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TRANSPARENT HARDWARE-ASSISTED MEMORY DECOMPRESSION

The present application claims priority to U.S. Provisional Patent Application Ser.
No. 62/116,053, filed February 13, 2015, the entire disclosure of which is hereby

incorporated by reference.

BACKGROUND

[0001] Computers frequently operate with smaller amounts of RAM (random-access
memory) than the total memory used by all programs. One of the various techniques to
achieve this result includes compressing memory that has not been accessed recently, and
decompressing such memory when it is accessed. Decompressing memory using only
software is costly for a number of reasons including, for example, (i) the involvement of a
kernel  page fault handler, swap-related software layers, and software
compressor/decompressor; (ii) a need to store memory blocks uncompressed, thereby forcing
other memory blocks to be compressed or evicted, which causes additional energy
consumption and potentially triggers thrashing behavior in a system (e.g., when memory is
compressed and decompressed all the time with very little user-visible progress); and (iii) a
need to write entire uncompressed memory blocks back to RAM, thus increasing the memory
bus contention and the energy consumption of RAM.

[0002] Existing software memory compression schemes suffer from the problems (i)-(iii)
described above. While some hardware-based blocks performing compression and
decompression exist, such compressor-decompressor blocks are not capable of transparently
handling cache line misses, and therefore still suffer from problems (ii) and (iii) while also
adding hardware overhead for all memory accesses (similar to problem (i)).

[0003] Various approaches for software and hardware memory deduplication serving the
same or similar high-level goals have been proposed over time. Deduplication saves space by
detecting and sharing blocks of memory with the same content, as opposed to compression
that instead reduces the space needed to store blocks. However, such software deduplication
approaches suffer from problems (i)-(iii) described above, while existing hardware
deduplication is generally done at small granularity (e.g., cache lines), causing high metadata

overhead. Existing hardware as well as software deduplication schemes requires the
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computation-intensive, space-intensive, and energy-intensive process of finding blocks with

duplicate content.

SUMMARY

[0004] This Summary introduces a selection of concepts in a simplified form in order to
provide a basic understanding of some aspects of the present disclosure. This Summary is not
an extensive overview of the disclosure, and is not intended to identify key or critical
elements of the disclosure or to delineate the scope of the disclosure. This Summary merely
presents some of the concepts of the disclosure as a prelude to the Detailed Description
provided below.

[0005] The present disclosure generally relates to methods and systems for memory
decompression. More specifically, aspects of the present disclosure relate to decompressing
memory using a hardware decompressor designed to minimize or eliminate software
involvement.

[0006] One embodiment of the present disclosure relates to a hardware decompressor
comprising a hardware device disposed between a processing unit and a physical computer
memory, where the hardware device is configured to: receive a memory access read request,
the received request causing a cache miss or page fault; determine whether data requested by
the memory access read request is in a compressed memory block; responsive to a
determination that the data requested by the memory access read request is not in a
compressed memory block, forward the memory access read request to the physical computer
memory; responsive to a determination that the data requested by the memory access read
request is in a compressed memory block, determine whether the data from the compressed
memory block has been previously decompressed and stored in a dedicated storage medium
local to the hardware device; responsive to a determination that the data from the compressed
memory block is stored in the storage medium, return the data from the storage medium in
response to the memory access read request; and responsive to a determination that the data
from the compressed memory block is not stored in the storage medium, allocate storage
space in the storage medium; read the data from the compressed memory block; decompress
the read data from the compressed memory block into the storage medium; and return the

decompressed data from the storage medium in response to the memory access read request.
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[0007] In another embodiment, the hardware device of the decompressor is configured to:
read the data from the compressed memory block until the data requested by the memory
access read request is located; and decompress the read data from the compressed memory
block into the storage medium only to the point where the requested data is fully retrieved.
[0008] In another embodiment, the hardware device of the decompressor is configured to
determine whether the data requested by the memory access read request is in the compressed
memory block by checking unused bits of page table structures that store information about
virtual memory pages.

[0009] In yet another embodiment, the hardware device of the decompressor is
configured to selectively alternate between a full memory decompression mode and a partial
memory decompression mode.

[0010] In still another embodiment, the hardware device of the decompressor is
configured to alternate between the full memory decompression mode and the partial memory
decompression mode based on one or more performance parameters of a device or program
associated with the received memory access read request.

[0011] In another embodiment, the hardware device of the decompressor is configured to
alternate between the full memory decompression mode and the partial memory
decompression mode based on a signal received from a device or program associated with the
received memory access read request.

[0012] Another embodiment of the present disclosure relates to a method for memory
decompression, the method comprising: receiving a memory access read request, the received
request causing a cache miss or page fault to occur; determining whether data requested by
the memory access read request is in a compressed memory block; in response to determining
that the data requested by the memory access read request is not in a compressed memory
block, sending the memory access read request to a physical computer memory; in response
to determining that the data requested by the memory access read request is in a compressed
memory block, determining whether the data from the compressed memory block has
previously been decompressed by a hardware decompression device and stored in a dedicated
storage medium local to the hardware decompression device; in response to determining that
the data from the compressed memory block is stored in the dedicated storage medium local

to the hardware decompression device, returning the data from the storage medium in
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response to the received memory access read request; and in response to determining that the
data from the compressed memory block is not stored in the dedicated storage medium local
to the hardware decompression device, allocating storage space in the storage medium local
to the hardware decompression device; reading the data from the compressed memory block;
decompressing the read data from the compressed memory block into the storage medium
local to the hardware decompression device; and returning the decompressed data from the
storage medium in response to the memory access read request.

[0013] In another embodiment, the method for memory decompression further comprises:
reading the data from the compressed memory block until the data requested by the memory
access read request is located; and decompressing the read data from the compressed memory
block into the storage medium local to the hardware decompression device only to the point
where the requested data is fully retrieved.

[0014] In another embodiment, the method for memory decompression further comprises
determining whether the data requested by the memory access read request is in the
compressed memory block by checking unused bits of page table structures that store
information about virtual memory pages.

[0015] In yet another embodiment, the method for memory decompression further
comprises selectively alternating between a full memory decompression mode and a partial
memory decompression mode.

[0016] Yet another embodiment of the present disclosure relates to a system for memory
decompression, the system comprising system memory; at least one processor coupled to the
system memory; and a non-transitory computer-readable medium associated with the at least
one processor, the non-transitory medium having instructions stored thereon that, when
executed by the at least one processor, causes the at least one processor to: receive a memory
access read request, the received request causing a cache miss or page fault to occur;
determine whether data requested by the memory access read request is in a compressed
memory block; in response to determining that the data requested by the memory access read
request is not in a compressed memory block, send the memory access read request to a
physical computer memory; in response to determining that the data requested by the
memory access read request is in a compressed memory block, determine whether the data

from the compressed memory block has previously been decompressed and stored in a
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storage medium local to the at least one processor; in response to determining that the data
from the compressed memory block is stored in the storage medium, return the data from the
storage medium in response to the received memory access read request; and in response to
determining that the data from the compressed memory block is not stored in the storage
medium, allocate storage space in the storage medium; read the data from the compressed
memory block; decompress the read data from the compressed memory block into the storage
medium; and return the decompressed data from the storage medium in response to the
memory access read request.

[0017] In one or more other embodiments, the methods and systems described herein
may optionally include one or more of the following additional features: the hardware
decompression device is disposed between a last level cache of a processing unit and the
physical computer memory; the alternation between the full memory decompression mode
and the partial memory decompression mode is based on one or more performance
parameters of a device or program associated with the received memory access read request;
and/or the alternation between the full memory decompression mode and the partial memory
decompression mode is based on a signal received from a device or program associated with
the received memory access read request.

[0018] It should be noted that embodiments of some or all of the processor and memory
systems disclosed herein may also be configured to perform some or all of the method
embodiments disclosed above. In addition, embodiments of some or all of the methods
disclosed above may also be represented as instructions embodied on transitory or non-
transitory processor-readable storage media such as optical or magnetic memory or
represented as a propagated signal provided to a processor or data processing device via a
communication network such as an Internet or telephone connection.

[0019] Further scope of applicability of the methods and systems of the present disclosure
will become apparent from the Detailed Description given below. However, it should be
understood that the Detailed Description and specific examples, while indicating
embodiments of the methods and systems, are given by way of illustration only, since various
changes and modifications within the spirit and scope of the concepts disclosed herein will

become apparent to those skilled in the art from this Detailed Description.
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BRIEF DESCRIPTION OF DRAWINGS

[0020] These and other objects, features, and characteristics of the present disclosure will
become more apparent to those skilled in the art from a study of the following Detailed
Description in conjunction with the appended claims and drawings, all of which form a part
of this specification. In the drawings:

[0021] Figure 1 is a block diagram illustrating an example system for hardware-assisted
memory decompression according to one or more embodiments described herein.

[0022] Figure 2 is a flowchart illustrating an example method for memory decompression
using customized decompression hardware according to one or more embodiments described
herein.

[0023] Figure 3 is a flowchart illustrating an example method for memory compression
according to one or more embodiments described herein.

[0024] Figure 4 is a block diagram illustrating an example of partial decompression of a
memory block by a hardware decompressor according to one or more embodiments described
herein.

[0025] Figure 5 is a block diagram illustrating an example scheme for encoding an
address of compressed memory using existing page table data structures used by CPU or
device for memory translation according to one or more embodiments described herein.
[0026] Figure 6 is a block diagram illustrating an example computing device arranged for
transparent memory decompression according to one or more embodiments described herein.
[0027] The headings provided herein are for convenience only and do not necessarily
affect the scope or meaning of what is claimed in the present disclosure.

[0028] In the drawings, the same reference numerals and any acronyms identify elements
or acts with the same or similar structure or functionality for ease of understanding and
convenience. The drawings will be described in detail in the course of the following Detailed

Description.

DETAILED DESCRIPTION
[0029] Various examples and embodiments of the methods and systems of the present
disclosure will now be described. The following description provides specific details for a

thorough understanding and enabling description of these examples. One skilled in the
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relevant art will understand, however, that one or more embodiments described herein may
be practiced without many of these details. Likewise, one skilled in the relevant art will also
understand that one or more embodiments of the present disclosure can include other features
not described in detail herein. Additionally, some well-known structures or functions may not
be shown or described in detail below, so as to avoid unnecessarily obscuring the relevant
description.

[0030] As described above, many existing memory decompression approaches are based
only on software, and thus suffer from a number of problems (e.g., problems (i)-(iii)
described above) that result in increased energy consumption and reduced execution speed of
programs, and their associated costs.

[0031] One or more embodiments of the present disclosure relate to a method and system
for memory decompression that eliminates the disadvantages associated with existing
techniques by adding custom hardware to the memory subsystem. As will be described in
greater detail below, the custom hardware handles read accesses caused by, for example,
cache misses or requests from devices (e.g., graphics processing unit (GPU)) to compressed
memory blocks, by reading a compressed block, decompressing it into an internal buffer, and
returning the requested portion of the block.

[0032] In accordance with at least one embodiment, the custom hardware is designed or
otherwise configured to determine if the block is compressed (and determine the parameters
of compression) by checking unused high bits of the physical address of the access. Such an
embodiment allows compression to be implemented without additional metadata, because the
necessary metadata can be stored in unused bits in the existing page table structures.

[0033] In accordance with one or more embodiments of the present disclosure, the
hardware may optionally cache uncompressed block images in the internal buffers using, for
example, most recently used or some other replacement policy. This reduces the bandwidth
and energy required by the hardware decompressor to read the compressed block images, and
also reduces the energy used by the custom hardware to decompress the blocks.

[0034] The advantages over existing techniques described above can be realized using a
hardware scheme that allows memory blocks to be decompressed without software
involvement, as in accordance with one or more embodiments of the present disclosure. The

custom hardware described herein is capable of such a solution.
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[0035] FIG. 1 is an example system for hardware-assisted memory decompression. In
accordance with one or more embodiments of the present disclosure, the system 100 (which
may be a memory subsystem) may include a custom hardware decompressor 120 specifically
designed or configured for decompressing memory blocks while minimizing (or eliminating)
any involvement of associated decompression software.

[0036] The decompressor 120 may receive read memory requests (170, 180) from a CPU
last level cache 110 and/or one or more devices 115 (e.g., GPU), where the read memory
requests (170, 180) are requests for access to portions of physical memory 130. The
decompressor 120 may analyze the read memory requests (170, 180) received from the CPU
last level cache 110 and/or device 115 to determine whether the requests are for access to
compressed blocks 135 or uncompressed blocks 140 of the physical memory 130. For
example, if the decompressor 120 determines that access to a compressed block 135 is not
needed for a given read request, the decompressor 120 may bypass the memory read request
(160) to the physical memory 130 (e.g., the memory read request may be passed, for
example, to the memory controller), retrieve or otherwise obtain the requested uncompressed
memory block (155) from the physical memory 130, and provide the requested memory
block (165, 175) to the requestor (e.g., CPU last level cache 110 or device 115).

[0037] In another example, if the decompressor 120 determines, based on analyzing a
given read request (170, 175) that access to a compressed block 135 of the physical memory
130 is needed for the read request, the decompressor 120 may use the read request (150) to
fetch the requested compressed block (145) from the physical memory 130, decompress the
compressed block, and provide the requested memory block (165, 175) to the requestor (e.g.,
CPU last level cache 110 or device 115).

[0038] While in at least one embodiment of the present disclosure the decompressor 120
(which may, for example, be a hardware decompressor) may be disposed between the last
level cache of the CPU 110 or the device 115, and the physical memory 130, it should be
noted that some CPUs or devices do not have any caches, or may perform accesses bypassing
caches. As such, in accordance with one or more other embodiments, when reference is made
herein to a request from a last level cache, it should be understood to also describe devices
and CPUs that may not have caches, or that may be capable of bypassing such caches, and

thus 110 can be a processor, or processor device such as a microcontroller, or other device
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that makes read memory requests.

[0039] FIG. 2 illustrates an example process 200 for memory decompression using
decompression hardware specifically designed to obviate the need for software involvement.
In accordance with one or more embodiments described herein, blocks 205-240 in the
example method 200 for memory decompression may be performed by custom
decompression hardware (e.g., decompressor 120 in the example system 100 shown in FIG.
1).

[0040] At block 205, the hardware may receive a memory read request, and at block 210
the hardware may analyze read accesses to determine whether the requested access is to a
compressed block of memory. If it is determined at block 210 that access is to a block of
memory that was not compressed, at block 235 the hardware may bypass the memory read
request to the physical memory (e.g., the memory read request may be passed to the memory
controller). On the other hand, if it is determined at block 210 that the requested access is to a
compressed block of memory, the decompression hardware may start the process of handling
access to the compressed block (e.g., blocks 215-230).

[0041] For example, in accordance with at least one embodiment, the decompression
hardware may analyze the read accesses (e.g., at block 210) by checking high-order bits that
otherwise would be unused because they refer to physical memory that is not mapped to any
RAM or physical devices. If the high order bits indicate that memory is uncompressed, the
memory read request may be passed to the memory controller (e.g., at block 235). If the high
order bits indicate that access is to a compressed block of memory, then the custom hardware
may start the process of handling access to the compressed block (e.g., blocks 215-230).
[0042] At block 215, the hardware decompressor may determine whether the
decompressed data block (e.g., decompressed image of the block) is in its internal buffer. For
example, in accordance with at least one embodiment, the hardware decompressor may
optionally cache uncompressed block images in its one or more internal buffers (e.g., using
most recently used or some other replacement policy). If the hardware decompressor
determines at block 215 that the decompressed block is in the internal buffer, then at block
240 the decompressor may return the requested portion of the decompressed block to the
requestor.

[0043] If, at block 215, the hardware decompressor determines that the decompressed
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block is not cached in one of its internal buffers, the decompressor may allocate space in one
or more of its internal buffers (at block 220), and, as the hardware reads the compressed
image (at block 225), the hardware may decompress the image into its one or more internal
buffers (e.g., at block 230).

[0044] Once the hardware decompressor determines that the requested portion of the
block is decompressed and in its internal buffer (e.g., at block 230), the requested
decompressed portion may be returned to the requestor (e.g., at block 240).

[0045] FIG. 3 illustrates an example process 300 for handling a write to memory by CPU
or a device, in accordance with one or more embodiments described herein.

[0046] At block 305, a memory write request may be received, and at block 310 a
determination may be made as to whether the received write request is to compressed data or
uncompressed data (e.g., whether or not the received write is to a compressed memory
block). In accordance with at least one embodiment, if it is determined at block 310 that the
received write is to a memory block that is uncompressed, the write may be bypassed to
physical memory (at block 335). On the other hand, if the received write is to a compressed
memory block, then in such an embodiment the block has previously been marked as read-
only in the page tables of the CPU or device, and on a write, a page fault is generated (at
block 315).

[0047] The handler of the page fault (generated at block 315) may perform
decompression of the block to physical memory (at block 320), update the page table to have
a writeable reference to the uncompressed block of memory (at block 325), and restart the
write access (at block 330).

[0048] FIG. 4 illustrates an example of partial decompression 400 of a memory block by
a hardware decompressor. Among other advantages, such partial decompression makes
requested memory available before the not-yet-decompressed portion is processed, thereby
decreasing latency of access.

[0049] In accordance with one or more embodiments described herein, a hardware
decompressor (e.g., decompressor 120 in the example system 100 shown in FIG. 1) may be
designed or configured to return to a requestor 410 (e.g., a CPU cache or a device such as, for
example, CPU last level cache 110 or device 115 in the example system 100 shown in FIG.

1) a requested subset or portion of a memory block 440 before the entire block is
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decompressed in an internal buffer 415 of the decompressor. In accordance with at least one
embodiment, once the requested portion of memory 440 has been decompressed into the
internal buffer 415 of the hardware decompressor, the hardware decompressor may continue
decompressing the block of memory into the internal buffer 415, or the decompressor may
stop with an incomplete decompressed block in the internal buffer 415. For example, the
internal buffer 415 may include a decompressed portion 420 of the block and a not-yet
decompressed portion 450 of the block.

[0050] In accordance with one or more embodiments of the present disclosure, the
hardware decompressor may have a selectable or otherwise adjustable or self-adjusting
configuration that alternates between full and partial memory decompression (e.g., the
hardware may be configured to selectively alternate between a full memory decompression
mode and a partial memory decompression mode). In some such embodiments, automatic
switching between full and partial decompression modes may be governed by (e.g., based on)
one or more performance requirements (e.g., performance parameters) of the CPU, GPU
(graphical processing unit), and/or other hardware or software data processing device or
program for which the hardware decompressor is fetching data (e.g., device or program
associated with the memory access read request received by the hardware decompressor).
[0051] In accordance with at least one embodiment, the hardware decompressor may be
configured to have a one-time selection between full and partial decompression modes made
during installation or activation. In addition, in accordance with at least one embodiment, the
hardware decompressor may be configured to switch between the full and partial
decompression modes based on a signal received from a CPU, GPU, and/or other device or
software, which may or may not be associated with the memory access read request received
by the hardware decompressor.

[0052] It should be noted that, in accordance with at least one embodiment, the hardware
decompressor may have more than one internal buffer, and in such an embodiment, the
decompressor can save the uncompressed (or decompressed) block image in one of the
internal buffers. On a subsequent access to the same block the hardware decompressor can
return a result without having to perform decompression and without reading the compressed
image. In addition, in one or more other embodiments, the hardware decompressor may be

designed to operate without an internal buffer.
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[0053] FIG. 5 is a scheme for encoding an address of compressed memory using existing
page table data structures used by CPU or a device for memory translation, in accordance
with one or more embodiments described herein. [llustrated is an example of how page tables
operate, and how page tables can be extended to store additional information needed to locate
a compressed block of memory. The virtual address 505 is supplied by CPU or a device as
part of a memory request. The virtual address 505 consists of virtual page number 510 and
offset inside the page 515. The memory translation unit 520 (memory management unit)
consults page translation units 525 to convert virtual page number 510 into physical page
number 535 and access protection bits (not shown).

[0054] The combination of physical page number 535 and offset inside page 540 (equal
to offset in page 515 of virtual address 505) produces physical address 530. The physical
address 530 can be presented in one of two formats: physical address 545 of uncompressed
block, or physical address 560 of the compressed block. If physical address 530 is the
physical address of the uncompressed block 545, then some of the bits of the address (550)
may be unused, and the rest of the bits (555) provide the physical address of the
uncompressed block that will be passed to the memory subsystem. If physical address 530 is
the physical address of the compressed block 560, then bits 565 provide physical address of
the compressed memory and additional flags needed for decompression (e.g., compression
process or method). In accordance with at least one embodiment of the present disclosure, the
hardware may decide which of the physical address formats (545, 560) is used based on, for
example, the descriptor bit of each format (e.g., descriptor bit 570 for physical address 545,
which is “0”, and descriptor bit 575 for physical address 560, which is “17).

[0055] In addition to indicating whether the page is compressed, the unused bits of, for
example, a page table entry, can be used to indicate the parameters of compression (e.g., the
compression process or method). The compression of the blocks is orchestrated by the
software. In accordance with at least one embodiment of the present disclosure, virtual
memory pages may be used as compression blocks. This way, when the OS (operating
system) kernel detects that a particular page is infrequently accessed, it can compress it to a
separate buffer. After that, the OS kernel may change the page table entry to refer to the
compressed image, and it may also set unused high bits of the physical address in the page

table entry to indicate that the page is compressed (and the parameters of compression). The
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OS kernel may also mark the compressed page as “read-only.” This may be done, for
example, in one or more embodiments where the hardware decompressor is configured to
handle read accesses only. In accordance with one or more other embodiments, the page
would be decompressed on the write access.

[0056] In accordance with one or more embodiments, the hardware decompressor
described herein may be configured or designed so as to permit the existing memory
hierarchy to be used to access a compressed block larger than the requested size. Generally,
the compression ratio is higher for larger blocks. The hardware decompressors described in
accordance with one or more embodiments of the present disclosure eliminate (or
substantially eliminate or minimize) software involvement in the read access to the
compressed block. This improves performance and reduces energy consumption by removing
software involvement in handling read accesses to compressed blocks. Such embodiments
also do not need additional RAM to read the compressed block. This reduces the probability
of entering what is known as a thrashing state, which results in poor user experience. Because
the cost of access and probability of thrashing are radically lower with this approach, the one
or more embodiments of the hardware decompressor described herein may allow a bigger
portion of the memory to be compressed, enabling a cheaper system with a smaller amount of
RAM.

[0057] It should also be noted that, in accordance with some embodiments of the present
disclosure, instead of storing a decompressed block into an internal buffer, the hardware
decompressor may store the decompressed block into a separate, potentially more energy-
efficient or faster memory device. In this manner, accesses to the same block would require
less decompression and reading of a compressed image.

[0058] Alternative implementations may place the decompression hardware in different
levels of a cache hierarchy, and/or embed decompression hardware in the device that may
need transparent decompression, or in between a non-cache memory buffer (e.g., local GPU
memory) and cache/RAM. In other examples, the hardware decompressor may be part of the
bus connecting different parts of a system-on-chip, may be embedded in the memory
controller, or embedded in the memory chip. Such alternative implementations provide
different tradeoffs in terms of design complexity, energy consumption, and performance. For

example, embedding the hardware decompressor in the CPU cache controller and/or in
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devices that may need transparent decompression reduces the bandwidth requirements and
energy consumption of the bus, since in such cases compressed data would have to be
transferred over the bus instead of larger uncompressed data.

[0059] In accordance with one or more embodiments, the hardware decompressor
described herein may be configured to use or employ different ways of storing information
about compression. For example, instead of the high bits of page tables, the metadata about
compressed data may be stored in memory description registers or bits of a software-
managed translation-lookaside buffer (TLB), or some metadata specifically created to handle
compression. Further alternative configurations may combine compression and deduplication
by altering the metadata so that blocks with same content share the same compressed image.
[0060] In accordance with one or more embodiments of the present disclosure, instead of
using a hardware decompressor such as that described herein, the methods and systems
provided may utilize, for example, a special-purpose CPU capable of performing hardware
decompression, or may utilize a piece of code running on the same CPU that causes the page
miss. In accordance with some such embodiments, the cache line miss would produce a CPU
exception similar to a page fault. The handler of this exception would then recognize that the
exception was caused by an attempt or a request to access compressed data. The handler
would then decompress the page into the internal buffer in the manner described herein, and
then would restart the instruction that caused the miss in a special mode. In this special mode
the data that the instruction would use would come from the internal buffer containing
uncompressed data, instead of data at the address that caused the miss.

[0061] Among numerous other advantages and benefits, performing memory
decompression with a hardware decompressor as described herein improves performance,
reduces energy consumption, and reduces the cost of building the hardware by providing
similar performance with smaller amount of installed RAM.

[0062] FIG. 6 is a high-level block diagram of an exemplary computing device (600) that
is arranged for transparent memory decompression in accordance with one or more
embodiments described herein. In a very basic configuration (601), the computing device
(600) typically includes one or more processors (610) and system memory (620). A memory
bus (630) can be used for communicating between the processor (610) and the system

memory (620).
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[0063] Depending on the desired configuration, the processor (610) can be of any type
including but not limited to a microprocessor (uP), a microcontroller (uC), a digital signal
processor (DSP), or the like, or any combination thereof. The processor (610) can include one
more levels of caching, such as a level one cache (611) and a level two cache (612), a
processor core (613), and registers (614). The processor core (613) can include an arithmetic
logic unit (ALU), a floating point unit (FPU), a digital signal processing core (DSP Core), or
the like, or any combination thereof. A memory controller (615) can also be used with the
processor (610), or in some implementations the memory controller (615) can be an internal
part of the processor (610).

[0064] Depending on the desired configuration, the system memory (620) can be of any
type including but not limited to volatile memory (such as RAM), non-volatile memory (such
as ROM, flash memory, etc.) or any combination thereof. System memory (620) typically
includes an operating system (621), one or more applications (622), and program data (624).
The application (622) may include a system for transparent memory decompression (623). In
accordance with at least one embodiment of the present disclosure, the system for transparent
memory decompression (623) is designed to eliminate (or substantially eliminate or
minimize) any involvement of software in handling read accesses to compressed blocks of
physical memory. The system for transparent memory decompression (623) is capable of
achieving improved performance and reduced energy consumption, as well as lowering costs
by enabling simpler and faster hardware designs.

[0065] Program Data (624) may include stored instructions that, when executed by the
one or more processing devices, implement a system (623) and method for transparent
memory decompression. Additionally, in accordance with at least one embodiment, program
data (624) may include read access data (625), which may relate to, for example, high order
bits that indicate whether a requested portion of memory is already uncompressed, or if
instead access to a compressed memory block is needed. In accordance with at least some
embodiments, the application (622) can be arranged to operate with program data (624) on an
operating system (621).

[0066] The computing device (600) can have additional features or functionality, and
additional interfaces to facilitate communications between the basic configuration (601) and

any required devices and interfaces.
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[0067] System memory (620) is an example of computer storage media. Computer
storage media includes, but is not limited to, RAM, ROM, EEPROM, flash memory or other
memory technology, CD-ROM, digital versatile disks (DVD) or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices,
or any other medium which can be used to store the desired information and which can be
accessed by computing device 600. Any such computer storage media can be part of the
device (600).

[0068] The computing device (600) may be implemented as a portion of a small-form
factor portable (or mobile) electronic device such as a cell phone, a smartphone, a personal
data assistant (PDA), a personal media player device, a tablet computer (tablet), a wireless
web-watch device, a personal headset device, an application-specific device, or a hybrid
device that include any of the above functions. In addition, the computing device (600) may
also be implemented as a personal computer including both laptop computer and non-laptop
computer configurations, one or more servers, Internet-of-Things systems, and the like.
[0069] The foregoing detailed description has set forth various embodiments of the
devices and/or processes via the use of block diagrams, flowcharts, and/or examples. Insofar
as such block diagrams, flowcharts, and/or examples contain one or more functions and/or
operations, it will be understood by those within the art that each function and/or operation
within such block diagrams, flowcharts, or examples can be implemented, individually and/or
collectively, by a wide range of hardware, software, firmware, or virtually any combination
thereof. In accordance with at least one embodiment, several portions of the subject matter
described herein may be implemented via Application Specific Integrated Circuits (ASICs),
Field Programmable Gate Arrays (FPGAs), digital signal processors (DSPs), or other
integrated formats. However, those skilled in the art will recognize that some aspects of the
embodiments disclosed herein, in whole or in part, can be equivalently implemented
in integrated circuits, as one or more computer programs running on one or more computers,
as one or more programs running on one or more processors, as firmware, or as virtually any
combination thereof, and that designing the circuitry and/or writing the code for the software
and or firmware would be well within the skill of one of skill in the art in light of this
disclosure.

[0070] In addition, those skilled in the art will appreciate that the mechanisms of the
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subject matter described herein are capable of being distributed as a program product in a
variety of forms, and that an illustrative embodiment of the subject matter described herein
applies regardless of the particular type of non-transitory signal bearing medium used to
actually carry out the distribution. Examples of a non-transitory signal bearing medium
include, but are not limited to, the following: a recordable type medium such as a floppy disk,
a hard disk drive, a Compact Disc (CD), a Digital Video Disk (DVD), a digital tape, a
computer memory, etc.; and a transmission type medium such as a digital and/or an analog
communication medium (e.g., a fiber optic cable, a waveguide, a wired communications link,
a wireless communication link, etc.).

[0071] With respect to the use of substantially any plural and/or singular terms herein,
those having skill in the art can translate from the plural to the singular and/or from the
singular to the plural as is appropriate to the context and/or application. The various
singular/plural permutations may be expressly set forth herein for sake of clarity.

[0072] Thus, particular embodiments of the subject matter have been described. Other
embodiments are within the scope of the following claims. In some cases, the actions recited
in the claims can be performed in a different order and still achieve desirable results. In
addition, the processes depicted in the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve desirable results. In certain

implementations, multitasking and parallel processing may be advantageous.
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CLAIMS

1. A hardware decompressor, the decompressor comprising:
a hardware device (120) disposed between a processing unit (110) and a physical
computer memory (130), wherein the hardware device is configured to:
receive a memory access read request, the received request causing a cache
miss or page fault;
determine whether data requested by the memory access read request is in a
compressed memory block (135);
responsive to a determination that the data requested by the memory access
read request is not in a compressed memory block, forward the memory access read request
to the physical computer memory;
responsive to a determination that the data requested by the memory access
read request is in a compressed memory block, determine whether the data from the
compressed memory block has been previously decompressed and stored in a dedicated
storage medium local to the hardware device;
responsive to a determination that the data from the compressed memory
block is stored in the storage medium, return the data from the storage medium in response to
the memory access read request; and
responsive to a determination that the data from the compressed memory
block is not stored in the storage medium,
allocate storage space in the storage medium;
read the data from the compressed memory block;
decompress the read data from the compressed memory block into the
storage medium; and
return the decompressed data from the storage medium in response to

the memory access read request.

2. The hardware decompressor of claim 1, wherein the hardware device is configured to:
read the data from the compressed memory block until the data requested by the

memory access read request is located; and
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decompress the read data from the compressed memory block into the storage

medium only to the point where the requested data is fully retrieved.

3. The hardware decompressor of claim 1, wherein the hardware device is configured to:
determine whether the data requested by the memory access read request is in the
compressed memory block by checking unused bits of page table structures that store

information about virtual memory pages.

4. The hardware decompressor of claim 1, wherein the hardware device is configured to:
selectively alternate between a full memory decompression mode and a partial

memory decompression mode.

5. The hardware decompressor of claim 4, wherein the hardware device is configured to:
alternate between the full memory decompression mode and the partial memory
decompression mode based on one or more performance parameters of a device or program

associated with the received memory access read request.

6. The hardware decompressor of claim 4, wherein the hardware device is configured to:
alternate between the full memory decompression mode and the partial memory
decompression mode based on a signal received from a device or program associated with the

received memory access read request.

7. A method (200) for memory decompression, the method comprising:

receiving (205) a memory access read request, the received request causing a cache
miss or page fault to occur;

determining (210) whether data requested by the memory access read request is in a
compressed memory block;

in response to determining that the data requested by the memory access read request
is not in a compressed memory block, sending (235) the memory access read request to a
physical computer memorys;

in response to determining that the data requested by the memory access read request
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is in a compressed memory block, determining (215) whether the data from the compressed
memory block has previously been decompressed by a hardware decompression device and
stored in a dedicated storage medium local to the hardware decompression device;
in response to determining that the data from the compressed memory block is stored
in the dedicated storage medium local to the hardware decompression device, returning (240)
the data from the storage medium in response to the received memory access read request;
and
in response to determining that the data from the compressed memory block is not
stored in the dedicated storage medium local to the hardware decompression device,
allocating (220) storage space in the storage medium local to the hardware
decompression device;
reading (225) the data from the compressed memory block;
decompressing (230) the read data from the compressed memory block into
the storage medium local to the hardware decompression device; and
returning (240) the decompressed data from the storage medium in response to

the memory access read request.

8. The method of claim 7, wherein the hardware decompression device is disposed

between a processing unit and the physical computer memory.

9. The method of claim 7, further comprising:

reading the data from the compressed memory block until the data requested by the
memory access read request is located; and

decompressing the read data from the compressed memory block into the storage
medium local to the hardware decompression device only to the point where the requested

data is fully retrieved.

10. The method of claim 7, further comprising:
determining whether the data requested by the memory access read request is in the
compressed memory block by checking unused bits of page table structures that store

information about virtual memory pages.
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11. The method of claim 7, further comprising:
selectively alternating between a full memory decompression mode and a partial

memory decompression mode.

12. The method of claim 11, wherein the alternation between the full memory
decompression mode and the partial memory decompression mode is based on one or more
performance parameters of a device or program associated with the received memory access

read request.

13. The method of claim 11, wherein the alternation between the full memory
decompression mode and the partial memory decompression mode is based on a signal

received from a device or program associated with the received memory access read request.

14. A system for memory decompression, the system comprising:
system memory;
at least one processor coupled to the system memory; and
a non-transitory computer-readable medium associated with the at least one processor,
the non-transitory medium having instructions stored thereon that, when executed by the at
least one processor, causes the at least one processor to:
receive a memory access read request, the received request causing a cache
miss or page fault to occur;
determine whether data requested by the memory access read request is in a
compressed memory block;
in response to determining that the data requested by the memory access read
request is not in a compressed memory block, send the memory access read request to the
system memory;
in response to determining that the data requested by the memory access read
request is in a compressed memory block, determine whether the data from the compressed
memory block has previously been decompressed and stored in a dedicated storage medium

local to the at least one processor;
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in response to determining that the data from the compressed memory block is
stored in the storage medium, return the data from the storage medium in response to the
received memory access read request; and
in response to determining that the data from the compressed memory block is
not stored in the storage medium,
allocate storage space in the storage medium;
read the data from the compressed memory block;
decompress the read data from the compressed memory block into the
storage medium; and
return the decompressed data from the storage medium in response to

the memory access read request

15. The system of claim 14, wherein the at least one processor is further caused to:
read the data from the compressed memory block until the data requested by the
memory access read request is located; and
decompress the read data from the compressed memory block into the storage

medium only to the point where the requested data is fully retrieved.

16. The system of claim 14, wherein the at least one processor is further caused to:
determine whether the data requested by the memory access read request is in the
compressed memory block by checking unused bits of page table structures that store

information about virtual memory pages.

17. The system of claim 14, wherein the at least one processor is further caused to:
alternate between a full memory decompression mode and a partial memory

decompression mode.

18. The system of claim 17, wherein the at least one processor is further caused to:
alternate between the full memory decompression mode and the partial memory
decompression mode based on one or more performance parameters of a device or program

associated with the received memory access read request.
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19. The system of claim 17, wherein the at least one processor is further caused to:
alternate between the full memory decompression mode and the partial memory
decompression mode based on a signal received from a device or program associated with the

received memory access read request.
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