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(57) Abstract: A system and method for reducing the need
to check both a secondary address table and a primary ad-
dress table for logical to physical translation tasks is dis-
closed. The method may include generating a fast translation
indicator, such as a logical group bitmap, indicating whether
there is an entry in the secondary address table that contains
desired information pertaining to a particular logical address.
Upon a host request relating to the particular logical address,
the storage device may check the bitmap to determine if re-
trieval and parsing of the secondary table is necessary. The
system may include a storage device having RAM cache
storage, tlash storage and a controller contigured to generate
and maintain at least one fast translation indicator to reduce
the need to check both secondary and primary address tables
during logical to physical address translation operations of
the storage device.
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FAST TRANSLATION INDICATOR TO REDUCE SECONDARY
ADDRESS TABLE CHECKS IN A MEMORY DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001]  This application claims the benefit of U.S. Provisional Application No.
61/487,215, filed May 17, 2011, the entirety of which is hereby incorporated

herein by reference.

BACKGROUND

[0002] Non-volatile memory systems, such as flash memory, have been widely
adopted for use in consumer products. Flash memory may be found in different
forms, for example in the form of a portable memory card that can be carried between
host devices or as a solid state disk (SSD) embedded in a host device.

[0003] Some flash memory management systems employ self-caching
architectures for data buffering and data caching. For example, caching may be used
for data buffering where data received from the host device is first stored in a portion
of the memory designated as the cache and is later copied to a portion of the flash
memory designated as a main storage area (such as a multi-level cell (MLC) type
flash memory). As another example, caching may be used for control data storage to
improve operation time. Control data may include mapping tables and other memory
management data used by in the flash memory.

[0004] When a host device requests data from, or writes data to, a flash memory,
the host read request includes logical address information that the flash memory must
then map to physical flash memory addresses. As part of this mapping process,
multiple mapping table (also referred to as control data) lookups are typically
necessary. For example, the flash memory system may have data organized such that
fragments of logical groups are stored in a cache area of flash memory and the
remainder of the logical group associated with the data request is in main storage in
the flash memory.

[0005] A typical way in which the flash memory will search for data associated

with a host request is to always first check for possible logical group fragments in a
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secondary table that tracks logical group fragments in the cache and then search for
the logical group information in a primary table in main storage. However, there may
be many instances where there are no logical group fragments in the cache associated
with the requested data. In these instances, checking the secondary index for entries
on relevant logical group fragments will result in a “miss” where no result will be
returned because no logical group fragments relating to the logical group are present.
When the number of logical fragments are few, the process of always retrieving and
parsing the secondary table that tracks logical group fragments in the cache, prior to
then retrieving and parsing a primary table, can lead to many misses in the secondary
table. The time necessary to retrieve and parse the secondary table is then wasted and

may slow down overall flash performance.

SUMMARY

[0006] In order to address the problems noted above, a method and system for
reducing binary cache checking is disclosed. According to a first aspect of the
invention, a storage device is disclosed that includes a non-volatile memory and a
controller having a volatile memory, where at least two levels of address tables
containing logical to physical address mapping information for the storage device are
stored. The controller is configured to establish and maintain a fast translation
indicator, such as a logical group bitmap, to indicate whether data associated with a
logical group number is present in a particular address table such that, upon receiving
a host query regarding a particular logical group number the controller may determine

whether it is necessary to retrieve and parse all of the address tables.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a block diagram of a self-caching memory system.

[0008] FIG. 2 illustrates a primary and secondary address table arrangement used
with a logical group binary cache bitmap.

[0009] FIG. 3 is a flow diagram illustrating one method of generating a logical
group binary cache bitmap.

[0010] FIG. 4 is an exemplary flow diagram illustrating operation of a memory

management controller.
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[0011] FIG. 5 illustrates a block diagram of an exemplary flash controller design.
[0012] FIG. 6 is an exemplary flow diagram illustrating operation of memory
management functions.

[0013] FIGS. 7A-B is an exemplary flow diagram illustrating operation of cache
management functions for a permanent data cache and a temporary data cache.
[0014] FIG. 8 illustrates the block diagram of FIG. 5 with flow of data from

different volatile memories.

BRIEF DESCRIPTION OF THE PRESENTLY PREFERRED EMBODIMENTS

[0015] A flash memory system suitable for use in implementing aspects of the
invention is shown in FIG. 1. A host system 10 stores data into, and retrieves data
from, a self-caching storage device 12. The storage device 12 may be embedded in
the host system 10 or may exist in the form of a card or other removable drive, such
as a solid state disk (SSD) that is removably connected to the host system 10 through
a mechanical and electrical connector. The host system 10 may be any of a number of
fixed or portable data generating devices, such as a personal computer, a mobile
telephone, a personal digital assistant (PDA), or the like. The host system 10
communicates with the storage device over a communication channel 14.

[0016] The storage device 12 contains a controller 16 and a memory 26. As
shown in FIG. 1, the controller 16 includes a processor 18 and a controller memory
20. The processor 18 may comprise a microprocessor, a microcontroller, an
application specific integrated circuit (ASIC), a field programmable gate array, a
logical digital circuit, or other now known or later developed logical processing
capability. The controller memory 20 may include volatile memory such as random
access memory (RAM) 22 and/or non-volatile memory, and processor executable
instructions 24 for handling memory management.

[0017] As discussed in more detail below, the storage device 12 may include
functions for memory management. In operation, the processor 18 may execute
memory management instructions (which may be resident in instructions 24) for
operation of the memory management functions, such as detailed in FIG. 3. The
memory management functions may control the assignment of the one or more

portions of the memory within storage device 12, such as controller memory 20. For
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example, memory management functions may allocate a portion of controller memory
20 for permanent cache, may allocate a portion of controller memory 20 for
temporary data cache, or may reclaim the portion allocated to temporary data cache
for another purpose. One, some, or all of the memory management functions may be
performed by one or separate elements within the storage device 12. For example,
allocating memory regions for temporary data cache may be performed by Media
Management Layer (MML) firmware, and reclaiming a temporary data cache may be
performed by Data Path Layer (DPL) firmware.

[0018] One or more types of data may be cached in RAM 22 in storage device 12.
One type of data that may be cached in storage device 12 is host data, which is data
sent to or received from the host device 10. Another type of data that may be cached
in storage device 12 is control data. Other types of data for caching are contemplated.
[0019] The memory 26 may include non-volatile memory (such as flash memory).
One or more memory types may compose memory 26, including without limitation
single level cell (SLC) type of flash configuration and multi-level cell (MLC) type
flash memory configuration. The SLC flash may be configured as a binary cache 28
and SLC or MLC may be used as main storage 30.

[0020] Referring now to FIG. 2, an improved address translation scheme for
reducing the number of binary cache checks performed in response to a host data
request is illustrated. As is typical for a host, the host system 10 utilizes a host file
system that maintains a logical address range 202 for all logical block addresses
(LBAs) that have been assigned by the host system 10 to data. These LBAs are
grouped into logical groups (L.Gs) 204. As part of the process of writing and erasing
data having LBAs that fall within specific LGs, certain fragments of LGs may be
written into the binary cache 28 portion of the flash memory 26 rather than to the
main storage 30 portion of the flash memory 26. Fragments of LGs that are written
into the binary cache 28 are mapped in a table referred to as a binary cache index 206
to track the logical to physical address relationship for a data fragment 208 associated
with a LG currently written into a binary cache block 210. Although the binary cache
indices 206 are one type of control data that is typically stored in the binary cache
portion of flash memory 26, a copy of all or a portion of the binary cache indices 212

may also be maintained (cached) in RAM 22 due to frequent use or recent use.
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Logical group address tables (GAT) 214 are kept in main storage flash memory. The
GAT pages 214 provide the logical to physical mapping for logical groups of data
and, as with the binary cache indices 206, a copy of some or all of the GAT pages
may also be cached in RAM in the storage device 12. The cached GAT pages 216
point to the physical locations for the update or intact blocks in main storage flash
memory 218 for each of the respective logical groups.

[0021] As discussed above, a storage device would previously respond to a host
query regarding data associated with logical addresses by methodically first retrieving
and parsing the binary cache indices 206, 212 to look for any logical group fragments
possibly present in the binary cache portion of flash memory, and by then retrieving
and parsing GAT table pages 214, 216 from main storage and/or RAM, respectively.
In one embodiment, a fast translation indicator, such as a logical group bitmap 220, is
generated and maintained by the controller of the storage device 12 to assist in
reducing the number of times that the binary cache index is accessed. The logical
group binary cache bitmap 220 provides an indication of whether a data fragment
associated with a particular logical group is to be found in the binary cache 28. The
bitmap 220 is quickly readable in comparison to a secondary address table like a BCI
212. In this manner, the logical group binary cache bitmap 220 of FIG. 2 provides a
way of accelerating address translation from logical to physical addresses by allowing
the controller to bypass unnecessary retrieval and parsing of the binary cache indices
206, 212 when no relevant data fragments are in the binary cache 28.

[0022] In one embodiment, the controller maintains a logical group bitmap 220
that contains a single bit (one or a zero), for example, indicating whether or not data
corresponding to a logical group exists in the binary cache. In the embodiment
illustrated in FIG. 2, the GAT 214, 216 is considered the primary address table for
logical group addresses and is shown with a granularity of one GAT page for each
logical group. The binary cache index 206, 212, is also referred to herein as the
secondary address table. In FIG. 2 the granularity of the BCI is sector level rather
than page level. For ease of reference in this example, the logical group bitmap 220
has a granularity equal to logical group size which, in this case, equals the granularity
of the GAT page size. In different embodiments, the logical group size can equal a

block, a sub-block (an amount of data less than a block) or a unit not related to block
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size. Also, in other implementations, the bitmap 220 need not have entries that
correspond to a logical group. For example, the unit of logical space associated with
each entry of the bitmap 220 may be a multiple or a fraction of a logical group. In yet
other embodiments, an entry in the bitmap may correspond to multiple discontiguous
logical areas or ranges.

[0023] Although a bitmap 220 is illustrated, the fast translation indicator may
alternatively be any of a number of types of data structures that provide a fast
searchable shortcut for the controller of the storage device 12 to indicate whether the
controller needs to look at a secondary address table (such as a BCI 212) before
searching a primary address table (such as the GAT 214). An example of another fast
translation indicator may be a list, where a list of ranges of logical groups in the
secondary address table that have data fragments associated with them (or that don’t
have data fragments associated with them) is available as alternative to the slower
retrieval and parsing of the secondary address table (e.g. BCI) itself during an address
translation operation.

[0024]  FIG. 3 illustrates one method 300 for initially populating and updating the
logical group binary cache bitmap 220. Assuming that the amount of RAM available
in the controller of the storage device 12 is less than that necessary to store a bitmap
that covers all of the logical groups, a logical group binary cache bitmap may be
created by the controller allocating a certain amount of RAM 22 for the bitmap and
then only populating the bitmap 220 with a new entry on demand. In other words, in
one implementation a bitmap entry for a particular logical group may be added after a
host request associated with that particular logical group is received (at 302). The
controller will check to see if an entry in the logical group bitmap already exists (at
304). While a bit map entry may be generated for each LG a host requests, in one
implementation an entry in the bitmap for a logical group may only be generated if
the particular logical group has been identified in at least a threshold number of host
requests (hit count), where the threshold is greater than 1 (at 306). If the number of
host requests for the particular LG has not reached the desired threshold, the
controller may increment a hit counter for the logical group and await a next host

query to see if the threshold has been reached (at 308).
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[0025] Assuming that the threshold has been reached, the controller 16 checks to
see if there is enough space in the RAM 22 allocated for the bitmap 220 for the new
entry (at 310). A new LG bitmap entry is added if space exists (at 312). Once the
space available for the logical group binary cache bitmap 220 has been filled up, the
next time a new logical group qualifies for an entry in the bitmap, the controller may
evict a lower priority bitmap entry, for example by utilizing an entry selection
algorithm based on the least recently used (LRU) logical group (the logical group that
has been least recently requested by the host) (at 314) and then add the new LG entry
to the bitmap (at 312). In this embodiment, the logical group bitmap in RAM
identifies the most recently used logical groups (for logical groups meeting the
minimum threshold number of host queries) at any given time. The initial entry for
each LG in the bitmap 220 will be initialized as a “1” indicating that a fragment for
the logical group is expected to be found in the binary cache. As described in greater
detail below, this entry may be later changed to a “0” by the controller if no fragment
is found after parsing the BCI so that subsequent host requests for the logical group
can skip the process of retrieving and parsing the BCI. In one embodiment, all or a
portion of the logical group bitmap 220 may be stored non-volatile memory on the
storage device when the logical bitmap, or portion thereof, is evicted from RAM. In
this embodiment, the logical bitmap information would then be retained for later
reload into RAM without losing the bitmap information (i.e. without needing to
initialize all entries of the logical bitmap to “1” when the logical bitmap is reloaded
into RAM).

[0026] By populating a logical group bitmap 220 as illustrated in FIGS. 2-3, the
controller can check whether a fragment of data associated with a logical group is
expected to be in the binary cache, by indication of a “1” in the logical group bitmap
entry, or is not expected to be in the binary cache, by indication of a “0”, tb avoid
having to retrieve the binary cache index and parse the index each time. Referring to
FIG. 4, a method 400 of utilizing a storage device 12 having a logical group bitmap
220 is illustrated. Upon receipt of a host query for certain logical groups, the storage
device 12, engages in a logical to physical translation process (at 402). The input
parameters for this process, received from the host, may include the logical group

number, the logical group offset, and the length of the address run for the logical



WO 2012/158455 PCT/US2012/037287

-8-

group. The controller accesses the bitmap, which may be maintained in controller
RAM (at 404). If an entry for the logical group does not exist in the bitmap, an entry
may be created using a process such as discussed in FIG. 3, followed by a review of
both the BCI 206, 212 and the GAT 214, 216 for relevant data associated with the
LG. Where no entry exists, the controller may not be able to bypass the BCI retrieval
and review.

[0027] The controller 16 of the storage device 12 reads the logical group bitmap
to determine whether the logical group identified in the host query has fragments of
data maintained in the binary cache of the flash memory 304 (at 406). As noted
above, the determination of whether logical group fragments are in the binary cache is
made by looking at the value in the logical group binary cache bitmap 220 to see
whether a “1” is present, indicative of the possibility of information being in the
binary cache, or a “0” indicative of the fact that no data for that logical group is
currently in the binary cache. Assuming that the logical group binary cache bitmap
220 indicates a fragment is in binary cache for the logical group, the controller then
looks for the binary cache index.

[0028] A copy of the binary cache index is first looked for in RAM 22 (at 408)
and, if not found in RAM, the binary cache index is retrieved from flash memory 26
(at 410). Once the binary cache index is found, the binary cache index is translated by
the controller and a physical address of the fragment associated with the logical group
fragment is retrieved (at 412), if there is a fragment associated with the LG in the
binary cache. Although retrieval of the address for the logical group fragment is
generally expected if there is a bitmap entry set to “1”, there may be a “miss”, where
no fragment is found in certain circumstances. For example, a miss may occur when
the logical group binary cache bitmap is being accessed with respect to a logical
group number for the first time. The default setting of the logical group binary cache
bitmap is set to “1” for that logical group number entry by default until a first retrieval
attempt is made for that logical group number and that entry in the binary cache
logical group bitmap is updated. Also, a miss may occur because the logical group
binary cache bitmap 220 may not have been fully updated due to a recent power
cycle, or if a segment of the bitmap had been evicted from RAM due to space

restriction, which resets the reloaded bitmap to all “1°s.” Regardless of whether a
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fragment is found in the BCI for the logical group number, the controller updates the
logical group binary cache bitmap entry at this point (at 414). If a fragment was
found, the entry is left at a “1” setting and if no fragment is found the entry is updated
to a “0” so that the controller can know to skip over the steps of retrieving and parsing
the BCI next time a host request is received for that logical group number and the
process 400 is repeated. The method illustrated in FIG. 4 is for a read process. An
entry in the fast translation indicator, in this example the bitmap 220, may be updated
from a “0” to a “1” by the controller 16 during a write process when a data fragment
is written to memory to reflect that a secondary address table such as the BCI now
contains the logical to physical mapping for that data fragment.

[0029]  Assuming that a fragment did exist for the logical group number, the
metablock address and chunk length information of the fragment are retrieved (at 416,
418) and that chunk of data may be read from that physical metablock address in
binary flash memory (at 420). Assuming that the chunks retrieved are long enough to
cover all of the sectors included in the logical group identified in the host query (or in
multiple logical groups if they are implicated by the same host query) (at 422), then
the retrieval has ended and the process stops. If the retrieved chunks are not long
enough to cover the logical group, then the bitmap is checked again to retrieve any
other fragments for the logical group number or range initially requested by the host
(at 422). As used herein, a “chunk” is an amount of data that can be read
contiguously, logically and physically. The maximum chunk size may be a block.
[0030] In the case where a review of the secondary address table (here the BCI)
indicates a logical group number does not have any fragments in the binary cache (at
406) or the controller experiences a “miss” by retrieving and checking the BCI only to
find there is no logical fragment (at 316), the controller may look at the primary
address table (the GAT). In some storage devices, multiple lists or tables may be
maintained that need to be searched as part of a logical to physical translations
operation — not just a single secondary address table and a primary address table. In
the example of FIG. 4, the controller 16 may first need to read a separate table or list
of update block information and list of recently changed entries to the GAT, also
referred to as the GAT delta, in RAM to determine whether the logical group number
is part of the update blocks (at 424, 426). If the logical group number is found in an
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update block then the update block information is translated and the metablock
address and chunk length are retrieved from the GAT delta (at 430, 432). If no logical
group numbers associated with the requested logical group numbers arec found in the
update block information and GAT delta lists then the controller looks to see if there
is a copy of a relevant GAT entry to be found cached in RAM 22 (at 428). If there is
no relevant GAT entry cached in RAM 22, then the appropriate GAT page is read
from flash memory, and the GAT cache is updated (at 434). The metablock address
corresponding to the logical group is subsequently retrieved and chunk length is
trimmed to the end of the logical group (at 436, 438).

[0031] As shown in FIG. 4, a bitmap is used to provide a potential shortcut in the
process of translating logical addresses to physical addresses when a host requests
data associated with identified logical groups, for example as part of a host read
command received at the storage device. A single bitmap has been shown in the
example of FIG. 4, but multiple bitmaps or other types of fast translation indicators
may also be used to further accelerate the logical to physical translation steps in other
embodiments. For example, a second list or bitmap may be used in the example of
FIG. 4 to map logical groups to the update block and/or GAT delta list information so
that the entirety of those update block or GAT delta lists need not be retrieved and
parsed each time. Instead, as with the logical group binary cache bitmap, a similar
bitmap or other fast translation indicator for one or both of those lists may be used to
provide a simple single bit indicator of whether data pertaining to the logical group
number of interest will be found in those lists. It is contemplated that the example of
FIG. 4 illustrating one bitmap for reducing the need to retrieve and parse a secondary
translation table (like the BCI) each time a host query is made may be extended to any
number of translation table arrangements where, for a storage device with N different
tables or lists that need to be retrieved and parsed to locate data, N-1 different bitmaps
may be created and used to potentially accelerate the process of looking for data
associated with logical group numbers.

[0032] Although the logic group binary cache bitmap 220 and its use in bypassing
unnecessary BCI reads are described with respect to the general storage device 12
configuration noted above, other memory configurations may be used. In one

implementation, a multi-level RAM cache may be used.
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[0033] Referring again to FIG. 1, in one implementation the processor 18 of the
storage device 12 may execute memory management instructions 23 (which may be
resident in instructions 24) for operation of the memory management functions, such
as detailed in FIG. 4. The memory management functions may control the
assignment of the one or more portions of the memory within storage device 12, such
as within controller memory 20. For example, memory management functions may
allocate a RAM portion of controller memory 20 for permanent data cache, may
allocate a RAM portion of controller memory 20 for temporary data cache, or may
reclaim the RAM portion allocated to temporary data cache for another purpose. One,
some, or all of the functions of the memory management functions may be performed
by one or separate elements within the storage device 12. For example, allocating
memory regions for temporary data cache may be performed by Media Management
Layer (MML) firmware, and reclaiming a temporary data cache may be performed by
Data Path Layer (DPL) firmware.

[0034] Control data may include data related to managing and/or controlling
access to data stored in memory 26. The binary cache 28 may store up-to-date
fragments of the logical groups (LGs). The main storage may comprise the data
storage for the L.Gs. Control data may be used to manage the entries in memory, such
as entries in binary cache 28 and main storage 30. For example, a binary cache index
(BCI) may receive a Logical Block Address (LBA), and may map/point to the most
up to date fragment(s) of the LG in binary cache 28. The GAT may receive the LBA
address and map to the physical location of the LG in the main storage 30.

[0035] The processor 18 (executing the memory management instructions 23)
may assign one or more portions in memory (such as volatile memory) for caching of
the one or more types of data. For example, the processor 18 may assign or allocate
portions of volatile memory in controller memory 20 as one or more cache storage
areas 22, as discussed in more detail below. The one or more cache storage areas 22
may include a portion (or all) of the BCI and GAT that is stored in memory 26.
[0036] The processor 18 may assign an areca of volatile memory as a “permanent”
cache storage area, which is an area that cannot be reclaimed by the processor 18 for a
different purpose (such as for caching of a different type of data). The processor 18

may also assign an area of volatile memory as a “temporary” cache storage area,
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which is an area that can be reclaimed by the memory management functions for a
different purpose (such as for caching of a different type of data). As discussed in
more detail with respect to FIG. 6, the processor 18 may determine whether there is a
storage area available for use as a temporary data cache area. If so, the processor 18
may assign the available storage area for use as the temporary data cache area. The
available storage area may be used as the temporary data cache area until the available
storage area is reclaimed for another purpose.

[0037] As one example, the processor 18 may assign one or more cache storage
areas for host data. In one embodiment, the processor 18 may assign a permanent
cache storage area for host data and a temporary data cache storage area for host data.
In this way, caching for the host data may have two distinct and separate areas (or two
different levels) with the permanent cache storage area for host data and the
temporary cache storage area for host data. In an alternate embodiment, the processor
18 may assign a first temporary cache storage area for host data and a second
temporary cache storage area for host data. The first temporary cache storage area for
host data may differ from the second temporary cache storage area for host data in
one or more ways, such as in the portion or size of memory from which the temporary
cache storage area is assigned and/or the circumstances under which the temporary
cache storage area is reclaimed. Using the two different data caches (such as two
different levels of data cache stored in volatile memory) may improve system
performance, such as the data cache hit rate. Further, the temporary data cache may
be created from unused or over-provisioned parts of volatile memory. In this way, the
storage device 12 may more efficiently use its volatile memory.

[0038] As another example, the processor 18 may assign one or more cache
storage areas for control data. In one embodiment, the processor 18 may assign a
permanent cache storage area for control data and a temporary cache storage area for
control data. Likewise, caching for the control data may have two distinct and
separate areas (or two different levels) with the permanent cache storage area for
control data and the temporary cache storage area for control data. In an alternate
embodiment, the processor 18 may assign a first temporary cache storage area for

control data and a second temporary cache storage area for control data.
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[0039] The storage device 12 may further include functions for cache
management. In operation, the processor 18 may execute cache management
instructions 25 (which may be resident in instructions 24) for operation of the cache
management functions, such as detailed in FIGS. 7A-B. The cache management
functions may control searching and managing of the entries in the one or more cache
storage areas 22 resident in the storage device 12. In particular, the cache
management functions may prioritize eviction of certain types of entries from one or
both of the separate data caches. For example, the processor 18 (executing the cache
management instructions 25) may manage two separate data caches, such as the
permanent data cache and the temporary data cache, as discussed in more detail below
with respect to FIGS 6A-B.

[0040] FIG. 5 illustrates a more detailed block diagram of certain elements of
controller 16 of FIG. 1, and is one example of a flash controller design. The flash
controller design includes a host interface module 502 that provides the physical and
electrical interface to the host system 10. The flash controller design may further
include one or more volatile memories. As shown in FIG. 5, flash controller design
includes multiple volatile memories, such as transfer RAM (TRAM) 504, buffer
RAM (BRAM) 512, and argument RAM (ARAM) 506. The examples of ARAM,
BRAM and TRAM are merely for illustration purposes only. Fewer or greater
numbers of volatile memories may be used. Further, other types of RAM or different
combinations of RAM may be used.

[0041] ARAM 506 may be RAM provisioned for control data caching. In this
way, ARAM 506 may be considered a permanent control data caching area. For
example, ARAM 506 may contain group allocation table (GAT) page cache and the
logical group (LG) bit map cache or other fast translation indicator. As discussed
previously, part or all of the control data stored in cache flash in memory 26 may be
stored in cache RAM in controller 16 to improve operation speed. For narrow logical
block address (LBA) random read test or less, the permanent LG bit map cache may
reduce control read (BCI or GAT page control read) to 1 control read per random read
in steady state as described above.

[0042] TRAM 504 includes a data buffer 508 that is provisioned for host data
caching for host data to/from flash 514. In this way, TRAM 504 may be considered a
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permanent host data caching area. The flash memory 514 may be divided into one or
more different portions (such as four portions as illustrated in FIG. 3), with each
portion being associated with a different flash interface module 510, and a different
section of data buffer 508. More or fewer portions of flash memory 514 may be used.
The flash interface module 510 may include BRAM 512, which may be provisioned
for error handling and/or chip-to-chip copy.

[0043] As discussed in more detail below, the temporary data cache may be
located in one or multiple shared memory regions, such as TRAM 504 or BRAM 512.
Using the temporary data cache may improve operation of the storage device. For full
LBA range random read test, the caching of the LG bit map 220 in the temporary
cache may reduce control read (BCI) to approximately one control read per random
read in steady state. For narrow LBA range random read test, the caching of GAT
pages in the temporary cache will reduce control read (GAT read) to approximately
zero control read/random read in steady state.

[0044] FIG. 6 is an exemplary flow diagram 600 illustrating operation of the
memory management functions. As discussed above, a temporary data cache may be
assigned depending on whether memory space is available for use and/or whether the
temporary data cache is necessary. One or more types of data may be assigned a
temporary data cache (such as control data or host data). As discussed in more detail
below with respect to FIGS. 7A-B, use of the temporary data cache allows for the size
of the permanent data cache to be smaller since the temporary data cache may be used
for instances where additional cache is required. For example, using a temporary data
cache as part of the control data cache improves performance of particular read/writes
traffic types that are prevalent in SSD applications.

[0045] At 602, the processor 18 (executing the memory management instructions
23) may optionally determine whether a temporary data cache is necessary. As
discussed above, one or more types of data may be cached, such as control data and
host data. If a temporary data cache is necessary, the processor 18 determines
whether there is space available to be assigned to a temporary data cache, as shown at
604. In the example shown in FIG. 6, the processor 18 may determine whether there
is space available in one of the volatile memories, such as in TRAM 504. If the space

is available, at 606, the processor 18 may assign space for use as a temporary data



WO 2012/158455 PCT/US2012/037287

-15-

cache. In the example shown in FIG. 5, the processor 18 may assign a portion of data
buffer 508 to a temporary data cache, such as a temporary data cache for control data.
At 608, the processor 18 determines if the space needs to be reclaimed. In the
example shown in FIG. 5, if TRAM 104 needs a portion of the data buffer 508
assigned as the temporary data cache for control data, the processor 18 may determine
to reclaim the portion assigned. If so, at 610, the processor 18 reclaims the space
without storing the entries in the temporary data cache. As discussed in more detail
with respect to FIGS. 7A-B, the temporary data cache is populated with clean entries,
so that the entries are stored in another part of the storage device 12 and therefore do
not need to be copied elsewhere when the space associated with the temporary data
cache is reclaimed.

[0046] FIGS. 7A-B is an exemplary flow diagram 700 illustrating operation of a
cache management functions for a permanent data cache and a temporary data cache
(if present). The processor 18 (executing the cache management instructions 25)
manages the entries in the temporary data cache so that all of the entries in the
temporary data cache are clean. As discussed above, different types of data may be
cached. In particular, a temporary data cache may be created for control data, and a
temporary data cache may be created for host data. For example, a permanent GAT
page cache may be used, with the permanent GAT page cache potentially containing
dirty and clean entries, and the temporary GAT page cache containing clean entries
only. As discussed above, since a LG bit map entry is built on the fly and does not
have a backup copy in the flash, all LG bitmap data is clean. A LG bitmap cache
“miss” results in a new cache entry allocated in the permanent data cache. If the
permanent data cache is full, a cache entry is evicted from the permanent data cache
to the temporary data cache. If the temporary data cache is full, then a cache entry
from the temporary data cache is evicted.

[0047] At 702, the processor 18 determines whether an entry is in the permanent
data cache. Ifthe entry is in permanent data cache, the entry is retrieved from the
permanent data cache. If not, at 704, the processor 18 determines whether the entry is
in the temporary data cache.

[0048] As discussed above, a logical group binary cache bitmap (LG BC bitmap)

may be used to determine if a fragment of a LG is in the binary cache or not. Ifa
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fragment is present in the binary cache per the LG BC bitmap, a BCI (binary cache
index) lookup is performed. If the corresponding BCI is not cached in the RAM (such
as either in the temporary data cache for BCI or the permanent data cache for BCI in
RAM), then a flash control read for the missing BCI is required. Ifthe LG does not
have any fragments in the binary cache per the LG BC bitmap, then a GAT lookup is
performed. If the corresponding GAT entry is not cached in the RAM (such as either
in the temporary data cache for GAT or the permanent data cache for GAT in RAM),
then a flash control read for the missing GAT entry is performed.

[0049] If the entry is in temporary data cache, at 706, the processor 18 determines
whether the operation for which the entry is accessed will modify the entry, which
impacts whether the entry is “clean”. A “clean” entry accurately reflects the contents
of another part of the memory on the storage device (such as flash or other non-
volatile memory) and whereas a “dirty” entry does not accurately reflect the contents
of another part of the memory on the storage device. Because the entries in the
temporary data cache are clean, reclaiming the area of the temporary data cache is
easier. If the operation modifies the entry, then the entry is not considered clean, so
that at 708 the entry is fetched from the temporary data cache and moved to the
permanent data cache. Thus, the entries within the temporary data cache can remain
clean. As discussed in more detail below, the entries in the temporary data cache are
maintained as clean, so that the contents of the entries are located elsewhere in the
storage device 12. In this way, there is a duplicate of the entries that are located in the
temporary data cache. Reclaiming the area assigned to the temporary data cache is
made easier since the entries stored in the temporary data cache need not be copied
elsewhere (since they are already stored elsewhere in the storage device 12). Rather,
the processor 18 may reclaim the space without the need to store the entries in the
temporary data cache, as discussed above at 610 of FIG. 6.

[0050] In the example of a GAT cache, on a cache miss in the permanent data
cache and a cache hit in the temporary data cache, if the operation will modify the
GAT entry, the GAT entry will be fetched from the temporary data cache and loaded
into the permanent data cache. Ifthe operation will not modify the GAT entry, then
the GAT entry may remain in the temporary data cache. In addition, the same

eviction policies such as described in blocks 718 and 730 may be used. Optionally, if
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temporary buffer space is available for GAT entries swapping, the same GAT entry
eviction policy from the permanent data cache such as described in blocks 718 and
730 may be used.

[0051] If the entry is not in the permanent data cache or in the temporary data
cache, the processor 18 determines if the permanent data cache is full at 710. If not,
space is available in the permanent data cache for addition of the entry. So that, at
712, the entry is added to the permanent data cache. For example, if the permanent
GAT cache is not full, the corresponding GAT page will be fetched from the flash and
loaded into the permanent data cache.

[0052] If the permanent data cache is full, it is determined whether at least a part
of the permanent data cache is clean, at 714. If so, at 722, the processor 18
determines if a temporary data cache is available (i.e., if there is space allocated for a
temporary data cache). If there is no temporary data cache available, space is made
available in the permanent data cache by evicting one or more pages. For example, at
724, the least recently used (LRU) clean page is evicted from the permanent data
cache. The LRU algorithm may analyze the clean pages in the permanent data cache
for recent use, and select for eviction the clean page that has not been used for the
longest period of time. The LRU algorithm is merely one example of a methodology
for the processor. Other methodologies are contemplated, such as the least frequently
used (LFU) algorithm may analyze the clean pages in the permanent data cache for
frequency of use, and select for eviction the clean page in the permanent data cache
that has been least frequently used. At 726, the entry is obtained from flash memory
and loaded into the permanent data cache.

[0053] For example, if the permanent GAT cache is full and at least one page in
the permanent GAT cache is clean, and no temporary GAT cache available: the LRU
clean GAT page may be evicted and the corresponding GAT page will be fetched
from the flash and loaded into the permanent GAT cache.

[0054] If temporary data cache is available, at 728, the processor 18 determines
whether the temporary data cache is full. If the temporary data cache is full, space is
made available in the temporary data cache by evicting one or more pages. For

example, at 730, the LRU clean page is evicted from the temporary data cache.
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Alternatively, another methodology is used to evict a page from the temporary data
cache, such as the LFU algorithm.

[0055] A part of the permanent data cache is then evicted to another part of the
storage device 12, such as evicted to the temporary data cache. For example, at 732,
the LRU clean part from permanent data cache is evicted to temporary data cache.
Alternatively, another algorithm, such as the LFU clean part from the permanent data
cache is evicted to the temporary data cache. At 734, the entry is obtained from flash
memory and loaded into the permanent data cache.

[0056] In the example of a GAT cache, if the permanent GAT cache is full and at
least one page of the permanent GAT cache is clean, and a temporary GAT cache is
available: the LRU GAT page is evicted from the temporary GAT cache (if it is full);
the LRU clean GAT page from the permanent GAT cache is evicted to the temporary
GAT cache; and the corresponding GAT page is fetched from the flash and loaded
into the permanent GAT cache.

[0057] If the permanent data cache is full and dirty, one or more pages are copied
from the permanent data cache to flash. For example, at 716, the LRU dirty page in
the permanent data cache is copied to flash. Alternatively, another algorithm, such as
LFU, may be used to copy a dirty page from permanent data cache to flash. Then, at
718, the page copied from the permanent data cache is evicted to the temporary data
cache. At 720, the entry is obtained from flash memory and loaded into the
permanent data cache. Thus, similar to 726 and 744, the flash read is loaded into
permanent data cache. In this way, the management of the two levels of cache
(permanent and temporary) prioritizes moving the newest entries to the permanent
data cache. So that, the permanent data cache may be examined before the temporary
data cache.

[0058] In the example of a GAT cache, if the permanent GAT cache is full and
dirty, the LRU dirty page will be written to the flash and optionally (if present)
evicted to the temporary GAT cache as a clean entry, and the corresponding GAT
page will be fetched from the flash and loaded into the permanent GAT cache. If the
temporary data cache would contain dirty entries, there would be a need to write the
dirty entries to the flash before releasing the temporary. However, because

management of the temporary data cache results in all of the entries in the temporary
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data cache being clean, the temporary data cache may be released instantly (without
the necessity of copying any entries). One way to accomplish this is by ensuring that
only clean entries are moved from the permanent data cache to the temporary data
cache.

[0059] FIG. 8 illustrates the block diagram of FIG. 5 with flow of data from
different volatile memories. ARAM 506 is RAM that is provisioned for control data
caching. This may be considered the first level of control data caching. TRAM 104
is RAM that is provisioned for data buffer and host data caching. In the event that
TRAM 104 has additional space not being used for data buffer and host data caching,
a part of the TRAM 104 may be designated as a temporary control data cache. This
may be considered the second level of control data caching. FIG. 8 illustrates various
actions, such as the eviction of GAT/LG bitmap entry from ARAM 506 to TRAM
104, the eviction of a dirty GAT entry from ARAM 506 to flash, sending of a GAT
entry from flash to ARAM 506, and sending of a GAT entry from temporary data
cache to ARAM 506 for update. An example of one system and method of dividing a
RAM cache into temporary and permanent cache space is found in co-pending
application serial no. 13/109,777, attorney docket no. 10519/1786 (SDA-1619-US),
entitled “EXPANDABLE DATA CACHE,” filed on May 17, 2011, the entirety of
which is incorporated herein by reference.

[0060] As disclosed above, a fast translation indicator data structure, such as a
logical group bitmap or a list of logical addresses or logical groups may be used to
reduce the frequency of retrieving and parsing a secondary address table during a
logical to physical address translation operation. The example provided above related
to a system with one logical group bitmap associated with a binary cache index,
however multiple logical group bitmaps could be utilized in other implementations
where multiple levels of tables or other data structures need to be retrieved and parsed
during an address translation operation. Also, the logical group bitmap may be stored
in permanent or temporary RAM cache memory levels as described. The granularity
of the fast translation indicator may be any of a number of ranges, such as a multiple
or fraction of a logical group, or a discontiguous collection of addresses or address
ranges. The granularity of the fast translation indicator may also be different than that
of the BCI, GAT or other data table(s). With the method and system described,a '
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logical to physical translation operation may be accelerated by avoiding unnecessary
address table retrieval and parsing.

[0061] It is intended that the foregoing detailed description be understood as an
illustration of selected forms that the invention can take and not as a definition of the
invention. It is only the following claims, including all equivalents, that are intended

to define the scope of this invention.
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WE CLAIM:

1. A storage device comprising:
at least one non-volatile memory having a primary address table and a
secondary address table;
a controller in communication with the at least one non-volatile memory and
configured to: |
receive a host request identifying logical address information;
compare the logical address information in the host request to a fast
translation indicator maintained in the storage device to determine if the
secondary address table contains data needed for responding to the host
request; and
bypass retrieval of the secondary address table and retrieve the primary
address table when it is determined from the fast translation indicator that the
secondary address table does not contain data needed for responding to the

host request.

2. The storage device of claim 1, wherein the fast translation indicator comprises
a bitmap correlating logical address information to a single bit indicator identifying
whether or not a data entry exists in the secondary address table corresponding to the

logical address information.

3. The storage device of claim 1, wherein the fast translation indicator comprises
a list of logical address information regarding logical addresses associated with a data

entry in the secondary address table.

4. The storage device of claim 2, wherein the logical address information

comprises a logical group number.

5. The storage device of claim 2, wherein logical address information comprises

multiple logical groups.
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6. The storage device of claim 2, wherein the logical address information
comprises a fraction of a logical group.
7. The storage device of claim 2, wherein the logical address information

comprises multiple discontiguous logical areas or ranges.

8. The storage device of claim 1, wherein the controller is further configured to
add a new entry to the fast translation indicator corresponding to logical address
information not already included in the fast translation indicator when a threshold

number of host requests identifying the logical address information has been received.

9. The storage device of claim 8, wherein the controller is further configured to
delete one existing entry in the fast translation indicator when the new entry is added

if a space allocated in the storage device for the fast translation indicator is full.

10.  The storage device of claim 9, wherein the controller is configured to select a
least recently used entry in the fast translation indicator as the one existing entry for

deletion.

11. A method for accelerating a logical to physical translation in a storage device
having a non-volatile memory, a primary address table and a secondary address table,
the method comprising:
in a controller of the one storage device:
receiving a host request identifying logical address information;
comparing the logical address information in the host request to a fast
translation indicator maintained in the storage device to determine if the
secondary address table contains data needed for responding to the host
request; and
bypassing retrieval of the secondary address table and retrieving the
primary address table when it is determined from the fast translation indicator
that the secondary address table does not contain data needed for responding

to the host request.
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12.  The method of claim 11, wherein the fast translation indicator comprises a
bitmap correlating logical address information to a single bit indicator identifying
whether or not a data entry exists in the secondary address table corresponding to the

logical address information.

13.  The storage device of claim 12, wherein logical address information comprises

multiple logical groups.

14.  The storage device of claim 12, wherein the logical address information

comprises a fraction of a logical group.

15.  The storage device of claim 12, wherein the logical address information

comprises multiple discontiguous logical areas or ranges.

16.  The method of claim 11, wherein the fast translation indicator comprises a list
of logical address information regarding logical addresses associated with a data entry

in the secondary address table.

17.  The method of claim 12, wherein the logical address information comprises a

logical group number.

18.  The method of claim 11, further comprising adding a new entry to the fast
translation indicator corresponding to logical address information not already
included in the fast translation indicator when a threshold number of host requests

identifying the logical address information has been received.

19.  The method of claim 18, further comprising deleting one existing entry in the
fast translation indicator when the new entry is added if a space allocated in the

storage device for the fast translation indicator is full.
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20.  The method of claim 19, further comprising selecting a least recently used

entry in the fast translation indicator as the one existing entry for deletion.
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