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CACHE SYSTEM USING SOLID STATE DRIVE

Cross-References to Related Applications

[0001] This disclosure claims the benefit of U.S. Provisional Patent Application No.
61/589,187, entitled “High Performance Cache Where SSD Is Used as Primary Cache
Device,” filed on January 20, 2012, the disclosure of which is incorporated herein by

reference.

Field of the Disclosure

[0002] The present disclosure relates generally to cache systems for storage devices and,
more particularly, to cache systems that utilize a solid state drive.

Background
[0003] The background description provided herein is for the purpose of generally
presenting the context of the disclosure. Work of the presently named inventors, to the extent
it is described in this background section, as well as aspects of the description that may not
otherwise qualify as prior art at the time of filing, are neither expressly nor impliedly
admitted as prior art against the present disclosure.
[0004] Solid state drives (SSDs) are data storage devices that utilize integrated circuit
memory to store data. Unlike magnetic and optical disk drives, SSDs do not employ any
moving mechanical components. Many SSDs use flash memory, which retains data without
power. Other SSDs utilize random-access memory (RAM). RAM-based SSDs may employ
separate power sources, such as batteries, to maintain data after power loss.
[0005] One limitation of flash memory is that, after a bit has been set to logic zero, the bit
can only be reset to logic one by “erasing” an entire block in which the bit is located, where
the block includes many kilobytes of data. In other words, in order to re-write a byte of data,
many kilobytes of data must first be erased. Erasing a block typically involves setting all bits
in the block to logic one. With a freshly erased block, any location within that block can then
be programmed.
[0006] Another limitation of flash memory is that flash memory degrades after a number
of program-erase (P/E) cycles. Some commercially available flash devices are guaranteed to
withstand around 100,000 P/E cycles, but then wear begins to deteriorate the integrity of the
flash device.

Summary

[0007] In an embodiment, an apparatus comprises a cache system for a storage device, the

cache system including (i) one or more solid state drives (SSDs), (ii) one or more random
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access memories (RAMs), and (iii) a cache control device. The cache control device is
configured to receive first data that is to be written to the storage device, the first data
associated with a request to write the first data to the storage device, store at least some of the
first data in one or both of (i) the one or more SSDs and (ii) the one or more RAMs, retrieve
second data from the storage device in response to a request to read data from the storage
device, store at least some of the second data in one or both of (i) the one or more SSDs and
(i1) the one or more RAMs, when storing first data or second data in one of the one or more
RAMs, write to the one RAM non-sequentially with respect to a memory space of the one
RAM, and when storing first data or second data in one of the one or more SSDs, write to the
one SSD sequentially with respect to a memory space of the one SSD.

[0008] In other embodiments, the apparatus further comprises any combination of one or
more of the following features.

[0009] The cache control device comprises a cache engine configured to receive a request
to overwrite old data already in the storage device with second data, and in response to the
request overwrite old data in the storage device, (1) determine whether the old data is in the
one or more RAMSs, and (ii) determine whether the old data is in the one or more SSDs. The
cache control device also comprises a RAM interface device configured to if the old data is in
the one or more RAMs, overwrite the old data in the one or more RAMs with second data,
and if the old data to be overwritten is not in the one or more RAMs, (i) allocate a chunk in
the one or more RAMSs, and (ii) write second data to the allocated chunk. The cache control
device further comprises an SSD interface device configured to, if the old data is in the one or
more SSDs, mark the old data in the one or more SSDs as invalid.

[0010] The SSD interface device is configured to allocate chunks in each of the one or
more SSDs sequentially with respect to the memory space of the SSD, and the cache control
device comprises a data transfer device configured to determine when a chunk of one of the
one or more RAMs is full, when the chunk of the RAM is full, cause the SSD interface
device to allocate a new chunk in the SSD, and cause data in the chunk of the RAM to be
written to the new chunk in the SSD.

[0011] The data transfer device is included in the RAM interface device.

[0012] The SSD interface device is configured to discard chunks in each of the one or

more SSDs sequentially with respect to the memory space of the SSD.
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[0013] The SSD interface device is configured to discard one or more chunks in each of
the one or more SSDs that were last allocated prior to the most recent allocations of all other
chunks in the SSD.

[0014] At least one of the one or more SSDs comprises a flash memory device.

[0015] At least one of the one or more RAMs comprises a non-volatile RAM device.
[0016] The non-volatile RAM device comprises at least one of (i) a battery or (ii) a super
capacitor.

[0017] The cache control device comprises one or more integrated circuits.

[0018] The cache control device comprises a memory to store machine readable
instructions, and a processor coupled to the memory, the processor configured to execute the
machine readable instructions.

[0019] In another embodiment, a method includes receiving first data that is to be written
to a storage device, the first data associated with requests to write first data to the storage
device. The method also includes storing at least some of the first data in a cache device
comprising (1) a solid state drive (SSD), and (ii) a random access memory (RAM). Storing
first data to the SSD comprises writing sequentially to the SSD with respect to a memory
space of the SSD, and storing first data to the RAM comprises writing non-sequentially to the
RAM with respect to a memory space of the RAM. The method further includes retrieving
second data from the storage device in response to requests to read data from the storage
device, and storing at least some of the second data in the cache device. Storing second data
to the SSD comprises writing sequentially to the SSD with respect to a memory space of the
SSD, and storing first data to the RAM comprises writing non-sequentially to the RAM with
respect to a memory space of the RAM.

[0020] In other embodiments, the method further comprises any combination of one or
more of the following features.

[0021] The method further comprises determining whether first data corresponds to old
data already stored in the RAM, and, overwriting old data in the RAM with the first data
corresponding to the old data when it is determined that first data corresponds to the old data
already stored in the RAM.

[0022] The method further comprises determining whether first data corresponds to old
data already stored in the SSD, and marking old data in the SSD that corresponds to first data
as invalid when it is determined that first data corresponds to the old data already stored in

the SSD.
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[0023] The method further comprises, when it is determined (i) that first data does not
corresponds to old data already stored in the RAM, and (ii) that first data corresponds to old
data already stored in the SSD, writing first data to a chunk in the RAM.

[0024] The method further comprises determining when a chunk in the RAM is full, and,
when it is determined that the chunk in the RAM is full, (i) allocating a chunk in the SSD
according to an order corresponding to the memory space of the SSD, and (ii) copying data
from the chunk in the RAM to the allocated chunk in the SSD.

[0025] The method further comprises determining when free space in the SSD is does not
meet a threshold, and, when it is determined that the free space in the SSD does not meet the
threshold, discarding one or more oldest chunks in the SSD, the oldest chunks corresponding
to chunks that were last allocated prior to the most recent allocations of all other chunks in
the SSD.

[0026] Discarding the one or more oldest chunks in the SSD comprises erasing the one or
more chunks.

[0027] The method further comprises allocating chunks in the SSD sequentially with
respect to the memory space of the SSD.

[0028] The method further comprises discarding chunks in the SSD sequentially with
respect to the memory space of the SSD.

Brief Description of the Drawings

[0029] Fig. 1is a block diagram of an example storage system including a cache system
having an SSD and a RAM, according to an embodiment.

[0030] Fig. 2 is a diagram of a memory space of the SSD of Fig. 1, according to an
embodiment.

[0031] Fig. 3 is a flow diagram of an example method, implemented by the cache system
of Fig. 1, for responding to a read request, according to an embodiment.

[0032] Fig. 4 is a flow diagram of an example method, implemented by the cache system
of Fig. 1, for responding to a write request, according to an embodiment.

[0033] Fig. 5 is a flow diagram of an example method, implemented by the cache system
of Fig. 1, for handling a request to populate data in a cache device, according to an
embodiment.

Detailed Description

[0034] Embodiments described herein generally relate to a cache system for a storage

device. The cache system comprises (i) one or more solid state drives (SSDs), and (ii) one or
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more random access memories (RAMs). The cache system receives requests to write data to
the storage device—such requests are sometimes referred to herein as “write requests.”
Similarly, the cache system receives requests to read data from the storage device—such
requests are sometimes referred to herein as “read requests.” The cache system stores, in the
one or more SSDs and/or the one or more RAMS, at least some of the data that is to be stored
in the storage device or read from the storage devices. When storing data in an SSD, the
cache system is configured to write to the SSD sequentially with respect to a memory space
of the SSD. On the other hand, when storing data in a RAM, the cache system is configured
to write to the RAM non-sequentially. In some embodiments, the cache system is configured
to allocate blocks in the SSD sequentially with respect to the memory space of the SSD. In
some embodiment, the cache system is configured to erase blocks in the SSD sequentially
with respect to the memory space of the SSD.

[0035] In an embodiment, writing to the SSD sequentially with respect to the memory
space of the SSD comprises writing to the SSD according to an order of increasing addresses
in the address space. In an embodiment, writing to the SSD sequentially with respect to the
memory space of the SSD comprises writing to the SSD according to an order of decreasing
addresses in the address space. In an embodiment, allocating blocks in the SSD sequentially
with respect to the memory space of the SSD comprises allocating blocks in the SSD
according to an order of increasing addresses in the address space. In an embodiment,
allocating blocks in the SSD sequentially with respect to the memory space of the SSD
comprises allocating blocks in the SSD according to an order of decreasing addresses in the
address space.

[0036] Fig. 1is a block diagram or an example storage system 100, according to an
embodiment. The storage system 100 includes one or more storage devices 104 coupled to a
cache system 108. The one or more storage devices 104 includes a disk drive (e.g., a
magnetic disk drive, an optical disk drive, etc.), in an embodiment. The one or more storage
devices 104 include one or more other suitable storage devices in other embodiments. In
some embodiments, the one or more storage devices 104 are communicatively coupled to the
cache system 108 via one or more busses, via a wired or wireless communication link, etc. In
some embodiments, the one or more storage devices 104 include one more storage area
network (SAN) devices, one or more network attached storage (NAS) devices, etc., and the

one or more storage devices 104 are communicatively coupled to the cache system 108 via
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one or more network links. For brevity, the one or more storage devices 104 will be referred
to as “the storage device 104.”

[0037] The cache system 108 includes one or more SSDs 112 and one or more RAMs 116.
In some embodiments, the one or more RAMs include one or more non-volatile RAMs
(NVRAMEs), such as a battery backed-up RAM, a RAM with a super capacitor, etc. For
brevity, the one or more SSDs 112 will be referred to herein as “the SSD 112" and the one or
more RAMs 116 will be referred to herein as “the NVRAM 116.” The SSD 112 and the
RAM 116 are collectively referred to as a “cache device.”

[0038] The cache system 108 also includes a cache control device 118. The cache control
device 118 includes a cache engine 120 that receives write requests from a processor, the
write requests being requests to write data to the storage device 104. The cache engine 120 is
configured to determine, in response to receiving a write request, whether to write data
associated with the write request to (i) the storage device 104, and/or (ii) the cache device
using a suitable technique. When it is determined to write data to the cache device, the cache
engine 120 manages storage of the data to the cache device, as described in more detail
below.

[0039] The cache engine 120 also receives read requests from the processor, the read
requests being requests to read data from the storage device 104. The cache engine 120 is
configured to determine, in response to receiving a read request, whether the requested data
associated with the read request is stored in the cache device using a suitable technique.
When the requested data is stored in the cache device, the cache engine 120 is configured to
retrieve the requested data from the cache device and provide the retrieved data to the
processor. When the requested data is not stored in the cache device, the cache engine 120 is
configured to retrieve the requested data from the storage device 104 and provide the
retrieved data to the processor. The cache engine 120 is also configured to store the data
retrieved from the storage device 104 in the cache device.

[0040] The cache control device 118 further includes an NVRAM space manager device
130 coupled to the NVRAM 116 and to the cache engine 120. The NVRAM space manager
130 is an interface device configured to read data from the NVRAM 116 in response to a read
request from the cache engine 120. Additionally, the NVRAM space manager 130 is
configured to write data to the NVRAM 116 in response to a write request from the cache
engine 120. Further, the NVRAM space manager 130 is configured to allocate chunks in the

NVRAM 116. In an embodiment, a chunk is a contiguous large block of memory. In an
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embodiment, a chunk has a size equal to at least 256 kilobytes. In other embodiments, a
chunk has another suitable size less than or greater than 256 kilobytes.

[0041] The cache control device 118 also includes an SSD space manager device 134
coupled to the SSD 112 and to the cache engine 120. The SSD space manager 134 is an
interface device configured to read data from the SSD 112 in response to a read request from
the cache engine 120. Additionally, the SSD space manager 134 is configured to write data
to the SSD 112 in response to a write request from the cache engine 120. Further, the SSD
space manager 134 is configured to allocate chunks in the SSD 112 in a sequential order with
respect to a memory space of the SSD 112. As discussed above, a chunk is a contiguous
large (e.g., at least 256 kilobytes, in an embodiment) block of memory. In an embodiment,
the size of chunks in the NVRAM 116 is the same as the size of chunks in the SSD 112.
[0042] Fig. 2 is a diagram of an example memory space architecture of the SSD 112,
according to an embodiment. The memory space is organized into a plurality of ordered
blocks 180. In the example of Fig. 3, the memory space is organized as 2048 sequential
blocks 180 (e.g., block 0, block 1, ..., block 2047). In other embodiments, the memory space
is organized into another suitable number of blocks. In an embodiment, a chunk of the SSD
112 equals one or more blocks.

[0043] Each block 180 comprises a plurality of ordered pages 184. In the example of Fig.
3, each block 180 includes 256 sequential pages 184 (e.g., page 0, page 1, ..., page 255). In
other embodiments, each block 180 includes another suitable number of pages 184. In one
embodiment, each page 184 includes 4 kilobytes of memory locations. In other
embodiments, each page 184 includes another suitable number of memory locations.

[0044] Referring now to Figs. 1 and 2, the SSD space manager 134 is configured to
allocate chunks in sequential order, in an embodiment. For example, the SSD space manager
134 is configured to allocate blocks 180 in the following order: BO, B1, B2, ..., B2047. After
allocating B2047, the SSD space manager 134 is configured to continue allocating blocks 180
starting again at BO, in an embodiment. The SSD space manager 134 is configured to write
to the SSD 112 in sequential order, in an embodiment. For example, the space manager 134
is configured to write to the SSD 112 in the following order: BO, B1, B2, ..., B2047, in an
embodiment. After writing to B2047, the SSD space manager 134 is configured to continue
writing at B0, in an embodiment. Within each block 180, the SSD space manager 134 is
configured to write to the pages 184 within the block 180 in sequential order, in an

embodiment. For example, the space manager 134 is configured to write to pages 184 within
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each block 180 in the following order: PO, P1, P2, ..., P255, in an embodiment. Within each
page 184, the SSD space manager 134 is configured to write to the memory locations within
the page 184 in sequential order, in an embodiment. For example, the space manager 134 is
configured to write to memory locations within each page 0 in the following order: memory
location 0, memory location 1, memory location 1, etc., in an embodiment.

[0045] The cache control device 118 also includes a flusher 140. In an embodiment, the
flusher 140 is included in the NVRAM space manager 130. In other embodiments, the
flusher 140 is separate from the NVRAM space manager 130. The flusher 140 is a data
transfer device configured to determine when a chunk in the NVRAM 116 is full, in an
embodiment. Determining when a chunk in the NVRAM 116 is full comprises determining
that every memory location in the chunk has been written to since the most recent allocation
of the chunk, in an embodiment. Determining when a chunk in the NVRAM 116 is full
comprises determining that at least a certain number of memory locations in the chunk have
been written to since the most recent allocation of the chunk, in an embodiment. For
example, determining when a chunk in the NVRAM 116 is full comprises determining that at
least 95 % of the memory locations in the chunk have been written to since the most recent
allocation of the chunk, in an embodiment. In other embodiments, a suitable percentage
other than 95 % is utilized. Determining when a chunk in the NVRAM 116 is full comprises
determining whether a number of memory locations in the chunk that have been written to
since the most recent allocation of the chunk meets a threshold, in an embodiment.

[0046] The flusher device 140 is configured to, when a chunk in the NVRAM 116 is
determined to be full, copy write data from the chunk in the NVRAM 116 to a corresponding
chunk in the SSD 112, in an embodiment.

[0047] The cache control device 118 also includes an evictor 144. In an embodiment, the
evictor 144 is included in the SSD space manager 134. In other embodiments, the evictor
144 is separate from the SSD space manager 134. The evictor 144 is a device configured to
determine when free space in the SSD 112 is low, in an embodiment. Determining when free
space in the SSD 112 is low comprises determining that at least a certain number of blocks in
the SSD 112 are allocated, in an embodiment. For example, determining whether free space
in the SSD 112 comprises determining that at least 90 % of the blocks in the SSD are
allocated, in an embodiment. In other embodiments, a suitable percentage other than 90 % is
utilized. Determining whether free space in the SSD 112 is full comprises determining

whether a number of un-allocated chunks in the SSD 112 meets a threshold, in an
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embodiment. Determining whether free space in the SSD 112 is full comprises determining
whether a number of allocated chunks in the SSD 112 meets a threshold, in another
embodiment.

[0048] The evictor 144 is configured to, when free space in the SSD 112 is determined to
be low, discard one or more chunks in the SSD 112, in an embodiment. For example, the
evictor 144 is configured to erase one or more blocks of which the one or more chunks are
comprised, in an embodiment. Additionally, the evictor 144 is configured to indicate that the
one or more erased chunks are no longer allocated.

[0049] The evictor 144 is configured to discard one or more chunks in the SSD 112 that
were last allocated prior to the most recent allocations of all other chunks in the SSD 112, in
an embodiment. The evictor 144 is configured to discard one or more chunks in the SSD 112
in a sequential manner with respect to the memory space of the SSD 112, in an embodiment.
For example, if block B11 was last allocated prior to all other blocks in the SSD 112, then
B11 will be the next block to be discarded, in an embodiment. Block B12 will then become
the last block allocated prior to all other blocks in the SSD 112, and thus block B12 will be
the next block to be discarded, in an embodiment. As another example, if block B2047 was
last allocated prior to all other blocks in the SSD 112, then B2047 will be the next block to be
discarded, in an embodiment. Block BO will then become the last block allocated prior to all
other blocks in the SSD 112, and thus block BO will be the next block to be discarded, in an
embodiment.

[0050] Fig. 3 is a flow diagram of an example method 300, implemented by a cache
system, for responding to a read request, according to an embodiment. For example, the
method 300 is implemented by the cache system 108 of Fig. 1, in an embodiment, and the
method 300 is described with reference to Fig. 1 for ease of explanation. In other
embodiments, however, the method 300 is implemented by other suitable cache systems that
include one or more SSDs and one or more RAMs.

[0051] At block 304, a read request is received from a processor. The read request
includes an indication or indications of one or more memory locations in the storage device
104, in an embodiment.

[0052] At block 308, it is determined whether the cache device (e.g., whether the SSD 112
and/or the NVRAM 116) includes data corresponding to the read request. For instance, it is
determined whether the requested data stored at the indicated memory location(s) of the

storage device 104 is also stored in the SSD 112 and/or the NVRAM 116, in an embodiment.
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[0053] If it is determined at block 308 that the cache device includes (e.g., that the SSD
112 and/or the NVRAM 116 includes) data corresponding to the read request, the flow
proceeds to block 312. At block 312, data corresponding to the read request is retrieved from
the cache device (e.g., from the SSD 112 or the NVRAM 116). At block 316, the retrieved
data is sent to the processor in response to the read request received at block 304.

[0054] On the other hand, if it is determined at block 308 that the cache device does not
include (e.g., that neither the SSD 112 nor the NVRAM 116 includes) data corresponding to
the read request, the flow proceeds to block 320. At block 320, the requested data is retrieved
from the storage device 104. At block 324, the retrieved data is sent to the processor in
response to the read request received at block 304.

[0055] Atblock 328, a request to store the data retrieved at block 320 is issued. A request
to store data in the cache device is sometimes referred to herein as a “cache population
request.” At block 332, the data retrieved at block 320 is stored in the cache device (e.g., in
the SSD 112 and/or the NVRAM 116) in response to the cache population request issued at
block 328. Storing data in the cache device in response to a cache population request will be
described in more detail below. At block 336, a response to the cache population request is
issued. For example, in an embodiment, when the retrieved data is successfully stored in the
cache device, the response is issued to indicate that the retrieved data was successfully stored
in the cache device. A response to a cache population request is sometimes referred to herein
as a “cache population request response.”

[0056] In other embodiments, the method 300 is modified in various suitable ways. For
instance, the order of blocks is changed, one or more blocks are omitted, one or more blocks
are added, etc., in various embodiments. As an example, block 324 is performed in parallel
with or after block 332, in some embodiments. As another example, block 336 is omitted, in
an embodiment. As a further example, the method 300 further includes a block prior to block
328 at which it is determined whether to store retrieved data in the cache device, and blocks
328, 332, and 336 are not performed when it is determined that the retrieved data should not
be stored in the cache device, according to an embodiment.

[0057] The cache control system 118 is configured to implement the method 300, in an
embodiment. For example, the cache engine 120 is configured to implement blocks 304, 308,
312, 316, 320, 324, and 328, in an embodiment. The cache engine 120 is also configured to
implement block 332, in an embodiment. The SSD space manager 134 is configured to

implement blocks 332 and 336 when data is stored in the SSD 112, in an embodiment. The
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NVRAM space manager 130 is configured to implement blocks 332 and 336 when data is
stored in the NVRAM 116, in an embodiment.

[0058] Fig. 4 is a flow diagram of an example method 400, implemented by a cache
system, for responding to a write request, according to an embodiment. For example, the
method 400 is implemented by the cache system 108 of Fig. 1, in an embodiment, and the
method 400 is described with reference to Fig. 1 for ease of explanation. In other
embodiments, however, the method 400 is implemented by other suitable cache systems that
include one or more SSDs and one or more RAMs.

[0059] At block 404, a write request is received from a processor. The write request
includes an indication or indications of one or more memory locations in the storage device
104, in an embodiment. The write request also includes data to be written (referred to herein
as “write data”), in an embodiment.

[0060] At block 408, it is determined whether the cache device (e.g., whether the SSD 112
and/or the NVRAM 116) includes data corresponding to the write request. For instance, it is
determined whether the data from the indicated memory location(s) of the storage device 104
is also stored in the SSD 112 and/or the NVRAM 116, in an embodiment.

[0061] If it is determined at block 408 that the cache device includes (e.g., that the SSD
112 and/or the NVRAM 116 includes) data corresponding to the write request, the flow
proceeds to block 412. At block 412, a cache population request to store the write data
associated with the write request is issued. At block 416, the write data is stored in the cache
device (e.g., in the SSD 112 and/or the NVRAM 116) in response to the cache population
request issued at block 412. Storing data in the cache device in response to a cache
population request will be described in more detail below.

[0062] On the other hand, if it is determined at block 408 that the cache device does not
include (e.g., that neither the SSD 112 nor the NVRAM 116 includes) data corresponding to
the write request, the flow proceeds to block 420. At block 420, data corresponding to the
write request is retrieved from the storage device 104. For instance, a suitable unit of data
locations that includes the memory location(s) corresponding to the write data is retrieved
from the storage device 104, in an embodiment. As an example, a page that includes the
memory location(s) corresponding to the write data is retrieved from the storage device 104,
in an embodiment. As another example, a block that includes the memory location(s)
corresponding to the write data is retrieved from the storage device 104, in another

embodiment.
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[0063] At block 424, a cache population request to store the data retrieved at block 420 is
issued. At block 428, the data retrieved at block 420 is stored in the cache device (e.g., in the
SSD 112 and/or the NVRAM 116) in response to the cache population request issued at block
424.

[0064] At block 432, a cache population request to store the write data associated with the
write request receive at block 404 is issued.

[0065] At block 436, a cache population request response is issued. For example, in an
embodiment, when the retrieved data is successfully stored in the cache device, the cache
population request response is issued to indicate that the retrieved data was successfully
stored in the cache device.

[0066] At block 440, the write data is also stored in the storage device 104.

[0067] In other embodiments, the method 400 is modified in various suitable ways. For
instance, the order of blocks is changed, one or more blocks are omitted, one or more blocks
are added, etc., in various embodiments. As an example, blocks 420, 424, 428, and 432 are
omitted, in some embodiments. For example, with a “no-write allocate,” cache technique, if
it is determined at block 408 that the cache device does not include (e.g., that neither the SSD
112 nor the NVRAM 116 includes) data corresponding to the write request, the flow ends, in
an embodiment.

[0068] As another example, block 440 is omitted, in an embodiment. For example, block
440 is omitted when implementing a “write-back,” cache technique, in an embodiment.
[0069] The cache control system 118 is configured to implement the method 400, in an
embodiment. For example, the cache engine 120 is configured to implement blocks 404, 408,
412, 420, 424, 428, 432 and 440, in an embodiment. The cache engine 120 is also configured
to implement blocks 416 and 428, in an embodiment. The SSD space manager 134 is
configured to implement blocks 416, 428, and 426 when data is stored in the SSD 112, in an
embodiment. The NVRAM space manager 130 is configured to implement blocks 416, 428,
and 426 when data is stored in the NVRAM 116, in an embodiment.

[0070] Fig. 5 is a flow diagram of an example method 500, implemented by a cache
system, for handling a cache population request, according to an embodiment. For example,
the method 500 is implemented by the cache system 108 of Fig. 1, in an embodiment, and the
method 500 is described with reference to Fig. 1 for ease of explanation. In other
embodiments, however, the method 500 is implemented by other suitable cache systems that

include one or more SSDs and one or more RAMs.
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[0071] At block 504, it is determined whether old data corresponding to the cache
population request is already stored in the NVRAM 116. If old data corresponding to the
cache population request is already stored in the NVRAM 116, the flow proceeds to block
508. At block 508, the old data corresponding to the cache population request is overwritten
in the NVRAM 116 with the write data associated with cache population request.

[0072] Atblock 512, it is determined whether old data corresponding to the cache
population request is also already stored in the SSD 112. If old data corresponding to the
cache population request is already stored in the SSD 112, the flow proceeds to block 516.

At block 516, old data stored in the SSD 112 that corresponds to the cache population request
is marked as invalid. On the other hand, if old data corresponding to the cache population
request is not already stored in the SSD 112, the flow ends.

[0073] Referring again to block 504, if it is determined that old data corresponding to the
cache population request is not already stored in the NVRAM 116, the flow proceeds to block
520. At block 520, it is determined whether old data corresponding to the cache population
request is already stored in the SSD 112. If old data corresponding to the cache population
request is already stored in the SSD 112, the flow proceeds to block 524.

[0074] At block 524, old data stored in the SSD 112 that corresponds to the cache
population request is marked as invalid. At block 528, write data associated with the cache
population request is stored in a chunk of the NVRAM 116. In an embodiment, a chunk in
the NVRAM 116 is allocated prior to block 528 if necessary.

[0075] Referring again to block 520, if it is determined that old data corresponding to the
cache population request is not already stored in the SSD 112, the flow proceeds to block
532. At block 532, write data associated with the cache population request is stored in a
chunk of the NVRAM 116. In an embodiment, a chunk in the NVRAM 116 is allocated prior
to block 532 if necessary.

[0076] Atblock 536, it is determined whether the chunk in the NVRAM 116 to which the
write data was written at block 532 is full. Determining that the chunk in the NVRAM 116 is
full comprises determining that at least a certain number of memory locations in the chunk
have been written to since the most recent allocation of the chunk, in an embodiment. For
example, determining when the chunk in the NVRAM 116 is full comprises determining that
at least 95 % of the memory locations in the chunk have been written to since the most recent
allocation of the chunk, in an embodiment. In other embodiments, a suitable percentage

other than 95 % is utilized. For example, determining when the chunk in the NVRAM 116 is
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full comprises determining that 100 % of the memory locations in the chunk have been
written to since the most recent allocation of the chunk, in an embodiment. If the chunk is
not full, the flow ends. On the other hand, if the chunk is full, the flow proceeds to block
540.

[0077] At block 540, a chunk in the SSD 112 is allocated in a sequential order with respect
to the memory space of the SSD 112, as discussed above. At block 544, the chunk in the
NVRAM 116 is written to the chunk in the SSD 112 allocated at block 540, in an
embodiment.

[0078] At block 550, it is determined whether free space in the SSD 112 is low.
Determining when free space in the SSD 112 is low comprises determining that at least a
certain number of blocks in the SSD 112 are allocated, in an embodiment. For example,
determining whether the SSD 112 is full comprises determining that at least 90 % of the
blocks in the SSD are allocated, in an embodiment. In other embodiments, a suitable
percentage other than 90 % is utilized. When it is determined that free space in the SSD 112
is not low, the flow ends. On the other hand, when it is determined that free space in the SSD
112 is low, the flow proceeds to block 554.

[0079] At block 554, one or more oldest chunks of the SSD 112 (e.g., one or more chunks
that were last allocated prior to all other chunks in the SSD 112) are discarded. Discarding
chunks at block 554 comprises discarding one or more chunks in the SSD 112 in a sequential
manner with respect to the memory space of the SSD 112, such as discussed above.

[0080] In an embodiment, data written in the NVRAM 116 at blocks 508, 528, and 532 is
generally written in a non-sequential order with respect to the memory space of the NVRAM
116. On the other hand, chunks in the SSD 112 are allocated sequentially (block 540) and
data is written to the SSD 112 sequentially (block 544) sequentially with respect to the
memory space of the SSD 112, in an embodiment. Similarly, chunks in the SSD 112 are
discarded sequentially (block 554), in an embodiment.

[0081] In other embodiments, the method 500 is modified in various suitable ways. For
instance, the order of blocks is changed, one or more blocks are omitted, one or more blocks
are added, etc., in various embodiments.

[0082] The cache control system 118 is configured to implement the method 500, in an
embodiment. For example, the cache engine 120 is configured to implement blocks 504, 512,
and 520 in an embodiment. The cache engine 120 is also configured to implement blocks

508, 516, 524, 528, 532, and 544, in an embodiment. The SSD space manager 134 is
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configured to implement blocks 512, 516, 524, 540, 544, 550, and 554, in an embodiment.
The NVRAM space manager 130 is configured to implement blocks 508, 528, and 544, in an
embodiment.

[0083] At least some of the various blocks, operations, and techniques described above
may be implemented utilizing hardware, a processor executing firmware instructions, a
processor executing software instructions, or any combination thereof. For example, the
cache control device 118 is implemented using one or more integrated circuit devices, in an
embodiment. As another example, at least some of the blocks 120, 130, 134, 140, and 144 of
the cache control device 118 are implemented using a processor executing machine readable
instructions, in an embodiment.

[0084] When implemented utilizing a processor executing software or firmware
instructions, the software or firmware instructions may be stored in any tangible, non-
transitory computer readable memory such as a magnetic disk, an optical disk, a RAM, a read
only memory (ROM), a flash memory, etc. The software or firmware instructions may
include machine readable instructions that, when executed by the processor, cause the
processor to perform various acts.

[0085] When implemented in hardware, the hardware may comprise one or more of
discrete components, an integrated circuit, an application-specific integrated circuit (ASIC), a
programmable logic device, etc.

[0086] While various embodiments have been described with reference to specific
examples, which are intended to be illustrative only and not to be limiting, changes, additions
and/or deletions may be made to the disclosed embodiments without departing from the

scope of the claims.
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What is claimed is:

1. An apparatus, comprising:

a cache system for a storage device, the cache system including (i) one or more solid
state drives (SSDs), (ii) one or more random access memories (RAMs), and (iii) a cache
control device, wherein the cache control device is configured to

receive first data that is to be written to the storage device, the first data
associated with a request to write the first data to the storage device,

store at least some of the first data in one or both of (i) the one or more SSDs
and (ii) the one or more RAMs,

retrieve second data from the storage device in response to a request to read
data from the storage device,

store at least some of the second data in one or both of (i) the one or more
SSDs and (ii) the one or more RAMs,

when storing first data or second data in one of the one or more RAMs, write
to the one RAM non-sequentially with respect to a memory space of the one RAM, and

when storing first data or second data in one of the one or more SSDs, write to
the one SSD sequentially with respect to a memory space of the one SSD.

2. The apparatus of claim 1, wherein the cache control device comprises:

a cache engine configured to

receive a request to overwrite old data already in the storage device with
second data, and

in response to the request overwrite old data in the storage device, (i)
determine whether the old data is in the one or more RAMs, and (ii) determine whether the
old data is in the one or more SSDs;

a RAM interface device configured to

if the old data is in the one or more RAMs, overwrite the old data in the one or
more RAMSs with second data, and

if the old data to be overwritten is not in the one or more RAMs, (i) allocate a
chunk in the one or more RAMs, and (ii) write second data to the allocated chunk; and

an SSD interface device configured to, if the old data is in the one or more SSDs,
mark the old data in the one or more SSDs as invalid.

3. The apparatus of claim 2, wherein:
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the SSD interface device is configured to allocate chunks in each of the one or more
SSDs sequentially with respect to the memory space of the SSD; and

the cache control device comprises a data transfer device configured to

determine when a chunk of one of the one or more RAMs is full,

when the chunk of the RAM is full, cause the SSD interface device to allocate
a new chunk in the SSD, and

cause data in the chunk of the RAM to be written to the new chunk in the
SSD.

4. The apparatus of claim 3, wherein the data transfer device is included in the
RAM interface device.

5. The apparatus of claim 2, wherein the SSD interface device is configured to
discard chunks in each of the one or more SSDs sequentially with respect to the memory
space of the SSD.

6. The apparatus of claim 5, wherein the SSD interface device is configured to
discard one or more chunks in each of the one or more SSDs that were last allocated prior to
the most recent allocations of all other chunks in the SSD.

7. The apparatus of claim 1, wherein at least one of the one or more SSDs
comprises a flash memory device.

8. The apparatus of claim 1, wherein at least one of the one or more RAMs
comprises a non-volatile RAM device.

0. The apparatus of claim 1, wherein the non-volatile RAM device comprises at
least one of (i) a battery or (ii) a super capacitor.

10. The apparatus of claim 1, wherein the cache control device comprises one or
more integrated circuits.

11. The apparatus of claim 1, wherein the cache control device comprises:

a memory to store machine readable instructions; and

a processor coupled to the memory, the processor configured to execute the machine
readable instructions.

12. A method, comprising:

receiving first data that is to be written to a storage device, the first data associated
with requests to write first data to the storage device;

storing at least some of the first data in a cache device comprising (i) a solid state

drive (SSD), and (ii) a random access memory (RAM), wherein
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storing first data to the SSD comprises writing sequentially to the SSD with
respect to a memory space of the SSD, and
storing first data to the RAM comprises writing non-sequentially to the RAM
with respect to a memory space of the RAM;
retrieving second data from the storage device in response to requests to read data
from the storage device; and
storing at least some of the second data in the cache device, wherein
storing second data to the SSD comprises writing sequentially to the SSD with
respect to a memory space of the SSD, and
storing first data to the RAM comprises writing non-sequentially to the RAM
with respect to a memory space of the RAM.
13.  The method of claim 12, further comprising:
determining whether first data corresponds to old data already stored in the RAM; and
when it is determined that first data corresponds to old data already stored in the
RAM overwriting the old data in the RAM with the first data corresponding to the old data.
14. The method of claim 13, further comprising:
determining whether first data corresponds to old data already stored in the SSD; and
when it is determined that first data corresponds to old data already stored in the SSD,
marking the old data in the SSD that corresponds to first data as invalid.
15. The method of claim 14, further comprising:
when it is determined (1) that first data does not corresponds to old data already stored
in the RAM, and (i) that first data corresponds to old data already stored in the SSD, writing
first data to a chunk in the RAM.
16. The method of claim 12, further comprising:
determining when a chunk in the RAM is full; and
when it is determined that the chunk in the RAM is full,
allocating a chunk in the SSD according to an order corresponding to the
memory space of the SSD, and
copying data from the chunk in the RAM to the allocated chunk in the SSD.
17. The method of claim 12, further comprising:

determining when free space in the SSD is does not meet a threshold; and
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when it is determined that the free space in the SSD does not meet the threshold,
discarding one or more oldest chunks in the SSD, the oldest chunks corresponding to chunks
that were last allocated prior to the most recent allocations of all other chunks in the SSD.

18. The method of claim 12, wherein discarding the one or more oldest chunks in
the SSD comprises erasing the one or more chunks.

19. The method of claim 12, further comprising allocating chunks in the SSD
sequentially with respect to the memory space of the SSD.

20. The method of claim 12, further comprising discarding chunks in the SSD

sequentially with respect to the memory space of the SSD.
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