
further comprise: one or more executable mstructions, of the plurality of executable
nstructions, to cause a plurality of decompression processors or processor cores, of the
plurality of processors or processor cores, to partially decompress a corresponding sclected
block of the plurality of compressed blocks, in paraliel, into the independent data, the
dependent RLE data, and the linked dependent RLE data.

{335] In a representative emmbodiment, the non-transitory, tangible medium may

further comprise: one or more executable instructions, of the plurality of executable
instroctions, to cause at least one distributor processor or processor core, of the plurality of
DProcessors OF processor cores, to identify a start or end of cach compressed block of the

N
H
i

phurality of compressed blocks by performing a partial decompression of the selected block and
fransfer a single or individaated compressed block to the one or more computation processors
OF PIOCESSOT COTes.

{0836] In another representative embodiment, the non-transitory, tangible medium
may further comprise: one or more executable instructions, of the plurality of executable
instractions, to cause a plurality of distributor processors or processor cores, of the plurality of

.
H
i

PIOCESSOrs OF processor cores, to identify the start or end of one or more compressed bl

~
£
H

ocks of
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the plurality of compressed blocks, 1o parallel, by performing a partial decompression of the
selected block, each distributor processor or processor core commencing the partial
decompression at a slarting point in a conpressed block having a predetermined or vanable
offset from partial decompression starting points of other distributor processors or processor
cores of the phirality of distributor processors or processor cores, and 1o transfer a single or
individuated compressed block to the one or more computation processors OF Processor Cores.
{6371 In another representative embodiment, the non-transitory, tangible medium
may further comprise: one or more executable instructions, of the plurality of executable
instructions, {0 Cause one OF MOTS Processors or processor cores, of the plurality of processors
or processor cores, to oreate and store, ina memory, metadata indicating a start or end of cach
compressed block of the plurality of corapressed blocks. For such a representative
embodiment, the noo-transitory, tangible medivr may further comprise: ong or more
executable ingtructions, of the plurality of executable instructions, to cause at least one
distuibutor processor or processor cove, of the plurality of processors or processar cores, to
utilize the stored metadata to identafy the start or end of the selected compressed biock of the
pluraiity of compressed blocks.

{038} In another representative enmbodiment, the non-transitory, tangible medium
may further comprise: one or more exccutable instructions, of the plurality of executable
instructions, 1o cause at least one processor or processor core of the phirality of processors or
processor cores, to perform a cyclic redundancy check of the uncompressed data file.

{639] In another representative embodiment, the non-transitory, tangible medium
may further comprise: one or more executable instructions, of the plurality of executable
instructions, to causc at least one aggrezation and mierge Processor OF Processor core, 1o store
the independent data in order in 2 memory, o subsequently obtain data specified by the
dependent RLE data and linked dependent RLE data, and to insert the obtained data into
cowresponding locations in the memory o form the uncompressed data {ile

{0401 Tn ancther represeatative embodimert, the non-transitory, tangible raedium

way further comprise; using at least one of the processors Or Processor cores, compressing and

storing the uncompressed data file in a memory as a second compressed file having a phaality
of second compressed blocks which have data dependencies solely within a given second
compressed block of the plorality of second compressed blocks. For such a representative
embodiment, the non-transitory, tangible medivm may further comprise: one or more
executable instructions, of the plurality of executable instructions, fo cause at least ong

distributor processor or processor core, of the plurality of processors or processor cores, (o



10

2

(=4

WO 2015/200760 PCT/US2015/037901

-11 -

transfer each sccond compressed block of the plurality of second compressed blocks to the one
OF Ta0te Jecorapression Processors OF Processor Cores,

{841} In another representative emnbodiment, the non-transitory, tangible mediam
may {urther comprise: one or more executable instructions, of the plurality of execatable
instrections, to cause at least one of the processors or processor cores, to tag or identify the
linked dependent RLE data; and one or more executable instructions, of the plurality of
executable mstrictions, to cause at least one aggregation and merge processor OF processor

]

core, to use the tag or identification of the linked dependent RLE data to sequence the obtaining

X

L

of the data specified by the linked dependent RLE data subscquent 1o the obtaining of the data
specified by the dependent RLE data.

{8421 {n another representative embodiment, an apparatus for paralie! decompression
of a corapressed file is disclosed, with the apparatus coraprising: a first, ponvolatile memory
storing the compressed file, the compressed file having a plurality of corapressed blocks, the

compressed file comprising independent data and dependent, run length encoded ("RLUE™) data
having data-dependent refercnces spaoning muliiple compressed blocks of the plurality of
blocks, the first memory Ruther storing metadata mdicaling a start or end of cach compressed
block of the phurality of compressed blocks; at least one distributor processor or processor core,
of a phality of processors or processor cores, progranimed, adapted or configured to wtihize the
stored mietadata to identify the start or end of the selected compressed block of the plorality of
compressed blocks; a plarality of decompression processors or processor cores, of the plurality
of processors or processor cores, each decompression processor or processor core of the
plurality of decompression processors Or processor cores programmed, adapted or configured to
partially decompress a corresponding selected block of the plurality of compressed blocks, in
paralicl, info independent data, dependent RLE data, and any linked dependent RLE data; and
one or more aggregation and 1merge processars or processor cores, of the pharality of processors
OF Processor cores, at least one aggregation and MSTEE Processor O Processor Cove

prograrorued, adapied or configured 1o sequence the independent data, dependent RLUE data,

and linked dependent RLE data from a plurality of partial decompressions of the plurality of
compressed blocks, and at least one aggregation and merge processor Or Processor core
programmed, adapied or configured (o obtain dala specified by the dependent RLE data and
linked dependent RLE data, and msert the obtained data into corresponding locations to form
an uncompressed data file.

{843] In another representative embodiment, an apparatus for parallel processing of a
file is disclosed, with the apparatus comprising: a first, nonvolatile memory storing the file, the

file having a plurality of blocks, the {ile including independent data and dependent data having
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memory; at least one distributor processor or pracessor core, of a plurality of processors or
processor cores, progranumed, adapted or configured to identify a start or end of each block of
the plrality of blocks and transfer a single or individuated block to the one or more
computation processors of processor cores; a plurality of compitation processors or processor
cores, of the plurality of processors or processor cores, each computation processor or
processor core coupled to the at least one distributor processor or processor core and
programmed, adapted or configured to partially transform, in paraliel, a selected block into

independent data, dependent data, and linked dependent data; and one or more aggregation and

MSrge Processors or processor cores, of the phirality of processars or processor cores, at least

-}

ne aggregation and merge processor or processor core coupled to the phurality of conputation
TOCESSOTS OF processor cores and programmed, adapted or configured to scquence the
independent data, dependent data, and linked dependent data from a plurality of partial
transformations of a plurality of blocks, and at least one aggregation and merge processor or
processor core prograromed, adapied or configured to store the independent data in order in the
second memory, o subsequently obtain data specified by the dependent data and hoked
dependent data, and 1usert the obtained data mto a corresponding location in the second
memory to form a resulting processed {ile.

{644] For such a representative emnbodiment, at least one of the processors or
processor cores may be further programmed, adapted or configured to create and store, in the
memory, metadata imdicating a start or end of each block of the plurality of blocks.

{845] o a representative emabodiment, the apparatus ouay further comprise: a
plurality of distributor processors or processor cores, of the plurality of processors or processor
cores, each distributor processor or processor core further programmed, adapted or configured
to identify the start or end of a selected biock of the plurality of compressed blocks by
perfotning a partial transformation of the selected block, cach distributor processor or
processor core coraruencing the partial transformation at a starting poiut in a block having a

predetermined or variable offset from partial transformation starting points of other distribator

[

»

processors or processor cores of the plurality of distributor processors or processor cores. For
such 3 representative embodiment at least one of the processors or processor cores may be
further programimed, adapted or configured to tag or identify the linked dependent data, and
wherein at least one aggregation and merge processor or processor core is further programmed,
adapted or configured to use the tag or identification of the linked dependent data to sequence
the obtaining of the data specified by the linked dependent data subsequent to the obtaining of

the data specitied by the dependent data.
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{846} Tn a represerdative ernbodiment, an apparatug 1s disclosed for parallel
decornpression of a compressed file, the compressed file having a phurality of corapressed

blocks, the compressed file including ron length encoded ("RLE”} data having data-dependent
references spanning multiple compressed blocks of the plarality of blocks, with the apparatus
comprising: at least one distributor processor core, of a plurality of processor cores, adapted or
configurable to identify a start or end of each compressed block of the plurality of compressed
blocks and transfer a single or individuated compressed block to one or more other processor
cores of the plurality of processor cores; a plurality of decompression processor cores, of the
pharality of processor cores, each decompression processor core of the plurality of
decompression processor cores adapted or configurable to partially decompress a selected
compressed block into literal data, RLE data, and linked RLE data; at least one ordering

processor corg, of the plurality of processor cores, adapted or configurable to sequence the

b

ot

et

o

i data, RUE data, and linked RLE data from a phurality of partial decompressions of a

barality of compressed blocks; and at least one aggregation and merge processor corg, of the

Fres

plurality of processor cores, adapted or configurable 1o obtain literal data specified by the RLE

5
H
i

data and linked RLE data and insert the obtained literal data into a3 corresponding location in an
uncompressed file.

{647} In a representative embodiment, such an apparatus may further comprise: a
cyelic redundancy check processor core, of the plurality of processor cores, adapted or
configurable to perform a cyclic redundancy check of the vincompressed file. In addition, at
least one of the processor cores may be further adapted or configurable to create and store in a
memory metadata indicating a start or end of each compressed block of the plurality of

compressad blocks.

{848} A representative systern (s disclosed for parallel decompression of a
compressed file, the compressed file having a plurality of compressed biocks, the comapressed
file including run A(,ngth encoded (“RLE”} data baving data-dependent references spanning

nultiple corapressed hlocks of the plurality of blocks, with the system comprising: a non-
volatile memory storing the compressed file; @ user mterface; and at least one nudticore
processor having a plurality of processor cores, the al least one multicore processor coupled to
the non-volatile memory and to the user interface, the ruulticore processor comprising: at least
one distributor processor core, of a plurality of processor cores, adapted or configurable to
identify a start or end of each compressed block of the plurality of compressed blocks and
transfer a single or individuated compressed block to one or more other processor cores of the
phirality of processor cores; a plorality of decompression processor cores, of the plurality of

processor cores, cach decompression processor core of the plurality of decompression

s
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processor cores adapied or configurable to partially decompress a selected corapressed hlock

into Jieral data, RUE data, and linked RLE data; at least one ordeting processor core, of the
hirality of processor cores, adapted or configurable to sequence the literal data, RLE data, and
linked RLE data from a plurality of partial decompressions of a plmahty of compressed blocks;
and at least one aggregation and merge processor core, of the plurahity of processor cores,
adapted or configurable to obtain literal data specified by the RLE data and linked RLE data
and msert the obtained literal data into a comresponding location in an uncompressed file.

{049] A representative processor-implemented method is also disclosed for parallel
decompression of 2 compressed file, the compressed file having a plurality of compressed
blocks, the compressed file including run lfength encoded (“RLE™) data having data-dependent

references spanning multiple conpressed blocks of the plurality of blocks, the method

comprising: using at least one distabutor processor core, of a plurality of processor cores,

identifying a start or end of each corpressed block of the plorality of compressed blocks and
transferring a single or individuated compressed block to oue or yuore other processar cores of
the plurality of processor coves; using a plurality of decompression processor cores, of the
plurality of processor cores, partially decompressing a selected compressed block 1o literal
data, RLE data, and hinked RLE data; using at least one ordering processor core, of the plurabty
of processor cores, sequencing the literal data, RLE data, and linked RLE data from a plurality
of partial decompressions of a plurality of compressed blocks; and using at least one
aggregation and merge processor core of the phurality of processor cores, obtaining literal data
specified by the RLE data and linked RLE data and ingerting the obtained literal data into a
corresponding location in an uncompressed file.

{654] A representative non-transitory, tangible medium storing computer readable
software is also disclosed for paralie! decompression of a compressed file, the compressed file
having a plurality of compressed blocks, the compressed file inciuding run length encoded
{“RLE"} data baving data-dependent references spanning muliple compressed blocks of the
phurality of blacks, the non-transitory, tangible medium storing computer readable software
comprising: at least one program construct to cause at least one distributor processor core, of a
ity of processor cores, to identify a3 slart or end of each compressed block of the plorality
of comipressed blocks and transfer a single or individuated comipressed block to one or more
other processor cores of the plurality of processor cores; at least one program construct to cause
a plurality of decompression processor cores, of the plurality of processor cores, to partially
decompress a selected compressed block into literal data, RLE data, and linked RLE data; at
{east one program construct {0 cause at least one ordering processor core, of the phlurality of

ProOCessor cores, 1o sequence the literal data, RLE data, and linked RLE data fron a plurality of
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partial decompressions of a plurality of compressed blocks; and at least one program consiruct
to cause af least one aggregation and merge processor core, of the plurality of processor cores,

o obtain literal data speuﬁcd by the RLE data and linked RLE data and insert the oblained
literal data into a corresponding location in an vuncompressed file,

{851] Another representative system is also disclosed for paralle] decompression of a
compressed file, the compressed {ile having a phurality of compressed blocks, the compressed
file mcluding run length encoded ("RLE™) data having data-dependent references spanning
multiple compressed blocks of the plurality of blocks, the system comprising: a non-volatile
memory storing the compressed file; a user interface; and a plurality of processors coupled to
the non-volatile memory and to the user interfacs, at least one distributor processor, of the

1- 1

pharality of processars, adapted or configurable to identify a start or end of cach compressed

block of the plurality of compressed blacks and trausfer a single or individuated compressed

block 1« or more other processors of the plorality of processors; a plurality of
decompression processors, of the plurality of processors, each decompression processor
adapied or configurable fo partially decorapress a selected compressed biock info literal data,

RLE data, and linked RLE data; at least one ordering processor, of the plarality of processors,
adapted or configurable to sequence the literal data, RLE data, and linked RLE data froma
plurality of partial decompressions of a plurality of compressed blocks; and at least one
aggregation and merge processor, of the phaality of processors, adapted or configurable to
obtain literal data specified by the RLE data and linked RLE data and insert the obtained literal
data into a corresponding location in an uncompressed file.

1

{352] Numercus other advantages and features of the present invention will become

.
H
1]

readily apparent from the following detailed description of the invention and the embodiments

thereof, from the claims and from the accompanying drawings.

BRIEF BESCRIPTION OF THE DRAWINGS
{353} he abjects, features and advantages of the present invention will be more
veadily appreciated upon reference to the following disclosure when considered in conjunction
with the accompanying drawings, wherein ke reference mumerals are osed to wdentify identical
components in the various views, and wherein reference numerals with alphabetic characters
are utilized to identify additional types, instantiations or variations of a selected component
embodiment in the various views, in which:
{0541 Figure {or “FIG.7) 1 is & block diagram illusirating an exemplary or

representative system embodiment.
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{855] Figure {or “FIG.”} 2 is 2 block diagrara ilustraling an exemplary or
vepresentative fitst apparatius embodimaent,

{8#56] Figure {or “FIG.") 3 is a block diagram illustraling an exemplary or
representative second apparatus embodiment.

{B57] Figure {or “FIG.") 4, divided into FIGs. 44, 4B, 4C, and 4D, is a diagram
illustrating an exaniple of independent (literal) data, run length encoded dependent data, and a
resulting deconmpressed data sequence.

{6558] Figure {or “FI(G.7) 5, divided into FIGs. SA, 5B, and 5C, is a flow diagram

itlustrating exemplary or representative method and software embodiments.

DETAILED DESCRIPTION OF REPRESENTATIVE EMBODIMENTS
{659] While the presert invention is susceptible of crubodiment in many different
forras, there are shown 1o the drawings and will be described hercin 1 detall specific
exeroplary embedirnents thereof, with the vaderstanding that the present disclosure is to be
constdered as an exeraplification of the principles of the invention and is oot intended to Lot
the invention to the specific embodiments ithistrated. In this respect, before caplaiming at least
one crubodiment consistent with the present invention in detail, 1t 1¢ 1o be ondersiood that the

mvention 1s not lmited in iis applic

L
s

ation to the details of constraction and to the arrangements
of components set forth above and below, illustrated n the drawings, or as described in the
examples. Methods and apparatuses consistent with the present invention are capable of other
embodiments and of being practiced and carried ot in various ways. Also, itisto be
understood that the phrascology and terminelogy emploved herein, as well as the abstract

1

included below, are for the purposes of description and should not be regarded as limiting.
{B66] As mentioned above, for purposes of the present disclosure, “independent”
data, as used herein, means and refers to data which does not have any data dependencics
within that particular or selected sequenee, strearn or string of data. For example, in data
compression, such independent data may also be described as “literal” data, such as a string of
characters or digits (such as ASCH code) which are not themselves run length encoded and,
therefore, that sequence, stream or string of data does not depend for ifs interpretation,
processing, or decompression upon another, separate or second sequence, siream or siring of
data. In contrast, “dependent” data, as used herein, means and refers to a sequence, stream or
string of data which has data dependencies and, therefore, that sequence, stream or string of
data does depend for its interpretation, processing, or decompression upon another, separate or
sccond sequence, strean: or string of data, such as being dependent upon independent {e.z.,

literal) data or further dependent upon other dependent data, torming a chain or linkage of data

PCT/US2015/037901
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dependencies, i.e., wultiple levels of data dependencies. For example, i data compression,
such dependent data mway be RLE data which simply coosists of and provides a reference fo or
refers to the position or location {e.g., bit or characler position or relative bit or characier
position} and size {e.g., count or siring length) of other data, which may be independent (literal)
data or additional RLE data, and which may be within the same or a different block. In
addition, also in data compression, such dependent data may be RLE data which simply
provides a reference to other RLE data, and m such case, may be referred to herein as “linked”
dependent data or “multiple” dependent data {i.e., data having multiple levels of data
dependencies), such as linked RLE data consisting of first RLE data which provides a reference
1o the location and size of another, second sequence, stream or string of data which also
includes second RLE data within that second sequence, stream or string of data which provides
a reference to the location and size of another, third sequence, stream or string of data, and so
on, creating potertially mnuraerable levels of data dependencies.

{061] Also as reeationed above, while the various represerdative erobodiments are
lhustrated and discussed with reference o an exanple of paraliel decorapression of a
compressed file having data-dependent references spanning rultiple compressed blocks, such
as files compressed vsing Gzip, those having skill in the art will recognize the wider
applicability of the exemplary embodiments, allowing {or the accelerated, parallel processing of
applications and/or data having data dependencies. For example, the various parallef and
pipelined embodiments may also be utilized with other types of data
compression/decompression {such as Blosc), encryption/decryption, encoding/decoding {e.z.,
error correction coding and decading), hashing/dehashing, ete. All such emmbodiments are
considered equivalent and within the scope of the ¢laims herein

{362] In addition, the various representative embodiments may be traplemented in
many different ways. As discussed in greater detail befow, the various pipelined and paraiic]
processing may be imaplemented on a plurality of processors, a plurality of processar cores, or
poteatially roultithreaded {or hyper roultithreaded) on a single processor, for example and
without hmitation. It should be noted, however, that each such embodiment may provide
greater or lesser acceleration of the selected application.

{863} In another representative embodiment, each component funclionality of the
pipelined and parallel processing of the various representative embodiments may be assigned as
a corresponding task, in real time, to any processor or processor core. fn addition, this may be
done deterministically, such as to & next processor or processor core of a predetermined
sequence of processor or processor core, or non-deterministically, such as to a next available

processor or processor core of a predetermined scquence of processor or Processor core, e.g.,

PCT/US2015/037901
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round-robin assignment to the next core which happens 1o be available for the task, all for
example and without limitation. Accordingly, and reference herein 10 2 processor oF processor
core performing a selected Bunctionality should be understood to mean and include a task
having that selected functionality which has or will be assigned to a processor or processor
core.
{864] As mentioned above, the various embodiments have demonstrated a dramatic
improvement in the decompression time required to boot or launch applications, consistently
across a wide variety of systems and devices. It should be noted that the representative
methodologies are machine-dependent and pertain the actual physical acceleration of the
operation of such devices, including smariphounes and computing tablets, such as for
accelerating the booting or faunching of applications stored in a physical memory circuit, and

¢ incapable of being performed by a human being, any thought process, or any pen and paper

process, It should also be noted that the needs for the vanous embodients have ansen largely
due 1o the use of compressed executable files stored 1o a nonvolatile memory having

comparatively reduced storage capacity, and the noticeable delays caused by the typical serial

1

decompression of these compressed files of the prior art. As such, the various embodiments
result in 3 measorable and dramatic tprovement in performance of these various devices
providing a technological improvement 1 computing speed and computer or processor
functioning, and addresses a long-felt technological need, for example and without himitation.

{665] The various representative embodiments may also be implemented at any of a

variety of levels, as discussed in greater detail below.

{866} FIG. 1 15 a block diagram illustrating an exeraplary or representative system
160 embodiment. As illustrated in FIG. 1, the systern 100 includes one or more processors 110

(illustrated as processors numbered 1 through N), which may be any type of processor (such as

"1.

lescribed in greater detail below); a first, nonvolatile memory 105, such as a FLASH memory;

1d a user interface 123, such as an juteractive touch screen display, a kevboard, a keypad, a

&

wmouse, a pointer, etc. The systen 100 also typically includes additional, second memory 140,
which may be any type of memory, such as a random access memory (RAM, DRAM, SDRAM,
SRAM, MRAM, ROM), and which may be located within or separate from the one or more
processors 110, all for example and without bmitation, and as discussed in greater detai below,
Many processors 110 include such a memory 140 within the integrated circuit, while in other
embodiments, such a memory 140 may be a separate integrated circuit, such as a DDR3
Sodinm, all for example and without limitation. The first, nonvolatile memory 105 typically
stores a file 130, such as a compressed exccutable file 130 for a selected application, ez, fora

computing application, an operating system, a compwinication application, a

PCT/US2015/037901
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telecommunications application, etc., for example and without m#tation. The second memory
140 typically stores a file 159, such as anuncorapressed executable file 150 for a selected
application, e. g, for a computing application, an operating system, & communication

apphication, 2 telecommunications application, cte., for example and without tinstation. These

various components are typically coupled to each other, divectly or indirectly, as the case may
be, such as through various bus structures 145, 155 as illustrated, with all such coupling
arrangements and topologies considered equivalent and within the scope of the disclosure, suc

as those illustrated in the other Figures, for example and without imitation. Not separately

.
H
i

iltustrated, the systen 100 may include a plurality of different types of processors, such as

graphics processors, efc., also as discussed in greater detai] below. In the illustrated
embodinent, the one or more processors 110 are each tlustrated as multi-core processors as an
option, with each processor 110 having a plurality of processor (or processing) cores 128, For

exarople and without lirnitation, mwany processors 110 are commercially availabie with four to
eight separate processor {or processing) cotes 129, which may be referred 1o herein
equivalently as processor cores 120, processor cores 120, or mevely cores 120.

-

{667} The various apparatos 200 and 3¢0 embodiments, iHhustrated m FiGs. 2 and 3

are iHustrated and described using a plurality of processor {or processing} cores 128, Those
having skill in the electronic arls will recognize that the system, apparatus, method and
software may be implemented in a wide variety of ways, such as by using a single processor
110 with a single core, or a plurality of processors 110, each of which may have a single

Processo

-4

core or a plurality of processor cores 120, for example and without limitation, with

[
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ali such variations considered equivalent and within the scope of the p
addition, while tHustrated as a plurality of separate processor cores 128, any sclected
functionality may be assigned to or operating on o within any selected processor core 120, and
multiple functionalitics may be assigned to or operating on or within any sclected processar
core 120 concurrently.
{868} Not separately Ulostrated in FIG. 1, a systew 169 typically includes many
additional components, such as power supplies, additional memory, additional 1npet and output
circuits and connectors, network interfaces, memory interfaces and drives, switching
components, memory controllers, input/outpot contrellers, ete., for example and without
{imitation.
{069] FIG. 2 s a block diagram illustrating an exemplary or representative {irst
apparatos 200 embodiment. FIG. 3 is a block diagram illustrating an exemplary or
representative second apparatus 300 embodiment. Referring to FIGs. 2 and 3, each apparatas

2640, 300 comprises a plarality of processor cores 120, each of which has been programmed,
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adapted, or configured to implement and execute a selected, specific functionality, such as for
the decorpression of a corapressed executable file, e.g., a Gzip file. As mentioned above, such
while an exemplary embodiment is described below with reference to Gzip as an exemplary
compression algorithin, those having skill in the electronic arts will recognize that the system,
apparatos, method and software described below may be extended to an apphed to the
aceeleration of the launch and exccution of a plurality of different types of programs, including
operating systems such as Android or the various Apple operating systems, Linux kernel, Java,

Javascript, AOT, gaming applications, and so on.

{0701 The dashed lines in FIGs. 2 and 3 are utilized to indicate a sequence of

pipelined stages. As illustrated, the pipelined stages are a distribution pipeling stage 305, a
computation pipeline stage 310 (i e., the pipsline stage in which the selected work or
functionality 1s performed by one or reore “worker” processor coves 126}, and an aggregation
pipeline stage 315, Depending upon task assignment or prograroroing, for exarple, any

processor core 120 at any given time may be n any of the varous pipeline stages 3035, 310, and

315, such as when tasks are assigned dypamically o any next available proc ¢ 120, for
exarple.
{671} For the file decompression example, and as discussed in greater detail below,

one or more processor cores 120 are utihzed 1n the distribution pipelme stage 305 and may be
referred to as one or more processor cores 1204, e.z., as one or more distributor processor cores
120, and/or one or more distributor processor cores 1204, 1204, through 128,4y; one or more
processor corves 120 are utilized in the computation pipeline stage 310 and may be referred to as

One Or more processor cores 120g, ez, as one or more decompression processor cores 1205
and/or one or mors decompmssim processor cores 120g;, 120y, through 120g,; {(for the
decompression functionality); one or maore processor cores 120 are utilized in the aggregation
pipeline stage 315 and may be referred to as one or more processor cores 1200, processor cores
120, and processor cores 120g, e.g., for the decompression functionality, ooe or more
processor cores 120 are ordering (or “next”) processor cores [20¢, one OF YOIS Processor cores
120 arc aggregation and roerge processor cores 120p and/or one or more aggregation and ruerge
processor cores 120p, 120p; through 1208gy;, and one or more processor cores 120 are CRC
{cyclic redondancy check) processor cores 1204, all for example and without bmitation. Any

20 can be utilized for any of these functions and multiple finctions, which

[

PIOCESsOr CoTe
functionality may be assigned in any way seclected by the user, designer or programmer, and
may be statically or dynamically assigned, as mentioned above. For example, as used in the
aggregation pipeline stage 315, the functionality of an ordering {or “next”) processor core 120

and/or a CRC (cyclic redundancy check} processor core 120g may simply be subsumed or
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incorporated within the functionality of one or more aggregation and merge processor cores
120p, and are referred to separately solely for ease of description, it being understood that the
fimctionality of an ordering {or “next’"} processor core 120¢ and/or a CRC (cyclic redundancy
check} processor core 120k may be mchuded within any of the various processor cores 120 of
the aggregation pipeline stage 315, as claimed herein,

{972] Continuing with the file decompression example, the pipeline stages may also
be described somewhat differently. In the computation pipeline stage 310, for example, all of
the processing of data is performed by one or more processor cores 120¢, such as to
decompress a selected compressed block and obtain both dependent data {e.g., RLE data) and
independent data {e.z., literal data), with the independent data then provided or written in order
(by one or more processor cores 120¢) to the memory 1460 and stored as a decompressed file
150, Tu the aggregation pipeline stage 315, for example, all of the remaining processing of
dependent data is performed by one or more processor cores 120p, such as fo obtain all of the
specified run length encoded data and provide or writs if in to the appropriate location in the
decompressed file 130 10 the memory 140, From this point of view, and for the broader
applicability to parallel processing of date having data dependencies, the computation pipeline
stage 310 may also be described equivalently as an independent data pipeline stage and the

5
H
1z

a ggregaﬁon pipeline stage 315 may also be described equivalently as an dependent data

{673] Typically for a Gzip application, the {ile is compressed using a combination of
Lempel Ziv {or Lempel Ziv Welch) encoding {such as LZ77) followed by Huffman encoding.
Onee compressed, the boundarics between blocks are not byte aligned, but are bit boundaries.
Tvpically for a Gzip or Guunzip application, each block has a header block {e.g., 2 bits) which

1 1

indicates whether the block is uncompressed, or compressed using a fixed or dynamic {custom)

ERE]
HES
i

Huffman table. When fixed Huifman encoding is utilized, the end of the variable length block
has a known bit patiern; conversely, when dynamic or custormm Huffman encoding g utilized,

¢ end of the variable length block may have any bit pattemn. Following compression, bits
having a cyclic redundancy check (CRC) are also added, typically m a fivst header. The last
vanable length block of the corpressed file will have 2 header bit set to indicate that it is the
last in the sequence of variable length blocks. The only block having a3 known beginning is the
first variable length block, having a known starting point following the first header, and all
other variable length blocks have unknown starting (and usually imknown ending) points. The

size of the uncompressed output file {150} 1s also typically unknown prior to the

decompression.



]

3

2

WO 2015/200760 PCT/US2015/037901

{}

¢

(=4

-7 -
{874} Referrtog 1o the one or more distubuior processor cores 120,, a distributor
processor care 120, receives the compressed file 130 comprising a plurality of variable length

5
H
i

blocks, and deterniines the beginning and/or end of each variabie length block, from the first lo
the last variable length block, i.e., a distributor processor core 12¢, deternunes the end of the
current variable lengih block, which means 1t has effectively and agtomatically determined the
start of the next vanable length block. Once it finds the end of the current variable length
block, a distributor processor core 128, transfers the current variable length block to the next
{or next available) decompression processor core 120, while maintaining the ordering or
ordering information of the variable length blocks. A distributor processor core 128, performs
decompression, such as building a dynamic Huffiman table or using a fixed Huffinan table,
generally (and preferably only) to the extent needed to find the end of the current variabie
length block as quickly as practicable. Accordingly, when a distiibutor processor core 1204 has
a Huffman table (or partial Huffman table) for use in decompression {i.e,, the current variable
length block was not uncompressed), 1t will also transfer that infornation to the next {(or next
available) decompression processor core 120g, such as by providing a pointer to Jocation 1o the
memory 140 location storing the fixed or dynamic Huffiman lable, so that a decompression
processor core 120y does not repeat any of the decompression work performed by the one or
maore distribiilor processor cores 128, in an earlier pipeling stage.

{075] When the current variable length block is uncompressed, the current variabie
length block may be transferred by the distributor processor core 120, to memory 146, and a
pointer to location in the memory 140 location storing the uncompressed block may be

provided to the ordering (or “next”} processor cores 120¢, for tracking the location of the

uncompressed data within the overall decompressed executable file (150).
{676] As illustrated in FIG. 3, a plurality of distributor processor cores 120, may be

utilized and operated in parallel within this disiribution pipeline stage 305, In this paralicl

processing application, each distributor processor core 1204 begins processing the compressed

file 130 at a differcot starting potot than the other distributor processor cores [20,, such as with

a fixed or variable offset, which may be a dynarically defermined or a predetermined starting

I3

point. If the starting point is, in fact, the beginning of a block, 3 Huffinan table will be
generated, and 1 not, errors will develop quite rapidly to mdicate that the selected bit was not,
in fact, the starting bit of a variable length block. In this way, while a first distributor processor
core 120, may be locating the end of a first variable length block, a second or next distributor
processor core 120 may be locating the end of the second or next variable length block, eact
then transferring the variable length block (with a pointer to a Huftman table in memory 140}

10 a next (or next available) decompression procsssor core 120g, also while maintaining the
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ordering or ordering information of the variable length hocks, and provides addiional
acceleration on the arder of about 2 2x {two tirnes) iroprovernent 1o speed.

{8771 In an exemplary embodiment, for 3 higher level (level 2) tinplementation, the
one or more distributor processor cores 120, also record all of the start {or end) of variable
length block data, as metadata, for the entire sequence of vartable length blocks. This
compressed file metadata is determined during the execution of the first deconipression and

stored in memory {(e.g., nonvolatile memory 1035}, for each such compressed executable file,

which may be on installation of the exccutable file or upon first execution of the executable

file, for example and without limitation, and is then stored (e.g., as metadata file 130A, in either

S0

or both the first or second memories 130, 140, and illustrated as metadata file 130A stored in

o
}

the first, nonvolatile mernory 130) utilized for all subsequent decompressions of that

compressed executable file. Using the stored rnetadata for the coumpressed exccuiabie file,
having all of the start {or end) positions of all of the variable length blocks, for any and all
subsequent decompressions, the one or more distrbutor processor cores 120, may then locate
the start of gach variable length hiock and transfer each such variabie length block to a next {or

next available} decompression processor core 128, without performing any decompression

B2

steps whatsoever, resulting in even greater acceleration, on the order of about 2 2x to 4x (2 ¢
times) improvement in speed.

{078] Bach decompression processor core 120y, then, receives a single variable
length block having compressed data from the one or more distributor processor cores 120,,
and may also receive a pointer to a Huffman table in memory 140, which may be a dynaniic or
fixed Huffman table. When the decompression processor core 1205 receives only the variabie
length block having compressed data, it wiil use the information within the variable length
block to create the dynamic or fixed Huffman table for use in the decompression. Using the
Huffman table, the decomapression processor core 120y partially decompresses the variable

length block baving compressed data into two types of dafa: independernt data {e.g., literal data)
and dependem data such as run length encoded (RLE) data.

{879} An example of such independent dala {e.g., lileral data) and dependent data
{e.g., run length encoded (RLE) data) is ilustrated in FIG. 4 for the first three lines of 3

selected transiation of Genesia. For ease of reference and purposes of explanation, FIG. 4 has
been illostrated in English, rather than digitally {e.g., ASCII) encoded, so any reference to a
fetter should be understood to miean an encoded version having a plurality of corresponding
bits. As illustrated m FIG. 4, the first five words (with intervening spaces) are independent data
{e.g., literal data}, and onece decompressed, may be provided directly as output into the

corapressed data file. Some of the data, however, bas been run length encoded and is

B
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dependent data, with the RLE data providing the previous starting bit position {as determined
from the current bit position} and the nowmber of bits (or string length). As illustrated in FIG. 4,
the dependent (RLE} data bas been mdicated as the data mn the carats, namely < previous
starting bit position, nuniber of bils >, which for purposes of explanation, has been adapled in
FIG. 4 to be < previous starting (letter) position, nuniber of p()sitiqms {(lettersy >. The first such
dependent (RLE) data, <25,5> follows the independent (literal) data

to.

“In_the beginning God created”, and indicates that beginning at the previous 25" position

{with counting begitming at zero{0}), 5 positions {string length of 5} are to be duplicated in

2

order at the current position which, in this case, provides for the insertionof ©_the " afier the
“d” of “created”. The second such dependent (RLE} data, <14,6> foliows the independent
(Hteral) data “heaven_an”, and indicates that beginning at the previous 14" position, 6 positions

re to be duplicated n order at the current position which, in this case, provides for the

23 92

masertion of “d the 7 after the “an”. This latter example also illustrates linked or multiple data

(=

s dJata 1o be

iependencies, with the second such dependent {RLE} data, <14,6> referring &

[
=

supplied following decompression of the first such dependent (RLE) data, <25,5>

1
H
i

{638] Additional examples are illustrated in FIG. 4, including many examples of
linked or multiple data dependencies, including hinked or multiple data dependencies referring
1o data to be supplied following decompression of multiple and separate date dependencies. It
should be noted that the dependent {RLE} data generally occurs across muultiple variable length
blocks, such as going back as far as 32 Kbytes, so that RLE data in a current variable length
block may reference data in any of a plurality of previous (i.€., earlier in the sequence of)
variable length blocks.

{681} The primary fumction of the one or more ordering (or “next”) processor cores
120¢ of the aggregation pipeline stage 315, however, is to maintain ordering (scquencing) of all
of the partially decompressed data provided by each of the decompression processor core 120p,
which may be provided to the ordening (or “next”) cores 120¢ out of order, depending upon
how rapidly each decompression processaor core 120p partially decompresses its current
variable length block, generally with one or roore processor cores 120 operating in parallel
within the computation pipeline stage 310,

{682] A munber of variations are available for how the partially decompressed data
{comprising independent (literal) data and dependent (RLE) data) is provided to and stored
memory 140 to form the uncompressed executable file 150

{0683] In one variation, of the partially decompressed data, the independent (literal)
data 1s moved {written or copied by the decompression processor core 120p) to the memory 140

in its cotresponding location within the decompressed tile 150, and the dependent (RLE) data is

PCT/US2015/037901
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transferred to the one or raare ordering {(or “next”) processor cores 120c. Alternatively, both

: independent (literal) data and dependent (RLE) data may be transferred by the
decompression processor core 120 to the one or more ordering (or “next”) processor cores
120¢, with the one or more ordering {or “next”) processor cores [20¢ moving or copying the
independent (literal) data to the memory 140 in its corresponding location within the
decompressed file 150 and providing the dependent (RLE)} data to the one or more processor
cores 120g which then use the dependent (RLE) data to complete the decompression and create
the conplete decompressed file 1530, In another vanation, the ordered, partially decompressed
data (having been properiy ordered by the one or piore ordering {or “next”) processor cores
120¢) is provided directly to the one or nore aggregation and merge processor coves 120p,
which transfer(s) the independent {literal} data into known locations in the memory 146, and
kuowing those maewmory locations, then uses the dependent (RLE) data to complete the

decompression and create the complete decompressed fide 150, Tn another variation, the

-

partially decompressed data {in any order) generated by the decompression processor cores
120p 18 provided directly to the one or more aggregation and rastge processar cores 120p,
which also provides the proper ordering of the variable length blocks {eliminating the separate
functionality of the one or more processor cores 120¢), which also transfer(s) the independent
{(hiteral) data into known locations m the memory 1440, and knowing those memory locations,
also then uses the dependent (RLE) data to complete the decompression and create the
complete decompressed file 150,

{084] The dependent (RLE} data, such as consisting of the RLE location {which is to
be filled in) (such as a pointer 1o a memory 140 focation), a starting position {or bit position)
and 2 size (such as number of positions {or bits)} is or has then been provided to the one or
more aggregation and merge cores 1205, The data held in the memory 140, to this point,
comprises an ordered sequence of independent (literal} data, with many “holes” to be filled in
by the dependent (RLE) data, with references as far back as 32 Kbytes, for example. Stated
another way, o this point, the uncompressed data file looks like “swiss cheese”, having ordered
and valid independent data and empty regions at known locations o be filled in.

{885} The one or more aggregation and merge processor cores 120p utilize the
dependent (RLE) data, generally 1n seguence (although not required to be done in sequence)
and going back as far as provided by the type of data compression, such as 32 Kbytes for Gzip,
locate the specified starting location and copies the specified number of bits or positions into
the dependent (RLE) location in the memory 140. As this occurs, the vacancies left in the

uncompressed data file are filled in, providing uncompressed and sequenced data needed for
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s in decorapressing subsequent dependent (RLE) data, and the Jook back “window”™ for the
dependent (RLE) data reoves forward,
{6886} This aggregation and merge process performed by one or more processor cores
120p may also be run in parallel across a plurality of aggregation and merge processor cores
120y, and provides additional acceleration on the order of showt a two times (2%} improvement
in speed. To do this, however, and maintain proper ordering and data dependencies as may be
needed, an additional function is performed by the one or more decompression processor cores
120, naniely, “tagging” linked or multiply-dependent (RLE) data, which itseif references back
1o {or is linked) to previous dependent (RLE) data. Such a tag or other identifier then informs
the aggregation and merge processor cores 120p of this additional, second-level (or secondary
or multiple level} data dependextxcy, such that the finked dependent (RLE) data is then
decompressed in sequential order corresponding to the tagged linkage, or more siraply,
decompressed ju any order suhsequent to the decorapression of the single-level dependent
(RLE} data,
6871 Stated another way, the determinations of the independent {literal) data may be
done rapidly and in paraliel, and in any order, {e.g., by the deconmpression processor cores
120g), usually in 3 computation {or decompression} pipeline stage 318, or in both the
distnibution pipeline stage 3035 and the computation {(or decompression) pipehine stage 310,
Technically, the determinations of the single-level (non-linked) dependent (RLE) data could
also be done rapidly and in parallel, and in any order, {e.g., by the decompression processor
cores 120p), except insofar as the data~dependencies may span multiple compressed blocks,
which may not necessarily be decompressed in order by the decompression processor cores
120g, but may be arriving out of order to the aggregation and merge processor cores 120p,
which then order the partially deconpressed blocks. As a result, in excmaplary embodiments,
once the independent (literal) data has been determined and the blocks have been ordered (e.g.,

by an erdering (or “next”) processor core 1 20c or equivalently by an aggregation and merge

processor core 20p programmed or configured with the block ordering functionality), the
determinations of the single-level (non-linked) dependent {(RLE) data also may be performed
rapidly and in parallel, and 0 any order, such as by the aggregation and merge processor cores
120p. When block order has been preserved for decompression of the independent (literal)
data, however, the determinations of the dependent (RLE) data also may be done rapidly and in
parallel, and in any order, {e.g., by the decompression processor cores 1203 or by the
aggregation and merge processor cores 120p). Following those deternuinations, the linked
dependent (RLE) data is then decompressed, and depending upon the level of linkage, such as a

first level dependency on dependent (RLE} data, a second level dependency on linked
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dependent (RLE) data which has a first level dependency on dependent (RLE) data, a third
level dependency on linked dependent (RLUE) data which has a second level dependency on
linked dependent {RLE) data which has a first level dependency on dependent (RLE) data, cic,,
those determinations of the hinked dependent (RLE}Y data for any given level could also be done
raprdly and in parallel, and m any order within that level or inkage, e.g., all first level
decompressions may be done n parallel and in any order, followed sequentially by all second
fevel decompressions being done in parallel and in any order, followed sequentially by all
sccond level decompressions being done in parallel and in any order, ete. Accordingly,

iepending upon the desired complexity of implementation, the fagging process for linked

.

dependent (RLE) data may also reflect the linkage lovels, such as tagging for primary,

o
H
i

secondary, tertiary, cic., Hinkages, which information may also be utilized by the aggregation

and merge processor cores 1 20p for added paralie] processing in decompressing Hoked

088] Following all of the dependent (RLE} data inseriions by the one or more
processor cores 120p, a coruplete, uncorapressed file 159 is now available 10 merory 140 for
execution, for example and without limitation. A cyclic redundancy check (CRC) check may
then be performed, by ¢ither the one or more aggregalion and merge processor cores 120, or
by another processor core 120, such as 3 CRC processor core 1208,

{689] In an exemplary embodiment, for another higher level (Ievel 3)
implementation, and depending upon the memory space available in nonvolatile memory 105,
the uncompressed file 150 available in memory 140 may be recompressed, creating a second

o
H
i

compressed file 1308 which can be utilized to replace the first conpressed file 130 in nemory

140, The compression, however, is performed slightly differently, such that the second

.
H
i

compressed file 1308 does not have inter-block data dependencies. For example, the second

compressed file 1308 may consist of 2 phuarality of blocks (typically having a size on the order
of several regabytes, each of which may be comprised of smaller sub-blacks, typically on the
order of 32 kbytes each}, with data dependencies nccurring solely within such a larger block
(but data dependencies may ocovr across sub-blocks). When used subsequently, these

recompressed blocks of the second compressed file 1308 may be transferred direcily to one or
more decompression processor cores 120, each of which may then deconpress the block it has
received, independently and in parallel, into independent (literal) data and dependent (RLE)
data, and which may further directly use the dependent (RLE) data to form the uncompressed
file 150. Preferably, metadata indicating or specifying the block boundaries of these

recompressed blocks of the second compressed file 130B is also maintained, to allow for the

PCT/US2015/037901
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veady distribution of the blocks directly to the one or ynore decorupression processor cores

{894¢] FIG. 5, divided 1ato FIGs. SA, 5B, and 5C, 15 & flow diagram illustrating
exemplary or representative method and software embodiments, and provides a usefl

b
1
H

surmpnary. 1t should be noted that many of the steps ilustrated in FIG. 5 are performed
independently and m parallel, with the arrows utilized to indicate a logical flow only and not an
actual parallel implementation, as many steps will be occurring concurrently, in parallel and in

pipelined stages, across the plurality of processors 110 and/or processor cores 120, For the

software embodirnents, executable processor and/or computer code may be writien to perform
the methodology of FIG. 5 for performance by the plurality of processor cores 120, Those
having skill in the art will also recognized that while described with reference 1o a
decompression application, the exemplary or representative ruethod and software embodiments
may he readily ported to other appiications, as described above.
691} FlGs. 54, 5B, and 5C also reflect the pipelined stages referted to above, with
FIG. 5A pertaining to the distribution pipeline stage 305, with FIG. 5B pertaining to the
computation {or decompression) pipeline stage 318, and with FIG. 5C pertaining to the
aggregation pipeline stage 315, Beginning with start step 205, a dala file such as a compressed
ile 18 received, e g., read from memory 105 to commence a boot process or when called
by an operating system to lavnch an application selected by a user through the user interface
125, Une or more of the plurality of processor cores 120, such as one or more distributor
processor cores 120,, determines whether there is metadata available which indicates block

.
H
i

houndaries for a plurality of variable length blocks for the compressed data file, step 216,

When such metadata is not available in step 210, the one or more distributor processor cares
120, partially deconipress (or otherwise transiorm} the compressed data file {e.g., uses or
creates a Huffman table) to the extent needed to deterniine or identify a block boundary, step
215, typically the eod of the frst or next variable length block. Using either the ruetadata or the
determined block boundary of step 215, the one or more distributor processor cores 1204
transfers the corrent or next variable length block to anotber processor core 120 for continued
decompression or other computation, step 220, such as to a decompression processor core 1205,
The one or more distributor processor cores 120 continue this process, step 225, rehurning to
step 210, until the last block has been transferred. As an option, any block boundary metadata
which has been generated may be stored, step 228, and the distribution process may end, step
230.

{892] Asthe variable length biocks are determined and transferred by the one or

more distributor processor cores 1204, in step 220, typically operating in paralicl, each of the

PCT/US2015/037901
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one or more decompression processor cores 1 20p receives a variable length block (step 235) 1n
the coraputation {or decorapression) pipeline stage 319, as they are being generated inthe
distribution pipeline stage 3085, and commences partial decompression or other processing, step
240, also typically operating in paraliel. The partial decompression may include generating &
Huffman table (if not generated in step 215 and transferred with the vanable length block), and
uging the Huffiman table, generating independent (literal) data and dependent {RLE} data,
including any linked dependent (RLE) data. Multiply-dependent or linked dependent (RLE)
data may also be tagged, as mentioned above, as part of the partial decompression of step 240,
The independent (literal} data and dependent (RLE) data is then transferred for further
processing by another processor core 120 or irde meniory, or both, depending upon the
implementation, as mentioned above, step 243, The partial decompression and transferring of

steps 240 and 245 is repeated vatil the end of the block is reached, step 250, at which poiut that

Con
o
<
=)
=
23

(ion processor core 120 may receive another vanable length block for partial

ression, refurning to step 235, with the process coutinuing until the last block has been

received and processed (L.e., po raore variable length blocks bave been received) in step 252,
and the decompression or other processing, transformation or computation may end, rehurn step

{893 The independent (literal) data and dependent (RLE) data (including linked

]

dependent (RLE) data) is then ordered, step 255, such as by an ordering {or “next”} core 1280
ordering or sequencing the independent (literal) data and dependent (RLE} data from a plurality
of vaniable length blocks, provided by the one or more decompression processor cores 120,
and is typically performed by one or more ordering (or “next”) processor cores 120¢. The

1

independent (literal) data is then stored inmemory (1403, step 260, and the uncompressed data

identified by the dependent (RLE) data is obtained and inserted in the corresponding dependent
(RLE) location in the uncompressed file held in memory 140, by the one or more aggregation

and roergs processor cores 120p, step 265, When additional vari ocks are heing

processed, the method continues 1o perform steps 235, 260 and 265, When the last block bas
been processed, step 270, if not stored previously in step 228, any generated metadata may be
stored for future use, step 275, the uncompressed file s checked (e.g., CRC checking as
mentioned above) and output or otherwise available for execution, step 280, As an option, as
mentioned above, the uncompressed file may be recompressed into blocks which do not have
inter-block data dependencices to form a second compressed file 1308, which may then be
stored in memory 105, step 285, Following step 280 or optional step 285, the methodology is
complete and may end, step 290. It should be noted that the step of storing any metadata may

~0

also be performed as part of or after step 220, such as by a distributor processor core 1204, as
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cach start or end of a compressed biock is determined. Also, as maeuntioned above, many of the
steps outlined in FEG. 5 are performed concurrently, pipelined and in parailel, as decompressed

10

blocks are distributed, decompressed, ordered, ete.

{994) The present disclosure 1s 1o be considered as an exemphification of the
principles of the invention and is not intended o Lt the mvention to the specific
embodiments illustrated. In this respect, it is to be understood that the imvention is not limited
in its application to the details of construction and to the arrangements of components set forth
above and below, llustrated in the drawings, or as deseribed in the examples. Systems,

methods and apparatuses consistent with the present invention are capabie of other

embodinents and of being practiced and carried out in various ways.

{B95] Although the invention has been described with respect to specific
embodiments thereof, these embodimends are mercly lustrative and aot restrictive of the

iavention. T the description berein, numerous specific details are provided, such as examples
of clectronic components, electronic and structural connections, materials, and structural
variations, to provide a thorough understanding of embodirnents of the present mvention. One
skilled n the relevant art will recognize, however, that an embodiment of the invention can be
practiced without one or more of the specific details, or with other apparatus, systers,
assemblies, components, materials, parts, etc. In other instances, well-known structures,
materials, or operations are not specifically shown or described in detail to avoid obscuring
aspects of embodiments of the present invention. In addition, the various Figures are not drawn
to seale and should not be regarded as limiting,

13 4.

{396} Reference throughout this specification to “once embodiment”,
embodiment”, or a specific “embodiment” means that a particular feature, structure, or
characteristic described in connection with the embodiment is included in at least one
embodiment of the present invention and not necessarily n all embodiments, and further, are
not pecessanty referring to the sarue embodiment. Furthermore, the particular featores,
structures, or characteristics of any specific embodiment of the present invention may be
combined i any soilable manner and 1 any suitable conmbination with one or more other
embodiments, inchuding the use of selected features without corresponding use of other
features. In addition, wany modifications may be made to adapt a particular application,
situation or material o the essential scope and spirit of the present invention. Itisto be
understood that other variations and modifications of the embodiments of the present invention
described and illustrated herein are possible in light of the teachings herein and are to be

considered part of the spirit and scope of the present invention.
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{997] 1t will also be appreciated that one or more of the elements depicted 1o the
Figures can also be implemented in a more separate or infegrated manner, or even removed or
rendered inoperable in certain cases, a8 may be usefild in accordance with a particular
application. Integrally formed combinations of components are also within the scope of the
invention, particolarly for embodiments 1n which a separation or combination of discrete
components is unclear or indiscernible. In addition, use of the term “coupled” herein, inchiding
in its various forms sich as “coupling” or “couplable”, means and includes any direct or
indirect electrical, structural or magnetic coupling, connection or attachment, or adaptation or

apability for such a direct or indirect electrical, structural or nagnetic coupling, connection or

attachment, including integrally formed components and components which are coupled via or
through another component.
{698} A processor 110 may be any type of processor, and may be embodied ag on¢ or

maore processors | 10, configured, designed, prograramed or otherwise adapted to perform the
functionality discussed herein. As the term processor is used hevein, a processor 110 may
include use of a swgle 1ategrated circuit ("IC™), or may include use of a plurality of indegrated
circuits or other components connected, arranged or grouped together, such as controllers,
microprocessors, digital signal processors ("DISPs"™), paraliel processors, multple core
processors, custom ICs, application specific mtegrated cireuits ("ASICs"), field programmable
gate arrays ("FPGAs"), adaptive computing ICs, associated memory (such as RAM, DRAM
and ROM), and other ICs and components, whether analog or digital. As a consequence, as
used herein, the term processor should be understood to equivalently mean and include a single
IC, or arrangement of custom Cs, ASICs, processors, microprocessors, controilers, FP3AS,
adaptive computing ICs, or some other grouping of integrated circuits which perform the
functions discussed below, with associated memory, such as 1miCroprocessor memory or
additional RAM, DRAM, SDRAM, SRAM, MRAM, ROM, FLASH, EPROM or E'PROM. A

processor {such as processor 1103, with iis agsociated memory, may be adapted or configured

{(via programming, FPGA inderconnection, or bard-wiring) to perforom the methodology of the
invention, as discussed above. For example, the methodology may be programmed and stored,
in a processor 110 with s associated memory {aud/or memory 1401 and other eguivalent
components, as a set of program instructions or other code {or equivalent configuration or other
program} for subsequent execution when the processor is operative (f.e., powered on and
functioning). Bquivalently, when the processor 110 may implemented in whole or part as
FPGAS, customn ICs and/or ASICs, the FPGAS, custom s or ASICs also may be designed,
configured and/or hard-wired to implement the methodology of the invention. For example, the

processor 110 may be implernented as an arrangement of analog and/or digital circuits,
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confrollers, microprocessors, DRPs and/or ASICs, collectively teferred to as a “controller
which are respectively hard-wired, progrararued, designed, adapted or configured to oplement
the methodology of the invention, including possibly in conjumnction with a memory 14¢.

{899} The memory 140 and/or memory 103, which may inchide a data repository {or
database), may be embodied in any number of forms, inchuding within any computer or other
machine-readable data storage medivm, memory deviee or other storage or communication
device for storage or communication of information, currently known or which becomes
available in the future, including, but not limited to, a memory integrated circuit (*IC”), or
memory portion of an integrated circuit (such as the resident raemory within a processor 1103,
whether volatile or non-volatile, whether remmovable or non-removable, including withou
limitation RAM, FLASH, DRAM, SDRAM, SRAM, MRAM, FeRAM, ROM, EPROM or
E'PROM, or any other form of memory device, such as a maguetic hard drive, an optical drive,
a maguetic disk or tape drive, a hard disk drive, other maachine-readable storage or meruary
media such as a floppy disk, a CDROM, a CD-RW, digital versatile disk (DVD)} or other
optical memory, or any other type of memory, storage medivm, or data storage apparatus ot
cirent, which is known or which becomes known, depending opon the selected enmbodirnent.
The memory 140 may be adapled to store various look up tables, parameters, coefficients, other
information and dala, programs or mstructions {of the software of the present mvention), and
other types of tables such as database tables.

{160] As ndicated above, the processor 110 1s hard-wired or programmed, using
software and data structares of the mvention, for example, to perform the methodology of the
present invention. As a consequence, the system and method of the present invention may be
embaodied as software which provides such programming or other instructions, such as a set of
instructions and/or metadata cmbodied within & non-transitory computer readable pediun,

iiscussed above. Inaddition, metadata may also be utilized to define the various data

"1.

structures of a look up table or a database. Such software may be 1o the form of source or
obiect code, by way of example and without hmitation. Source code further may be corupiled
into some form of instructions or object code (ncloding assembly language mstructions or
configaration informationy. The software, source code or metadata of the present invention
may be embodied as any type of code, such as C, C++, SystemC, LISA, XML, Java, Brew,
SQL and its variations {e.g., SQL 99 or proprietary versions of SQL), DB2, Oracle, or amy
other type of programming language which performs the functionality discussed herein,
including various hardware definition or hardware modeling languages (e.g., Venlog, VHDL,
RTL) and resulting database files {e.g., GDSID. As a consequence, a “construct”, “program

64

construct”, “software construct” or “software”, as used cquivaiently herein, means and refers to
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any programruing language, of any kind, with any syutax or signatures, which provides or can
be interpreted to provide the associated functionality or methodology specified (when
instantiated or leaded into a processor or computer and executed, including the processor 110,
for exaruple}.

{131} The software, metadata, or other source code of the present invention and any
resulting bit file (object code, database, or look up table) may be embodied within any tangible,
non-transitory storage mediun, such as any of the computer or other machine-readable data
storage media, as computer-readable instructions, data structures, program modules or other
data, such as discussed above with respect to the memory 140, e.g., a floppy disk, a CDROM, &
CD-RW, a DVD, a magnetic bhard drive, an optical drive, or any other type of data storage
apparatus or mediur, as mentioned above.

f102] Furthermore, any signal arrows n the drawings/Figures should be considered
ouly exemplary, and not Hroiting, unless otherwise specifically noted. Combinations of
components of steps will also be cousidered within the scope of the present invention,
particularly where the ability fo separate or combing is unclear or foresceable. The disjunctive
lerm “or”, as used herein and throughout the claims that follow, 18 generally intended o mean
“and/or”, having both conjonctive and disjunctive meanings (and is not confined to an
“exclusive or” reaning), unless otherwise indicated. Ag used in the descniption herein and
throughout the claims that follow, ", “an”, and “the” include pliural references unless the
context clearly dictates otherwise. Also as used in the description herein and throughout the
claims that follow, the meaning of “in” includes “mn” and “on” unless the context clearly

.1
H
i

{183} The foregoing description of iilustrated embodiments of the present invention,

including what is described in the summsary or in the abstract, is not intended 1o be exhaustive
or to limit the invention to the precise forms disclosed herein. From the toregoing, it will be
observed that nuraerous vartations, modifications and substitotions are intended and may be
effected without departing from the spirit and scope of the novel concept of the invention. It is
to be understood that no limitation with respect 1o the specific methods and apparatus

illostrated herein 18 intended or should be inferred. Tt is, of cowrse, intended o cover by the

PCT/US2015/037901
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It is claimed:
1. An apparatus for parallel decompression of & compressed file, the apparatus

comprising:

a first, nonvelatile memory storing the compressed file, the compressed file
having a plurality of compressed blocks, the compressed file comprising independent data and
dependent, run length encoded (“RLE”) data having data-dependent references spanning
multiple compressed blocks of the plurality of blocks;

one or more decompression processors or processor cores, of a plurality of

PIOCCSS0ISs OF Processoy Cores, © ach decor THIC ISSI0ND PrOCOSSGT OF PrOCSSSOr ¢Ore {)I()g}ol”n"[kd

1

adapted or configured to partially decompress a selected block into the independent data, the

Vi

dependent RLUE data, and auy linked dependent RLE data; and

ONE OF MOYe agregation and MErge Processors or processor cores, of the

turality of processors or processor cores, at least one aggregation and merge processor or

Fres

r0oCessor core prograxomed, adapted or configured to sequence the independent data,

=g

dependent RLE data, and 1i

L
g

nked dependent RLE data from a plurality of partial decompressions
of the phurality of compressed blocks, and at least one aggregation and merge processor or
processor core programmed, adapted or configored to obtain data specified by the dependent
RLE data and linked dependent RLE data, and insert the obtained data into corresponding

locations 1o form an uncompressed data file.

2. The apparatus of claim I, further comprising:

a plurality of decompression processors or processor cores, of the plurality of
DIOCSSSOTS OF Processor cores, each Gecompression processor or processor core of the plurality
of decompression processors Of processor cores programmed, adapted or configured to partially

decompress a corresponding selected block of the plurality of compressed blocks, in parallel,

into the independent data, the dependent RLE data, and the linked dependent RLE data.

[

The apparatas of claim 1, firther conprising:

at least one distributor processor or processor core, of the phurality of
PIOCESSOTS OF processor cores, programmed, adapted or configured to identify a start or end of
cach compressed block of the plurality of compressed blocks and transfer a single or

individuated compressed block to the one or more computation processors OF Processor Cores.
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4. The apparatus of claim 3, wherein the at least one distributor processor or
processor core, of the plurality of processors or processor cores, is further programmed,

adapted or conﬁgmed to identify the start or end of a selected compressed block of the phurality

o3
H
L5

of comipressed blocks by performing a partial decompression of the selected block.
3. The apparatus of claim 3, wherein the at least one distributor processor or
Processor core is operative in a first pipelined stage, the one or more decompression processors

OF PrOCessor cores s operative in a second pipelined stage, and the one or more aggregation and

TSTEE PrOCessors Of Processar cores is operative in a third pipelined siage,
6. The apparatus of claim 1, further comprising:

a plurality of distributor processors or pracessor cores, of the plurality of
DIGCESSOTS OF Processor cores, each distributor processor or processor core of the plurality of
distributor processors or processor coves programmed, adapted or configured to identify the
start or end of one or reore compressed blocks of the plurality of compressed blocks, in paralled,
and transfer a single or individuated compressed block 1o the one or more computation

ProCessOrs Of PIOGCesSSor COres,

7. The apparatus of claim 6, wherein each distributor processor or processor core
is firther programmied, adapted or configured to identify the start or end of a selected
compressed block of the phurality of compressed blocks by performing a partial decompression
of the selected block, cach distributor processor or processor core commencing the partial

decompression at a starting point in a comapressed block having a predetermined or variable

offset from partial decompression starting points of other distributor processors or processor

cores of the plurality of distributor processors or processor cores.
8. The apparatus of claim 1, wherein at lcast one of the processors or processor

cores is Rther programimed, adapted or configured to create and slore, in the memory,
metadata indicating a start or ¢end of each compressed block of the plurality of compressed

blocks.

9. The apparatus of claim 8, further conprising:
at least one distributor processor or processor core, of the plurality of

PrOCCSSOLS OF processor cores, programmed, adapted or configured $o utilize the stored
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metadata to identify the start or end of the selected compressed block of the pharality of

compressed blocks.

19, The apparatus of claim 1, firther comprising:
3 a cychic redundancy check processor or processor core of the plurality of
PIOCEssOTs OF processor cores programmied, adapted or configured to perform a eyelic

recdundancy check of the uncompressed data file.

11. The apparatus of claim 1, further comprising:
10 a second, random access memory.

wherein at least one aggregaﬁon and merge proeessor of Processor Core is
further prograrrued, adapted or configured to store the independent data in order in the second
memory, to subsequently obtain data specified by the dependent RLUE data and linked
dependent RLE data, and rosert the obtained data into corresponding Jocations in the second

15 mewmory o form the uncompressed data fie.

12 The apparatus of claim 1, wherein at least one of the processors or processor

cores 1§ further programmed, adapted or configured to compress and store the sncompressed

data file in the memory as a second compressed file having a plurality of second compressed
20 blocks which have data dependencies solely within a given second compressed block of the

plurality of second compressed blocks.

13. The apparatus of claim 12, further conprising:

at lcast one distributor processor or processor core, of the plurality of

25 processors Of processor cores, programmed, adapied or configured to transfer each second
compressed block of the plarality of second compressed biocks to the one or maore

dec COIDPIes ssion PrOCCSSOTs OF Procssor Cores,

14. The apparatus of claim 1, wherem at least one of the processors or processor
30 coves is Buther programmed, adapted or configured o tag or identify the linked dependent RLE
data.

15. The apparatus of claim 14, wherein at least one aggregation and merge
. & wl

=

PIOCESS0T OF processor core 18 further programmed, adapted or configured to use the tag or

G2
=

5 identification of the linked dependent RLE data to sequence the obtzining of the data specified
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by the hioked dependent RLE dafa subsequent to the obtaining of the data specified by

ot

he
dependent RLE data.
16. The apparatas of claim 14, wherein the apparatus is embodied as a smartphone

or tablet computer

17. A processor-implemented method for paraliel decompression of a compressed
file, the compressed {ile having a phirality of compressed blocks, the compressed file
comprising independent data and dependernt, run fength encoded (“RLE”) data having data-
ependent references spanning multiple compressed blocks of the pharality of blocks, the

"
}

meothod comy I3 Fl@]‘l"

LSing 0ne 0T WOore AeCOWpPrEssion Processors oF processor cores, of a plurality

of processors or processor cores, pama'{iy decompressing a selected block into the wdependent

USing one ot More 4 ggregation and mMerge Processors Or processor cores, of the
plurality of processors or processor cores, sequencing the independent data, dependent RLE

g
T
i

data, and linked dependent RLE data from a plaralbity of partial decompressions of the plurality
of compressed blocks, and obtaining data specified by the dependent RLE data and linked
dependent RLE data, and insert the obtained data into corresponding locations to form an
uncompressed data file.
18. The processor-implemented method of claim 17, further comprising:

using a phurality of decompression processors ot processor cores, of the
plurality of processors or processor cores, partially decomapressing a comresponding selected
block of the plurality of compressed blocks, in paraliel, into the independent data, the

dependent RLE data, and the linked dependext RLE data,

19. The processor-implemented method of claim 17, further comprising:

r-'>

using at least one distributor processor or processor core, of the plurality o
DProcessors oF processor cores, identifving a start or end of each compressed block of the
phirality of compressed blocks and transferring a single or individuated compressed block to

the one or more L,Ol"ﬂp anen ProOCeSSOrs OF Processar COres.

PCT/US2015/037901
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20, The processor-impiemented method of claim 19, wherein the step of

(=4

identifying the start or end of a selected compressed block of the plurality of compressed blocks

further comprises:
ot PRIPRDIS I SRS e tha aolontard IR
performing a partial decompression of the selected block.
21. The processor-implemented method of claim 19, wherein the at least one
distributor processor or processor core 1s operative in a first pipelined stage, the one or more
decompression processors or processor cores is operative in a second pipelined stage, and the
one or more aggregation and merge Processors Or Processor Cores is operative in a third

pipelined stage.

22 The processor-umplemented roethod of claim 17, further compristog:
using a plurality of distributor processors or processor cores, of the plurality of
PIGCESSOTs OF processor cores, identifying the start or end of one or ruore compressed blocks of
the plurality of compressed blocks, in parallel, and transferring a single or wndividuated
compressed block to the one or more compuitation prooessors Or processor Cores,

Y0

23, The processor-implemented method of claim 22, wherein the step of

identifying the start or end of a selected compressed block of the plurality of compressed blocks

further comprises:

performing a partial decompression of the selected block, each distributor
DIOCESSOr OF Processor core commencing the partial decompression at a starting point ina
compressed block having a predetermined or variable offset from partial decompression
starting points of other distributor processors or processor cores of the plurality of distributor

Processors OF Procossor COres.

24. The processor-implemented method of claim 17, further comprising
creating and storing, in 3 memory, metadata mdicating a start or end of each

compressed block of the plorabity of compressed blocks.

25. The processor-immplemented method of claim 24, further comprising:
using at least one distributor processor or processor core, of the plorality of
PIOCESSOTs OF processor cores, utilizing the stored metadata to identify the start or end of the

sclected compressed block of the plorality of compressed blocks.
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26. The processor-implemented method of claim 17, further comprsin
using at least one processor or processor core of the plurality of processors or

processor cores, performing a cyelie redundancy check of the uncompressed data file.

27. The processor-implemented method of claim 17, further comprising:

using at least one aggregation and merge processor Or processor core, storing
the independent data in order in a memory, subsequently obtaining data specified by the
dependent RLE data and linked dependent RLE data, and inserting the obtained data inlo

correspording locations in the memory to form the uncompressed data {ile.

fye)
jo.s]

The processor-implemented method of claim 17, further comprising:
using at Jeast one of the processors or processor cores, compressing and sforing
the uncompressed data file 1 a memory as a second corapressed file ha’vmg a plurality of
second compressed blocks which have data dependencics solely within a given second
compressed block of the plurality of second compressed blocks.
29. The processor-implemented method of claim 28, further comprising

using at least one distributor processor or processor core, of the phirality of
DIOCESSOTS O Processor cores, transferring each second compressed block of the plurality of

second L/O”l’lplt‘i‘iud blocks to the one or more de cCompre 88101 PIOCCSSOrs OF Processor Cores.

30. The processor-implemented method of claim 17, further comprising:
using at least one of the processors or processor cores, tagging or identifying

¢ linked dependent RLE data.

(%)
—

The processor-implemented method of claim 30, further comprisin

using at least one aggregation and THerge Processar Or Processor core, using the
tag or identification of the linked dcpem‘iem RLE data to sequence the oblaining of the data
specified by the linked dependent RLE data subsequent to the obtaming of the data specified by

the dependent RLE data.

2]

2. The processor-imaplemented method of claim 17, wherein the method is
operative in a smartphone or tablet to accelerate booting of an operating system or to aceclerate

launching of a computing application.
o) o) I3
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33. A non-transifory, tangible medivm storing computer- or processor-readahle
software having a plurality of executable instructions for execution by oue or more processors
or processor cores for parallel decompression of a compressed file, the plorality of exccoutable
instructions operative in a sruartphone or tablet to accelerate booting of an operating system or
to accelerate lavnching of 4 computing applhication, the compressed file having a phaality of
compressed blocks, the compressed file comprising independent data and dependent, run length
encoded (“RLE"™) data having data-dependent references spanning multiple compressed blocks
of the plurality of blocks, the non-transitory, tangible medium comprising

one of more executable instructions, of the pharality of executable instructions,
10 cause one of more decompression processors o processor cores, of a plurality of processors
ot processor cores, to partially decompress a selected block into the independent data, the
dependent RLE data, and any linked dependent RLE data; and

one or more executable instructiouns, of the plurality of executable instroctions,
0 cause one OF more aggregation and merge processors or processor cores, of the plurality of

TOCESSOTS OF Processor coves, 10 sequence the mdependent data, dependent RLUE data, and

=g

linked dependent RLE data from a plurality of partial decompressions of the phuality of
compressed blocks, to obiain data specified by the dependent RLE data and linked dependent
RLE data, and to insert the obtained data into corresponding locations o form an snconpressed

data file.

34. The non-transitory, tangible medium of claim 33, further comprising:
one or more ¢xecutable instructions, of the plurality of excoutable instructions,
to cause a plurality of decompression processors or processor cores, of the plurality of

DPrOCessars OF processor cores, to partially decompress a corresponding selected block of the

-

1

plurality of compressed blocks, in parallel, into the independent data, the dependent RLE data,
and the linked dependent RLE data.

.
H
i

35. The non-transitory, tangible medium of claim 33, further comprising:

one or more executable tnstructions, of the plurality of executable mstructions,
to canise at least one distributor processor or processor core, of the phirality of processors or
processor cores, to identify a start or end of each compressed block of the plurality of
compressed blocks by performing a partial decompression of the selected block and transfer a

single or individuated compressed block to the one or more computation processors or

PTOCesSsOr COTCs.

PCT/US2015/037901
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36. The nov-transitory, tangible medium of claim 33, further corprising:
one or more executable tnstructions, of the plurality of executable tustructions,

N
H
L83

to canise a plurality of distributor processors or processor cores, of the plurality of processors or
processor cores, to identify the start or end of one or more compressed blocks of the plorality of
compressed blocks, in parallel, by performing a partial decompression of the selected block,

cach distributor processor or processor core commencing the partial decompression at a starting
point in a compressed block having a predetermined or variable offset from partial

decompression starting points of other distributor processors or processor cores of the plurality

of distributor procsssors or processor cores, and to transfer a single or individuated compressed

block to the one or more compuiation Processors oF Processor CoTes.
37 The non-transitory, tangible roedium of claim 33, further comprising:
one o more execitable instructions, of the phurality of executable instructions,
0 CAUSS ORE OF MOoTe SS80TS OF processor cores, of the plurality of processors or processor
cores, to create and store, in a menmory, metadata indicating a start or end of ¢ach corapressed

block of the phurality of compressed blocks.

38. The non-transilory, tangible medium of claim 37, further comprising:

one or more execitable instructions, of the plurality of executable instructions,
to cause at least one distributor processor or processor core, of the plurality of processors or
processor cores, to utilize the stored metadata to identify the start or end of the selected

compressed block of the plurality of compressed blocks.

38, The non-fransitory, tangible medium of claim 33, further comprising:
one or more exccutable tostructions, of the plurality of executable instructions,
to cause af least oue processor ot processor core of the plurality of processors or processor

cores, to perform a cychic redundancy check of the vucompressed data file.

490, The non-transitory, tangible medium of claim 33, further comprising:

one or more executable tnstructions, of the plurality of executable mstructions,
o cause at least one aggregation and merge processor of processor core, 1o store the
independent data 1in order in a memory, to subsequently obtain data specified by the dependent
RLE data and linked dependent RLE data, and to insert the obtained data into corresponding

locations in the memory to form the uncompressed data file.
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4t. The nov-transitory, tangible medium of claim 33, further comprising:

using at least onc of the processors or processor cores, commpressing and storing
the uncompressed data file in a memory as a second compressed file having a phwalily of
second compressed blocks which have data dependencies solely within a given second

compressed block of the plorality of second compressed blocks.

42. The non-transitory, tangible medium of claim 41, further comprising:

one or more executable instnuctions, of the phurality of executable instructions,
1o cause at least one distributor processor or processor core, of the plurality of processors or
Processor cores, 1o transfer each second compressed block of the plurality of second
compressed blocks 1o the one or more deconpression processors Or Processor cores.
43, The non-transitory, tangible roedium of claim 33, further comprising:

one or more executable instructiouns, of the plurality of executable instroctions,
o cause at least one of the processors or processor cores, to tag ot identify the linked dependent
RLE data; and

one or more executable instructions, of the plurality of execulable instractions,
o cause at least one aggregation and merge processor Or processor core, to use the tag or
identification of the linked dependent RLE data to sequence the obtaining of the data specified
by the linked dependent RLE data subsequent to the obtaining of the data specified by the

dependent RLE data.

44. An apparatus for parallel decompression of a compressed file, the apparatus
comprising:

a first, nonvolatile memory storing the compressed file, the compressed file

ing a plurality of compressed blocks, the compressed file comprising independent data and
dependent, mun length encoded (“RLE”) data having data-dependent refercnces spanning
multiple compressed blocks of the plaraltity of blocks, the first memory further storing metadata
indicating a start or end of each compressed block of the phirality of compressed blocks;

at least one distributor processor or processor core, of a phurality of processors
of processor cores, programmed, adapted or configured to utilize the stored metadata to identify
the start or end of the selected compressed block of the plurality of compressed blocks;

a phirality of decompression processors or processor cores, of the phurality of
PrOCESsOTs OF Processor cores, each decompression processor or processor core of the plurality

of decompression processors or processor cores programmed, adapted or configured o partially
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decompress a corresponding sclected block of the plurality of compressed blocks, n parallel,
into independent data, dependent RLE data, and any linked dependert RLE data; and

onie or more aggregation and merge processors or processor cores, of the

dependent RLE data, and linked dependent RLE data from a phurality of partial decompressions
of the plurality of compressed blocks, and at least one aggregation and merge processor or
processor core programmed, adapied or configmred to obtain data specified by the dependent
RLE data and linked dependent RLE data, and insert the obtained data into corresponding

13 locations to form an uncompressed data file.

45, The apparatus of claim 44, wherein at least one of the processors or processor

cores 18 further programmed, adapted or configured to tag or identify the linked dependent RLE

46. The apparatus of claim 45, wherein at least one aggregation and merge
processor or processor core is further programuned, adapted or configured to use the tag or
identification of the linked dependent RLUE data to sequence the obtaining of the data specified

by the linked dependent RLE data subsequent to the obtaining of the data specified by the
20 dependent RLE data.

47. The apparatus of claim 44, wherein the apparatus is embodied as a smartphone

or tablet computer.

25 48, An apparatus for parallel processing of a file, the apparatus comprising:
a first, vonvolatile memory storing the file, the file having a plurality of blocks,

the file inchuding independent data and dependent data having data dependencics spanning
mniltiple blocks of the plurality of blocks;
a second, random access memory;

30 at least one distributor processor or processor core, of a plurality of processors
or processor cores, programmed, adapted or configured to identify a start or end of each block
of the plurality of blocks and transfer a single or individuated block to the one or more
computation processors Of Processor cores;

a phirality of computation processors or processor cores, of the plurality of

G2
=

5 processors or processor cores, cach computation processor or processor core coupled to the at
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least ane distributor processor or processor core and programumed, adapted or configured to
partially transform, 1o paralle], a selected block into independent data, dependent data, and
linked dependent data; and

onie or more aggregation and merge processors or processor cores, of the
ity of processors or processor cores, at least one aggregation and merge processor or
processor core coupled to the phurality of computation processors or processor cores and
programmed, adapted or configured o sequence the independent data, dependent data, and
linked dependent data from a plurality of partial transformations of a plurality of blocks, and at
least one aggregation and nierge Processor OF Processor core programmed, adapted or
configured to store the independent data in order in the second menmory, o subsequently obtain

data specified by the dependent data and linked dependent data, and insert the obtained data

Vi

into a corresponding location in the second memory to form a resulting processed fle.

49, The apparatus of claim 48, wheren at least one of the processors or processor
cores is forther programamed, adapted or configured to create and store, in the memory,

metadata mdicating a start or end of each block of the plurality of blocks.

50. The apparatus of claim 48, Ruther comprising:

a plurality of distributor processors or processor cores, of the plurality of
DIOCessors OF processor cores, each distribiitor processor or processor core further programmed,
adapted or configured to identify the start or end of a selected block of the plurality of

compressed blocks by performing a partial transformation of the selected block, each

distributor processor or processar core commencing the partial transformation at a starting
point in a biock having a predetermined or variable offset from partial transformation starting
points of other distributor processors ot processor cores of the plurality of distributor processors

OF PrOCCssor COtes

(/y

51, The apparatus of claim 48, wherein at least one of the processors or processor
cores is Burther programmed, adapted or configured to tag or identify the linked dependent data,
and wherein al least one aggregation and merge processor or processor core is further
programmed, adapted or configured to use the tag or identification of the linked dependent data
o sequence the obtaining of the data specified by the linked dependent data subsequent to the

obtaining of the data specified by the dependent data
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FIG. 3
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