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(57) Abstract: An apparatus, system, and method are dis-
closed for managing contents of a cache 102. A storage re-
quest module 602 monitors storage requests received by a
cache 102. The storage requests include read requests and
write requests. A read pool module 604 adjusts a size of a
read pool 804 of the cache 102 to maximize a read hit rate of
the storage requests. A dirty write pool module 606 adjusts a
size of a dirty write pool 808 of the cache 102 to maximize a
dirty write hit rate of the storage requests.
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APPARATUS, SYSTEM, AND METHOD FOR MANAGING CONTENTS OF A CACHE
FIELD OF THE INVENTION

The subject matter disclosed herein relates to caching data and more particularly relates
to managing contents of a cache.
DESCRIPTION OF THE RELATED ART

A cache device typically has a smaller storage capacity than the backing store with which
the cache device is associated. As a cache device fills with cached data, certain cached data may
be evicted to free up room to cache additional data. If data is evicted from a cache device, a
subsequent request for the evicted data yields a cache miss. Evicting the wrong data from a
cache device can increase the number of cache misses and decrease the efficiency of the cache
device.

In cache devices that store both read data and write data, available storage capacity is also
shared between read data and write data. A static division of a cache device between read data
and write data can also be an inefficient use of the cache device if the static division does not
reflect a user’s working data set of read data and write data.

SUMMARY OF THE INVENTION

From the foregoing discussion, it should be apparent that a need exists for an apparatus,
system, and method that manage contents of a cache. Beneficially, such an apparatus, system,
and method would dynamically balance sizes of data pools in a cache to maximize a read hit rate
and a dirty write hit rate.

The present invention has been developed in response to the present state of the art, and
in particular, in response to the problems and needs in the art that have not yet been fully solved
by currently available data caches. Accordingly, the present invention has been developed to
provide an apparatus, system, and method for managing contents of a cache that overcome many
or all of the above-discussed shortcomings in the art.

A method of the present invention is presented for managing contents of a cache. The
method in the disclosed embodiments substantially includes the steps necessary to carry out the
functions presented below with respect to the operation of the described apparatus and system.
In one embodiment, the method includes monitoring storage requests received by a cache. The
storage requests, in certain embodiments, include read requests and write requests. The method,
in a further embodiment, includes adjusting a size of a read pool of the cache to maximize a read
hit rate of the storage requests. In another embodiment, the method includes adjusting a size of a

dirty write pool of the cache to maximize a dirty write hit rate of the storage requests.
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The method, in one embodiment, includes determining a target read pool size for the read
pool and a target dirty write pool size for the dirty write pool based on the monitored storage
requests received by the cache. Adjusting the size of the read pool, in certain embodiments,
includes selecting data for eviction from the cache based at least partially on a difference
between an actual read pool size and the target read pool size.

The read pool of the cache, in a further embodiment, includes a recent read pool and a
frequent read pool. Adjusting the size of the read pool, in one embodiment, includes increasing a
target recent read pool size of the recent read pool in response to a read hit in the recent read
pool. Requested data, in another embodiment, transitions from the recent read pool to the
frequent read pool in response to a frequent read threshold number of read hits for the requested
data in the recent read pool. In one embodiment, adjusting the size of the read pool includes
reducing the target read pool size in response to a read miss. The actual size of the read pool, in
certain embodiments, increases in response to caching data of the read miss in the cache.

Adjusting the size of the read pool, in one embodiment, includes adjusting a size of the
recent read pool to maximize the read hit rate of the storage requests. In a further embodiment,
adjusting the size of the read pool includes adjusting a size of the frequent read pool to maximize
the read hit rate of the storage requests.

Adjusting the size of the dirty write pool of the cache, in one embodiment, includes
destaging dirty write data from the dirty write pool of the cache at a destage rate. The destage
rate, in certain embodiments, is based on a difference between an actual dirty write pool size and
the target dirty write pool size. In a further embodiment, the method includes setting the destage
rate so that the size of the dirty write pool remains within a maximum dirty write pool size of the
dirty write pool.

Adjusting the size of the dirty write pool, in one embodiment, includes increasing the
target dirty write pool size in response to a dirty write hit. Adjusting the size of the dirty write
pool, in another embodiment, includes increasing the target dirty write pool size in response to a
clean write hit. In a further embodiment, adjusting the size of the dirty write pool includes
decreasing the target dirty write pool size in response to a write miss. The actual size of the dirty
write pool, in certain embodiments, increases in response to servicing a write request of a write
miss.

The method, in one embodiment, includes adjusting a size of a clean write pool of the
cache to maximize the read hit rate and the dirty write hit rate of the storage requests. Adjusting
the size of the clean write pool of the cache, in another embodiment, includes adjusting a destage

rate at which data is moved from the dirty write pool to the clean write pool to maximize the
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dirty write hit rate. In a further embodiment, adjusting the size of the clean write pool of the
cache includes adjusting an eviction rate at which data is evicted from the clean write pool to
maximize the read hit rate.

The method, in one embodiment, includes reading requested data from the cache to
service a read request. In another embodiment, the method includes writing the requested data
forward on a sequential log-based writing structure of the cache in response to the read request.
The read request, in certain embodiments, satisfies a frequent read threshold number of read hits
for the requested data and the requested data transitions from a recent read pool of the read pool
to a frequent read pool of the read pool in response to the read request.

The method, in one embodiment, includes maintaining metadata for evicted data. The
evicted data, in a further embodiment, includes read data from the read pool and clean write data
destaged from the dirty write pool. The metadata, in another embodiment, includes one or more
entries for the evicted data in a mapping structure. The mapping structure, in one embodiment,
maps logical addresses of the cache to locations on physical storage media of the cache. In a
further embodiment, the metadata for the evicted data indicates that the physical storage media
of the cache does not currently store the evicted data. The method, in another embodiment,
includes adding the evicted data to a frequent read pool of the read pool of the cache, based on
the metadata for the evicted data, in response to a subsequent read request for the evicted data.

An apparatus for managing contents of a cache is provided with a plurality of modules
configured to functionally execute the necessary steps of managing cache contents. These
modules in the described embodiments include a storage request module, a read pool module, an
eviction module, a dirty write pool module, a clean write pool module, and a destage module.

In one embodiment, the storage request module monitors storage requests received by a
cache. The storage requests, in a further embodiment, include read requests and write requests.
The read pool module, in one embodiment, determines a target read pool size for a read pool of
the cache based on the monitored storage requests. In another embodiment, the eviction module
selects data for eviction from the cache based at least partially on a difference between an actual
read pool size and the target read pool size.

The dirty write pool module, in one embodiment, determines a target dirty write pool size
for a dirty write pool of the cache based on the monitored storage requests. In a further
embodiment, the destage module adjusts a destage rate for destaging dirty write data from the
dirty write pool of the cache. The destage module, in another embodiment, adjusts the destage
rate based on a difference between an actual dirty write pool size and the target dirty write pool

size.



10

15

20

25

30

WO 2012/116369 PCT/US2012/026790

4

In one embodiment, the clean write pool module determines a target clean write pool size
for a clean write pool of the cache based on the monitored storage requests. The eviction
module, in a further embodiment, selects data for eviction from the cache based at least partially
on a difference between an actual clean write pool size and the target clean write pool size.

A system of the present invention is also presented for managing contents of a cache.
The system may be embodied by a processor, a storage controller, and a cache controller. In
particular, the system, in one embodiment, includes a host computer system.

The storage controller, in one embodiment, is for a nonvolatile solid-state storage device.
In a further embodiment, the nonvolatile solid-state storage device is in communication with the
processor over one or more communications buses. The cache controller, in another
embodiment, is in communication with the storage controller. The host computer system, in one
embodiment, includes the processor. The storage controller and the cache controller, in one
embodiment, comprise one or more device drivers executing on the processor of the host
computer system.

The cache controller, in certain embodiments, includes a storage request module, a read
pool module, and a dirty write pool module. In one embodiment, the storage request module
monitors storage requests received by the cache controller. The storage requests, in a further
embodiment, include read requests and write requests. In one embodiment, the read pool module
adjusts a size of a read pool of the cache to maximize a read hit rate of the storage requests. The
dirty write pool module, in another embodiment, adjusts a size of a dirty write pool of the cache
to maximize a dirty write hit rate of the storage requests.

References throughout this specification to features, advantages, or similar language do
not imply that all of the features and advantages may be realized in any single embodiment.
Rather, language referring to the features and advantages is understood to mean that a specific
feature, advantage, or characteristic is included in at least one embodiment. Thus, discussion of
the features and advantages, and similar language, throughout this specification may, but do not
necessarily, refer to the same embodiment.

These features and advantages of the embodiments will become more fully apparent from
the following description and appended claims, or may be learned by the practice of
embodiments as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of the invention will be readily understood, a more particular

description of the invention briefly described above will be rendered by reference to specific

embodiments that are illustrated in the appended drawings. Understanding that these drawings
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depict only typical embodiments of the invention and are not therefore to be considered to be
limiting of its scope, the invention will be described and explained with additional specificity
and detail through the use of the accompanying drawings, in which:

Figure 1A is a schematic block diagram illustrating one embodiment of a system for
managing contents of a cache in accordance with the present invention;

Figure 1B is a schematic block diagram illustrating another embodiment of a system for
managing contents of a cache in accordance with the present invention;

Figure 2 is a schematic block diagram illustrating one embodiment of a host device in
accordance with the present invention;

Figure 3 is a schematic block diagram illustrating one embodiment of a direct cache
module in accordance with the present invention;

Figure 4 is a schematic block diagram illustrating another embodiment of a direct cache
module in accordance with the present invention;

Figure 5 is a schematic block diagram illustrating one embodiment of cache pools in
accordance with the present invention;

Figure 6 is a schematic block diagram illustrating one embodiment of a forward map and
a reverse map in accordance with the present invention;

Figure 7 is a schematic block diagram illustrating one embodiment of a mapping
structure, a logical address space of a cache, a sequential, log-based, append-only writing
structure, and an address space of a storage device in accordance with the present invention;

Figure 8A is a schematic block diagram illustrating one embodiment of a mapping
structure and a cache membership map in accordance with the present invention;

Figure 8B is a schematic block diagram illustrating one embodiment of a mapping
structure entry and a cache membership map in accordance with the present invention;

Figure 8C is a schematic block diagram illustrating one embodiment of mapping structure
entries and a cache membership map in accordance with the present invention;

Figure 8D is a schematic block diagram illustrating one embodiment of a mapping
structure in accordance with the present invention;

Figure 9 is a schematic flow chart diagram illustrating one embodiment of a method for
managing contents of a cache in accordance with the present invention;

Figure 10 is a schematic flow chart diagram illustrating another embodiment of a method
for managing contents of a cache in accordance with the present invention;

Figure 11 is a schematic flow chart diagram illustrating one embodiment of a method for

preserving read data in a cache in accordance with the present invention; and
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Figure 12 is a schematic flow chart diagram illustrating one embodiment of a method for
maintaining metadata for evicted data in accordance with the present invention.
DETAILED DESCRIPTION OF THE INVENTION

As will be appreciated by one skilled in the art, aspects of the present invention may be
embodied as a system, method or computer program product. Accordingly, aspects of the present
invention may take the form of an entirely hardware embodiment, an entirely software
embodiment (including firmware, resident software, micro-code, etc.) or an embodiment
combining software and hardware aspects that may all generally be referred to herein as a

20 Ce

“circuit,” “module” or “system.” Furthermore, aspects of the present invention may take the form
of a computer program product embodied in one or more computer readable medium(s) having
computer readable program code embodied thereon.

Figure 1A depicts one embodiment of a system 100 for managing contents of a cache
102. The system 100, in the depicted embodiment, includes a cache 102 a host device 114, a
direct cache module 116, and a backing store 118. The cache 102, in the depicted embodiment,
includes a solid-state storage controller 104, a write data pipeline 106, a read data pipeline 108,
and a solid-state storage media 110. In general, the system 100 caches data for the backing store
118 in the cache 102 and the direct cache module 116 manages contents of the cache 102 to
maximize a read hit rate of the cache 102, a dirty write hit rate of the cache 102, or the like.

The cache 102 has a finite physical storage capacity for caching data for the backing store
118. In certain embodiments, the direct cache module 116 tracks data of the cache 102 in one or
more data pools, such as a read pool, a write pool, a clean pool, a dirty pool, a recent read pool, a
frequent read pool, and/or other data pools to optimize the use of the finite storage capacity of
the cache 102. A data pool, as used herein, is a set of data related by one or more data
characteristics. In one embodiment, data pools of the cache 102 only include data that the cache
102 currently stores, and the data pools are sized to fit within a storage capacity of the cache 102.
In a further embodiment, the data pools of the cache 102 may include data that the backing store
118 stores that the cache 102 does not store, but for which the direct cache module 116 maintains
metadata, and the data pools may have a combined size that is greater than a storage capacity of
the cache 102. The data pools of the cache 102, in certain embodiments, may span both data that
the cache 102 stores and data for which the direct cache module 116 maintains metadata but that
the cache 102 does not store. The direct cache module 116, in one embodiment, tracks data
pools as counts or tallies of different types of data, such as read data, write data, clean data, dirty

data, recent data, frequent data, and the like.
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The direct cache module 116 may manage contents of the cache 102 by dynamically
adjusting sizes of various data pools of the cache 102 to match a user’s working data set of read
data and write data. In various embodiments, the direct cache module 116 adjusts sizes of data
pools by selectively destaging data from the cache 102 to the backing store 118, selectively
evicting data from the cache 102, and/or by otherwise adjusting membership in data pools of the
cache 102. For example, in one embodiment, the direct cache module 116 monitors storage
requests for the cache 102 and adjusts data pool sizes to maximize a read hit rate and a dirty
write hit rate for the cache 102.

In the depicted embodiment, the system 100 includes a single cache 102. In another
embodiment, the system 100 may include two or more caches 102. For example, in various
embodiments, the system 100 may mirror cached data between several caches 102, may virtually
stripe cached data across multiple caches 102, or otherwise cache data in more than one cache
102. In general, the cache 102 serves as a read and/or a write cache for the backing store 118
and the backing store 118 is a storage device that serves as a backing store for the cache 102. In
one embodiment, the cache 102 operates in a write-back mode and the direct cache module 116
destages cached write data to the backing store 118 opportunistically after caching the write data
in the cache 102. In certain embodiments, the cache 102 may operate, at least temporarily, in
another mode, such as a write-back mode, a write-around mode, or the like, and the direct cache
module 116 may write data to the backing store 118 substantially simultaneously with caching
the data in the cache 102 or without caching the data in the cache 102.

In the depicted embodiment, the cache 102 is embodied by a non-volatile, solid-state
storage device, with a solid-state storage controller 104 and non-volatile, solid-state storage
media 110. The non-volatile, solid-state storage media 110 may include flash memory, nano
random access memory (“nano RAM or NRAM”), magneto-resistive RAM (“MRAM”),
dynamic RAM (“DRAM”), phase change RAM (“*PRAM”), racetrack memory, memristor
memory, nanocrystal wire-based memory, silicon-oxide based sub-10 nanometer process
memory, graphene memory, silicon-oxide-nitride-oxide-silicon (“SONOS”) memory, resistive
random-access memory (“RRAM”), programmable metallization cell (“PMC”), conductive-
bridging RAM (“CBRAM?”), or the like. In further embodiments, the cache 102 may include
other types of non-volatile and/or volatile data storage, such as dynamic RAM (“DRAM?), static
RAM (“SRAM”™), magnetic data storage, optical data storage, and/or other data storage
technologies.

The cache 102, in one embodiment, stores or preserves data in a log. The log, in a further

embodiment, comprises a sequential, append-only log-based structure, or the like. The cache
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102 stores at least a portion of the log on the solid-state storage media 110. The cache 102, in
certain embodiments, may store a portion of the log, metadata for the log, or the like in volatile
memory, such as RAM, and may store at least enough data of the log in the solid-state storage
media 110 to recreate the log structure after an improper shutdown or other failure. In one
embodiment, the log includes a head at an append point and a tail at an end of the log with the
oldest data (data written earliest in time). In certain embodiments, the log may include multiple
append points, multiple sub-logs, or the like. In a further embodiment, the cache 102 may store
or preserve data in multiple logs.

In general, the cache 102 caches data for the backing store 118. The backing store 118,
in one embodiment, is a backing store associated with the cache 102 and/or with the direct cache
module 116. The backing store 118 may include a hard disk drive, an optical drive with optical
media, a magnetic tape drive, or another type of storage device. In one embodiment, the backing
store 118 may have a greater data storage capacity than the cache 102. In another embodiment,
the backing store 118 may have a higher latency, a lower throughput, or the like, than the cache
102.

The backing store 118 may have a higher latency, a lower throughput, or the like due to
properties of the backing store 118 itself or due to properties of a connection to the backing store
118. For example, in one embodiment, the cache 102 and the backing store 118 may each
include non-volatile, solid-state storage media 110 with similar properties, but the backing store
118 may be in communication with the host device 114 over a data network, while the cache 102
may be directly connected to the host device 114, causing the backing store 118 to have a higher
latency relative to the host 114 than the cache 102.

In one embodiment, the cache 102 and/or the backing store 118 are in communication
with a processor of the host device 114 over one or more communications buses. In the depicted
embodiment, the cache 102 and the backing store 118 are in communication with the host device
114 through the direct cache module 116. The cache 102 and/or the backing store 118, in one
embodiment, may be direct attached storage (“DAS”) of the host device 114. DAS, as used
herein, is data storage that is connected to a device, either internally or externally, without a
storage network in between.

In one embodiment, the cache 102 and/or the backing store 118 are internal to the host
device 114 and are connected using a system bus, such as a peripheral component interconnect
express (“PCI-e”) bus, a Serial Advanced Technology Attachment (“SATA”) bus, or the like. In
another embodiment, the cache 102 and/or the backing store 118 may be external to the host

device 114 and may be connected using a universal serial bus (“USB”) connection, an Institute
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of Flectrical and Electronics Engineers (“IEEE”) 1394 bus (“FireWire™), an external SATA
(“eSATA”) connection, or the like. In other embodiments, the cache 102 and/or the backing
store 118 may be connected to the host device 114 using a peripheral component interconnect
(“PCI”) express bus using external electrical or optical bus extension or bus networking solution
such as Infiniband or PCI Express Advanced Switching (“PCle-AS™), or the like.

In various embodiments, the cache 102 and/or the backing store 118 may be in the form
of a dual-inline memory module (“DIMM?”), a daughter card, or a micro-module. In another
embodiment, the cache 102 and/or the backing store 118 may be elements within a rack-mounted
blade. In another embodiment, the cache 102 and/or the backing store 118 may be contained
within packages that are integrated directly onto a higher level assembly (e.g. mother board, lap
top, graphics processor). In another embodiment, individual components comprising the cache
102 and/or the backing store 118 are integrated directly onto a higher level assembly without
intermediate packaging.

In the depicted embodiment, the cache 102 includes one or more solid-state storage
controllers 104 with a write data pipeline 106 and a read data pipeline 108, and a solid-state
storage media 110. The backing store 118, in the depicted embodiment, includes a backing store
controller 120. The solid-state storage controller 104 and the backing store controller 120, in
certain embodiments, may receive storage requests, perform management functions and the like
for the cache 102 and the backing store 118, or perform other functions. The solid-state storage
controller 104 and/or the backing store controller 120, in various embodiments, may comprise
one or more device drivers installed on the host device 114, logic hardware or firmware of the
cache 102 and/or the backing store 118, a combination of one or more device drivers and logic
hardware or firmware, or the like.

In one embodiment, the storage controller 104 sequentially writes data on the solid-state
storage media 110 in a log structured format and within one or more physical structures of the
storage elements, the data is sequentially stored on the solid-state storage media 110.
Sequentially writing data involves the storage controller 104 streaming data packets into storage
write buffers for storage elements, such as a chip (a package of one or more dies) or a die on a
circuit board. When the storage write buffers are full, the data packets are programmed to a
designated virtual or logical page (“LP”). Data packets then refill the storage write buffers and,
when full, the data packets are written to the next LP. The next virtual page may be in the same
bank or another bank. This process continues, LP after LP, typically until a virtual or logical

erase block (“LEB”) is filled.
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In another embodiment, the streaming may continue across LEB boundaries with the
process continuing, LEB after LEB. Typically, the storage controller 104 sequentially stores
data packets in an LEB by order of processing. In one embodiment, where a write data pipeline
106 is used, the storage controller 104 stores packets in the order that they come out of the write
data pipeline 106. This order may be a result of data segments arriving from a requesting device
mixed with packets of valid data that are being read from another storage location as valid data is
being recovered from another LEB during a recovery operation.

The sequentially stored data, in one embodiment, can serve as a log to reconstruct data
indexes and other metadata using information from data packet headers. For example, in one
embodiment, the storage controller 104 may reconstruct a storage index by reading headers to
determine the data structure to which each packet belongs and sequence information to
determine where in the data structure the data or metadata belongs. The storage controller 104,
in one embodiment, uses physical address information for each packet and timestamp or
sequence information to create a mapping between the physical locations of the packets and the
data structure identifier and data segment sequence. Timestamp or sequence information is used
by the storage controller 104 to replay the sequence of changes made to the index and thereby
reestablish the most recent state.

In one embodiment, erase blocks are time stamped or given a sequence number as
packets are written and the timestamp or sequence information of an erase block is used along
with information gathered from container headers and packet headers to reconstruct the storage
index. In another embodiment, timestamp or sequence information is written to an erase block
when the erase block is recovered.

In a read, modify, write operation, data packets associated with the logical structure are
located and read in a read operation. Data segments of the modified structure that have been
modified are not written to the location from which they are read. Instead, the modified data
segments are again converted to data packets and then written to the next available location in
the virtual page currently being written. Index entries for the respective data packets are
modified to point to the packets that contain the modified data segments. The entry or entries in
the index for data packets associated with the same logical structure that have not been modified
will include pointers to original location of the unmodified data packets. Thus, if the original
logical structure is maintained, for example to maintain a previous version of the logical
structure, the original logical structure will have pointers in the index to all data packets as

originally written. The new logical structure will have pointers in the index to some of the
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original data packets and pointers to the modified data packets in the virtual page that is currently
being written.

In a copy operation, the index includes an entry for the original logical structure mapped
to a number of packets stored on the solid-state storage media 110. When a copy is made, a new
logical structure is created and a new entry is created in the index mapping the new logical
structure to the original packets. The new logical structure is also written to the solid-state
storage media 110 with its location mapped to the new entry in the index. The new logical
structure packets may be used to identify the packets within the original logical structure that are
referenced in case changes have been made in the original logical structure that have not been
propagated to the copy and the index is lost or corrupted. In another embodiment, the index
includes a logical entry for a logical block.

Beneficially, sequentially writing packets facilitates a more even use of the solid-state
storage media 110 and allows a solid-storage device controller to monitor storage hot spots and
level usage of the various virtual pages in the solid-state storage media 110. Sequentially writing
packets also facilitates a powerful, efficient garbage collection system, which is described in
detail below. One of skill in the art will recognize other benefits of sequential storage of data
packets.

The system 100 may comprise a log-structured storage system or log-structured array
similar to a log-structured file system and the order that data is stored may be used to recreate an
index. Typically an index that includes a logical-to-physical mapping is stored in volatile
memory. If the index is corrupted or lost, the index may be reconstructed by addressing the
solid-state storage media 110 in the order that the data was written. Within a logical erase block
(“LEB”), data is typically stored sequentially by filling a first logical page, then a second logical
page, etc. until the LEB is filled. The solid-state storage controller 104 then chooses another
LEB and the process repeats. By maintaining an order that the LEBs were written to and by
knowing that each LEB is written sequentially, the index can be rebuilt by traversing the solid-
state storage media 110 in order from beginning to end. In other embodiments, if part of the
index is stored in non-volatile memory, such as on the solid-state storage media 110, the solid-
state storage controller 104 may only need to replay a portion of the solid-state storage media
110 to rebuild a portion of the index that was not stored in non-volatile memory. One of skill in
the art will recognize other benefits of sequential storage of data packets.

In a further embodiment, instead of being connected directly to the host device 114 as
DAS, the cache 102 and/or the backing store 118 may be connected to the host device 114 over a

data network. For example, the cache 102 and/or the backing store 118 may include a storage
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area network (“SAN”) storage device, a network attached storage (“NAS”™) device, a network
share, or the like. In one embodiment, the system 100 may include a data network, such as the
Internet, a wide area network (“WAN"), a metropolitan area network (“MAN"), a local area
network (“LAN"), a token ring, a wireless network, a fiber channel network, a SAN, a NAS,
ESCON, or the like, or any combination of networks. A data network may also include a
network from the IEEE 802 family of network technologies, such Ethernet, token ring, Wi-Fi,
Wi-Max, and the like. A data network may include servers, switches, routers, cabling, radios,
and other equipment used to facilitate networking between the host device 114 and the cache 102
and/or the backing store 118.

In one embodiment, at least the cache 102 is connected directly to the host device 114 as
a DAS device. In a further embodiment, the cache 102 is directly connected to the host device
114 as a DAS device and the backing store 118 is directly connected to the cache 102. Tor
example, the cache 102 may be connected directly to the host device 114, and the backing store
118 may be connected directly to the cache 102 using a direct, wire-line connection, such as a
PCI express bus, an SATA bus, a USB connection, an IEEE 1394 connection, an eSATA
connection, a proprietary direct connection, an external electrical or optical bus extension or bus
networking solution such as Infiniband or PCle-AS, or the like. One of skill in the art, in light of
this disclosure, will recognize other arrangements and configurations of the host device 114, the
cache 102, and the backing store 118 suitable for use in the system 100.

The system 100 includes the host device 114 in communication with the cache 102 and
the backing store 118 through the direct cache module 116. A host device 114 may be a host, a
server, a storage controller of a SAN, a workstation, a personal computer, a laptop computer, a
handheld computer, a supercomputer, a computer cluster, a network switch, router, or appliance,
a database or storage appliance, a data acquisition or data capture system, a diagnostic system, a
test system, a robot, a portable electronic device, a wireless device, or the like.

In the depicted embodiment, the host device 114 is in communication with the direct
cache module 116. The direct cache module 116, in general, receives or otherwise detects read
and write requests from the host device 114 directed to the backing store 118 and manages the
caching of data in the cache 102 and destaging of cached data to the backing store 118. In one
embodiment, the direct cache module 116 comprises a software application, file system filter
driver, combination of filter drivers, or the like on the host device 114.

In another embodiment, the direct cache module 116 comprises one or more storage
controllers, such as the solid-state storage controller 104 of the cache 102 and/or the backing

store controller 120 of the backing store 118. Figure 1B depicts a system 101 that is
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substantially similar to the system 100 of Figure 1A, but with the storage controller 104 and the
backing store controller 120 integrated with the direct cache module 116 as device drivers and/or
filter drivers on the host device 114. The storage controller 104 and the backing store controller
120 may be integrated with the direct cache module 116 as device drivers on the host device 114,
as dedicated hardware logic circuits or firmware of the cache 102 and/or the backing store 118,
as a combination of one or more device drivers and dedicated hardware, or the like. In a further
embodiment, the direct cache module 116 comprises a combination of one or more software
drivers of the host device 114 and one or more storage controllers, or the like. The direct cache
module 116, in various software, hardware, and combined software and hardware embodiments,
may generally be referred to as a cache controller.

In one embodiment, the host device 114 loads one or more device drivers for the cache
102 and/or the backing store 118 and the direct cache module 116 communicates with the one or
more device drivers on the host device 114. As described above, in certain embodiments, the
solid-state storage controller 104 of the cache 102 and/or the backing store controller 120 may
comprise device drivers on the host device 114. In another embodiment, the direct cache module
116 may communicate directly with a hardware interface of the cache 102 and/or the backing
store 118. In a further embodiment, the direct cache module 116 may be integrated with the
cache 102 and/or the backing store 118.

In one embodiment, the cache 102 and/or the backing store 118 have block device
interfaces that support block device commands. TFor example, the cache 102 and/or the backing
store 118 may support the standard block device interface, the ATA interface standard, the ATA
Packet Interface (“ATAPI”) standard, the small computer system interface (“SCSI”) standard,
and/or the Fibre Channel standard which are maintained by the International Committee for
Information Technology Standards (“INCITS™). The direct cache module 116 may interact with
the cache 102 and/or the backing store 118 using block device commands to read, write, and
clear (or trim) data. In one embodiment, the solid-state storage controller 104 and/or the backing
store controller 120 provide block device interfaces to the direct cache module 116.

In one embodiment, the direct cache module 116 serves as a proxy for the backing store
118, receiving read and write requests for the backing store 118 directly from the host device
114. The direct cache module 116 may represent itself to the host device 114 as a storage device
having a capacity similar to and/or matching the capacity of the backing store 118. The direct
cache module 116, upon receiving a read request or write request from the host device 114, in

one embodiment, fulfills the request by caching write data in the cache 102 or by retrieving read



10

15

20

25

30

WO 2012/116369 PCT/US2012/026790

14

data from one of the cache 102 and the backing store 118 and returning the read data to the host
device 114.

Data caches are typically organized into cache lines which divide up the physical
capacity of the cache, these cache lines may be divided into several sets. A cache line is
typically larger than a block or sector of a backing store associated with a data cache, to provide
for prefetching of additional blocks or sectors and to reduce cache misses and increase the cache
hit rate. Data caches also typically evict an entire, fixed size, cache line at a time to make room
for newly requested data in satisfying a cache miss. Data caches may be direct mapped, fully
associative, N-way set associative, or the like.

In a direct mapped cache, each block or sector of a backing store has a one-to-one
mapping to a cache line in the direct mapped cache. For example, if a direct mapped cache has T
number of cache lines, the backing store associated with the direct mapped cache may be divided
into T sections, and the direct mapped cache caches data from a section exclusively in the cache
line corresponding to the section. Because a direct mapped cache always caches a block or
sector in the same location or cache line, the mapping between a block or sector address and a
cache line can be a simple manipulation of an address of the block or sector.

In a fully associative cache, any cache line can store data from any block or sector of a
backing store. A fully associative cache typically has lower cache miss rates than a direct
mapped cache, but has longer hit times (i.e., it takes longer to locate data in the cache) than a
direct mapped cache. To locate data in a fully associative cache, either cache tags of the entire
cache can be searched, a separate cache index can be used, or the like.

In an N-way set associative cache, each sector or block of a backing store may be cached
in any of a set of N different cache lines. For example, in a 2-way set associative cache, either of
two different cache lines may cache data for a sector or block. In an N-way set associative
cache, both the cache and the backing store are typically divided into sections or sets, with one or
more sets of sectors or blocks of the backing store assigned to a set of N cache lines. To locate
data in an N-way set associative cache, a block or sector address is typically mapped to a set of
cache lines, and cache tags of the set of cache lines are searched, a separate cache index is
searched, or the like to determine which cache line in the set is storing data for the block or
sector. An N-way set associative cache typically has miss rates and hit rates between those of a
direct mapped cache and those of a fully associative cache.

The cache 102, in one embodiment, may have characteristics of both a directly mapped
cache and a fully associative cache. A logical address space of the cache 102, in one

embodiment, is directly mapped to an address space of the backing store 118 while the physical
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storage media 110 of the cache 102 is fully associative with regard to the backing store 118. In
other words, each block or sector of the backing store 118, in one embodiment, is directly
mapped to a single logical address of the cache 102 while any portion of the physical storage
media 110 of the cache 102 may store data for any block or sector of the backing store 118. In
one embodiment, a logical address is an identifier of a block of data and is distinct from a
physical address of the block of data, but may be mapped to the physical address of the block of
data. Examples of logical addresses, in various embodiments, include logical block addresses
(“LBAs"), logical identifiers, object identifiers, pointers, references, and the like.

Instead of traditional cache lines, in one embodiment, the cache 102 has logical or
physical cache data blocks associated with logical addresses that are equal in size to a block or
sector of the backing store 118. In a further embodiment, the cache 102 caches ranges and/or
sets of ranges of blocks or sectors for the backing store 118 at a time, providing dynamic or
variable length cache line functionality. A range or set of ranges of blocks or sectors, in a further
embodiment, may include a mixture of contiguous and/or noncontiguous blocks. For example,
the cache 102, in one embodiment, supports block device requests that include a mixture of
contiguous and/or noncontiguous blocks and that may include “holes™ or intervening blocks that
the cache 102 does not cache or otherwise store.

In one embodiment, one or more groups of logical addresses of the cache 102 are directly
mapped to corresponding logical addresses of the backing store 118. Directly mapping logical
addresses of the cache 102 to logical addresses of the backing store 118, in one embodiment,
provides a one-to-one relationship between the logical addresses of the backing store 118 and the
logical addresses of the cache 102. Directly mapping logical addresses of the cache 102 to the
logical or physical address space of the backing store 118, in one embodiment, precludes the use
of an extra translation layer in the direct cache module 116, such as the use of cache tags, a cache
index, the maintenance of a translation data structure, or the like. In one embodiment, while the
logical address space of the cache 102 may be larger than a logical address space of the backing
store 118, both logical address spaces include at least logical addresses O-N. In a further
embodiment, at least a portion of the logical address space of the cache 102 represents or appears
as the logical address space of the backing store 118 to a client, such as the host device 114.

Alternatively, in certain embodiments where physical blocks or sectors of the backing
store 118 are directly accessible using physical addresses, at least a portion of logical addresses
in a logical address space of the cache 102 may be mapped to physical addresses of the backing
store 118. At least a portion of the logical address space of the cache 102, in one embodiment,

may correspond to the physical address space of the backing store 118. At least a subset of the
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logical addresses of the cache 102, in this embodiment, is directly mapped to corresponding
physical addresses of the backing store 118.

In one embodiment, the logical address space of the cache 102 is a sparse address space
that is either as large as or is larger than the physical storage capacity of the cache 102. This
allows the backing store 118 to have a larger storage capacity than the cache 102, while
maintaining a direct mapping between the logical addresses of the cache 102 and logical or
physical addresses of the backing store 118. The sparse logical address space may be thinly
provisioned, in one embodiment. In a further embodiment, as the direct cache module 116 writes
data to the cache 102 using logical addresses, the cache 102 directly maps the logical addresses
to distinct physical addresses or locations on the solid-state storage media 110 of the cache 102,
such that the physical addresses or locations of data on the solid-state storage media 110 are fully
associative with the backing store 118.

In one embodiment, the direct cache module 116 and/or the cache 102 use the same
mapping structure to map addresses (either logical or physical) of the backing store 118 to
logical addresses of the cache 102 and to map logical addresses of the cache 102 to
locations/physical addresses of a block or sector (or range of blocks or sectors) on the physical
solid-state storage media 110. In one embodiment, using a single mapping structure for both
functions eliminates the need for a separate cache map, cache index, cache tags, or the like,
decreasing access times of the cache 102.

Once the direct cache module 116 has destaged dirty data from the cache 102, the data is
clean and the direct cache module 116 may clear, trim, replace, expire, and/or evict the data from
the cache 102 and the physical addresses and associated physical storage media 110 may be
freed to store data for other logical addresses. In one embodiment, as described above, the solid
state storage controller 104 stores data at physical addresses using a log-based, append-only
writing structure such that data evicted from the cache 102 or overwritten by a subsequent write
request invalidates other data in the log. Consequently, a garbage collection or grooming process
recovers the physical capacity of the invalid data in the log. One embodiment of the log-based,
append only writing structure is logically ring-like data structure, as new data is appended to the
log-based writing structure, previously used physical capacity is reused in a circular,
theoretically infinite manner.

Figure 2 depicts one embodiment of a host device 114. The host device 114 may be
similar, in certain embodiments, to the host device 114 depicted in Figures 1A and 1B. The
depicted embodiment includes a user application 502 in communication with a storage client

504. The storage client 504 is in communication with a direct cache module 116, which, in one
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embodiment, is substantially similar to the direct cache module 116 of Figures 1A and 1B,
described above. The direct cache module 116, in the depicted embodiment, is in
communication with the cache 102 and the backing store 118 through the storage controller 104
and the backing store controller 120.

In one embodiment, the user application 502 is a software application operating on or in
conjunction with the storage client 504. The storage client 504 manages file systems, files, data,
and the like and utilizes the functions and features of the direct cache module 116, the cache 102,
and the backing store 118. Representative examples of storage clients include, but are not
limited to, a server, a file system, an operating system, a database management system
(*DBMS”), a volume manager, and the like.

In the depicted embodiment, the storage client 504 is in communication with the direct
cache module 116. In a further embodiment, the storage client 504 may also be in
communication with the cache 102 and/or the backing store 118 directly. The storage client 504,
in one embodiment, reads data from and writes data to the backing store 118 through the direct
cache module 116, which uses the cache 102 to cache read data and/or write data for the backing
store 118. In a further embodiment, the direct cache module 116 caches data in a manner that is
substantially transparent to the storage client 504, with the storage client 504 sending read
requests and write requests directly to the direct cache module 116.

In one embodiment, the direct cache module 116 has exclusive access to and/or control
over the cache 102 and the backing store 118. The direct cache module 116 may represent itself
to the storage client 504 as a storage device. Dor example, the direct cache module 116 may
represent itself as a conventional block storage device, or the like. In a particular embodiment,
the direct cache module 116 may represent itself to the storage client 504 as a storage device
having the same number of logical blocks (0 to N) as the backing store 118. In another
embodiment, the direct cache module 116 may represent itself to the storage client 504 as a
storage device have the more logical blocks (0 to N+X) as the backing store 118, where X = the
number of logical blocks addressable by the direct cache module 116 beyond N. In certain
embodiments, X = 2% _N.

As described above with regard to the direct cache module 116 depicted in the
embodiments of Figures 1A and 1B, in various embodiments, the direct cache module 116 may
be embodied by one or more of a storage controller 104 of the cache 102 and/or a backing store
controller 120 of the backing store 118; a separate hardware controller device that interfaces with
the cache 102 and the backing store 118; a device driver loaded on the host device 114; and the
like.
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In one embodiment, the host device 114 loads a device driver for the direct cache module
116. In a further embodiment, the host device 114 loads device drivers for the cache 102 and/or
the backing store 118, such as one or more device drivers of the storage controller 104 and/or the
backing store controller 120. The direct cache module 116 may communicate with the cache 102
and/or the backing store 118 through device drivers loaded on the host device 114, through the
storage controller 104 of the cache 102 and/or through the backing store controller 120 of the
backing store 118, or the like.

In one embodiment, the storage client 504 communicates with the direct cache module
116 through an Input/Output (“I/O”) interface represented by a block I/O emulation layer 506.
In certain embodiments, the fact that the direct cache module 116 is providing caching services
in front of one or more caches 102, and/or one or more backing stores, such as the backing store
118, may be transparent to the storage client 504. In such an embodiment, the direct cache
module 116 may present (i.e., identify itself as) a conventional block device to the storage client
504.

In a further embodiment, the cache 102 and/or the backing store 118 either include a
distinct block I/O emulation layer 506 or may be conventional block storage devices. Certain
conventional block storage devices divide the storage media into volumes or partitions. Fach
volume or partition may include a plurality of sectors. One or more sectors are organized into a
logical block. In certain storage systems, such as those interfacing with the Windows®
operating systems, the logical blocks are referred to as clusters. In other storage systems, such as
those interfacing with UNIX, Linux, or similar operating systems, the logical blocks are referred
to simply as blocks. A logical block or cluster represents a smallest physical amount of storage
space on the storage media that is addressable by the storage client 504. A block storage device
may associate n logical blocks available for user data storage across the storage media with a
logical block address, numbered from O to n. In certain block storage devices, the logical block
addresses may range from O to n per volume or partition. In conventional block storage devices,
a logical block address maps directly to a particular logical block. In conventional block storage
devices, each logical block maps to a particular set of physical sectors on the storage media.

However, the direct cache module 116, the cache 102 and/or the backing store 118, in
certain embodiments, may not directly or necessarily associate logical block addresses with
particular physical blocks. The direct cache module 116, the cache 102, and/or the backing store
118 may emulate a conventional block storage interface to maintain compatibility with block

storage clients 504 and with conventional block storage commands and protocols.
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When the storage client 504 communicates through the block I/O emulation layer 506,
the direct cache module 116 appears to the storage client 504 as a conventional block storage
device. In one embodiment, the direct cache module 116 provides the block I/O emulation layer
506 which serves as a block device interface, or APL. In this embodiment, the storage client 504
communicates with the direct cache module 116 through this block device interface. In one
embodiment, the block I/O emulation layer 506 receives commands and logical block addresses
from the storage client 504 in accordance with this block device interface. As a result, the block
I/O emulation layer 506 provides the direct cache module 116 compatibility with block storage
clients 504. In a further embodiment, the direct cache module 116 may communicate with the
cache 102 and/or the backing store 118 using corresponding block device interfaces.

In one embodiment, a storage client 504 communicates with the direct cache module 116
through a direct interface layer 508. In this embodiment, the direct cache module 116 directly
exchanges information specific to the cache 102 and/or the backing store 118 with the storage
client 504. Similarly, the direct cache module 116, in one embodiment, may communicate with
the cache 102 and/or the backing store 118 through direct interface layers 508.

A direct cache module 116 using the direct interface 508 may store data on the cache 102
and/or the backing store 118 as blocks, sectors, pages, logical blocks, logical pages, erase blocks,
logical erase blocks, ECC chunks or in any other format or structure advantageous to the
technical characteristics of the cache 102 and/or the backing store 118. For example, in one
embodiment, the backing store 118 comprises a hard disk drive and the direct cache module 116
stores data on the backing store 118 as contiguous sectors of 512 bytes, or the like, using
physical cylinder-head-sector addresses for each sector, logical block addresses for each sector,
or the like. The direct cache module 116 may receive a logical address and a command from the
storage client 504 and perform the corresponding operation in relation to the cache 102, and/or
the backing store 118. The direct cache module 116, the cache 102, and/or the backing store 118
may support a block I/O emulation layer 506, a direct interface 508, or both a block I/O
emulation layer 506 and a direct interface 508.

As described above, certain storage devices, while appearing to a storage client 504 to be
a block storage device, do not directly associate particular logical block addresses with particular
physical blocks, also referred to in the art as sectors. Such storage devices may use a logical-to-
physical translation layer 510. In the depicted embodiment, the cache 102 includes a logical-to-
physical translation layer 510. In a further embodiment, the backing store 118 may also include
a logical-to-physical translation layer 510. In another embodiment, the direct cache module 116

maintains a single logical-to-physical translation layer 510 for the cache 102 and the backing
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store 118. In another embodiment, the direct cache module 116 maintains a distinct logical-to-
physical translation layer 510 for each of the cache 102 and the backing store 118.

The logical-to-physical translation layer 510 provides a level of abstraction between the
logical block addresses used by the storage client 504 and the physical block addresses at which
the cache 102 and/or the backing store 118 store the data. In the depicted embodiment, the
logical-to-physical translation layer 510 maps logical block addresses to physical block
addresses of data stored on the media of the cache 102. This mapping allows data to be
referenced in a logical address space using logical identifiers, such as a logical block address. A
logical identifier does not indicate the physical location of data in the cache 102, but is an
abstract reference to the data. One example of a logical-to-physical translation layer 510
includes the direct mapping module 716 of Figure 4 discussed below.

In the depicted embodiment, the cache 102 and the backing store 118 separately manage
physical block addresses in the distinct, separate physical address spaces of the cache 102 and
the backing store 118. In one example, contiguous logical block addresses may in fact be stored
in non-contiguous physical block addresses as the logical-to-physical translation layer 510
determines the location on the physical media 110 of the cache 102 at which to perform data
operations.

Furthermore, in one embodiment, the logical address space of the cache 102 is
substantially larger than the physical address space or storage capacity of the cache 102. This
“thinly provisioned” or “sparse address space” embodiment, allows the number of logical
addresses for data references to greatly exceed the number of possible physical addresses. A
thinly provisioned and/or sparse address space also allows the cache 102 to cache data for a
backing store 118 with a larger address space (i.e., a larger storage capacity) than the physical
address space of the cache 102.

In one embodiment, the logical-to-physical translation layer 510 includes a map or index
that maps logical block addresses to physical block addresses. The map or index may be in the
form of a B-tree, a content addressable memory (“CAM?”), a binary tree, and/or a hash table, and
the like. In certain embodiments, the logical-to-physical translation layer 510 is a tree with
nodes that represent logical block addresses and include references to corresponding physical
block addresses.

As stated above, in conventional block storage devices, a logical block address maps
directly to a particular physical block. When a storage client 504 communicating with the
conventional block storage device deletes data for a particular logical block address, the storage

client 504 may note that the particular logical block address is deleted and can re-use the



10

15

20

25

30

WO 2012/116369 PCT/US2012/026790

21

physical block associated with that deleted logical block address without the need to perform any
other action.

Conversely, when a storage client 504, communicating with a storage controller 104 or
device driver with a logical-to-physical translation layer 510 (a storage controller 104 or device
driver that does not map a logical block address directly to a particular physical block), deletes
data of a logical block address, the corresponding physical block address may remain allocated
because the storage client 504 may not communicate the change in used blocks to the storage
controller 104 or device driver. The storage client 504 may not be configured to communicate
changes in used blocks (also referred to herein as “data block usage information™). Because the
storage client 504, in one embodiment, uses the block I/O emulation 506 layer, the storage client
504 may erroneously believe that the direct cache module 116, the cache 102, and/or the backing
store 118 is a conventional block storage device that would not utilize the data block usage
information. Or, in certain embodiments, other software layers between the storage client 504
and the direct cache module 116, the cache 102, and/or the backing store 118 may fail to pass on
data block usage information.

Consequently, the storage controller 104 or device driver may preserve the relationship
between the logical block address and a physical address and the data on the cache 102 and/or
the backing store 118 corresponding to the physical block. As the number of allocated blocks
increases, the performance of the cache 102 and/or the backing store 118 may suffer depending
on the configuration of the cache 102 and/or the backing store 118.

Specifically, in certain embodiments, the cache 102, and/or the backing store 118 are
configured to store data sequentially, using an append-only writing process, and use a storage
space recovery process that re-uses non-volatile storage media storing deallocated/unused logical
blocks. Specifically, as described above, the cache 102, and/or the backing store 118 may
sequentially write data on the solid-state storage media 110 in a log structured format and within
one or more physical structures of the storage elements, the data is sequentially stored on the
solid-state storage media 110. Those of skill in the art will recognize that other embodiments
that include several caches 102 can use the same append-only writing process and storage space
recovery process.

As a result of storing data sequentially and using an append-only writing process, the
cache 102 and/or the backing store 118 achieve a high write throughput and a high number of
I/O operations per second (“IOPS™). The cache 102 and/or the backing store 118 may include a
storage space recovery, or garbage collection process that re-uses data storage cells to provide

sufficient storage capacity. The storage space recovery process reuses storage cells for logical
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blocks marked as deallocated, invalid, unused, or otherwise designated as available for storage
space recovery in the logical-physical translation layer 510. In one embodiment, the direct cache
module 116 marks logical blocks as deallocated or invalid based on a cache eviction policy, to
recover storage capacity for caching additional data for the backing store 118. The direct cache
module 116, in certain embodiments, selects data that is either cached read data or destaged,
cleaned write data to clear, invalidate, or evict. The storage space recovery process is described
in greater detail below with regard to the garbage collection module 714 of Figure 4.

As described above, the storage space recovery process determines that a particular
section of storage may be recovered. Once a section of storage has been marked for recovery,
the cache 102 and/or the backing store 118 may relocate valid blocks (e.g. packets, pages,
sectors, etc.) in the section. The storage space recovery process, when relocating valid blocks,
copies the packets and writes them to another location so that the particular section of storage
may be reused as available storage space, typically after an erase operation on the particular
section. The cache 102 and/or the backing store 118 may then use the available storage space to
continue sequentially writing data in an append-only fashion. Consequently, the storage
controller 104 expends resources and overhead in preserving data in valid blocks. Therefore,
physical blocks corresponding to deleted logical blocks may be unnecessarily preserved by the
storage controller 104, which expends unnecessary resources in relocating the physical blocks
during storage space recovery.

Some storage devices are configured to receive messages or commands notifying the
storage device of these unused logical blocks so that the storage device may deallocate the
corresponding physical blocks (e.g. the physical storage media 110 storing the unused packets,
pages, sectors, etc.). As used herein, to deallocate a physical block includes marking the
physical block as invalid, unused, or otherwise designating the physical block as available for
storage space recovery, its contents on storage media no longer needing to be preserved by the
storage device. Data block usage information may also refer to information maintained by a
storage device regarding which physical blocks are allocated and/or deallocated/unallocated and
changes in the allocation of physical blocks and/or logical-to-physical block mapping
information. Data block usage information may also refer to information maintained by a
storage device regarding which blocks are in use and which blocks are not in use by a storage
client 504. Use of a block may include storing of data in the block on behalf of the storage client
504, reserving the block for use by the storage client 504, and the like.

While physical blocks may be deallocated, in certain embodiments, the cache 102 and/or

the backing store 118 may not immediately erase the data on the storage media. An erase
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operation may be performed later in time. In certain embodiments, the data in a deallocated
physical block may be marked as unavailable by the cache 102 and/or the backing store 118 such
that subsequent requests for data in the physical block return a null result or an empty set of data.
In certain embodiments, the direct cache module 116 evicts and/or invalidates data by
deallocating physical blocks corresponding to the data in the cache 102.

One example of a command or message for such deallocation is the “TRIM” function is
described in greater detail in U.S. Patent Application Number 12/711,113 entitled
“APPARATUS, SYSTEM, AND METHOD FOR DATA BLOCK USAGE INFORMATION
SYNCHRONIZATION FOR A NON-VOLATILE STORAGE VOLUME” and filed on
February 23, 2010 and in U.S. Patent Application Number 11/952,113 entitled “APPARATUS,
SYSTEM, AND METHOD FOR MANAGING DATA IN A STORAGE DEVICE WITH AN
EMPTY DATA TOKEN DIRECTIVE” and filed on December 6, 2007, which are incorporated
herein by reference. A storage device, upon receiving a TRIM command, may deallocate
physical blocks for logical blocks whose data is no longer needed by the storage client 504. A
storage device that deallocates physical blocks may achieve better performance and increased
storage space, especially storage devices that write data using certain processes and/or use a
similar data storage recovery process as that described above.

Consequently, the performance of the storage device is enhanced as physical blocks are
deallocated when they are no longer needed such as through the TRIM command or other similar
deallocation commands issued to the cache 102 and/or the backing store 118. In one
embodiment, the direct cache module 116 clears, trims, and/or evicts cached data from the cache
102based on a cache eviction policy, or the like. As used herein, clearing, trimming, or evicting
data includes deallocating physical media associated with the data, marking the data as invalid or
unused (using either a logical or physical address of the data), erasing physical media associated
with the data, overwriting the data with different data, issuing a TRIM command or other
deallocation command relative to the data, or otherwise recovering storage capacity of physical
storage media corresponding to the data. Clearing cached data from the cache 102 based on a
cache eviction policy frees storage capacity in the cache 102 to cache more data for the backing
store 118.

The direct cache module 116, in various embodiments, may represent itself, the cache
102, and the backing store 118 to the storage client 504 in different configurations. In one
embodiment, the direct cache module 116 may represent itself to the storage client 504 as a
single storage device (e.g., as the backing store 118, as a storage device with a similar physical
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to the storage client 504. In another embodiment, the direct cache module 116 may represent
itself to the direct cache module 116 as a cache device (e.g., as the cache 102, as a cache device
with certain cache functions or APIs available, or the like) and the backing store 118 may be
separately visible and/or available to the storage client 504 (with part of the physical capacity of
the backing store 118 reserved for the cache 201). In a further embodiment, the direct cache
module 116 may represent itself to the storage client 504 as a hybrid cache/storage device
including both the cache 102 and the backing store 118.

Depending on the configuration, the direct cache module 116 may pass certain
commands down to the cache 102 and/or to the backing store 118 and may not pass down other
commands. In a further embodiment, the direct cache module 116 may support certain custom
or new block I/O commands. In one embodiment, the direct cache module 116 supports a
deallocation or trim command that clears corresponding data from both the cache 102 and the
backing store 118, i.e., the direct cache module 116 passes the command to both the cache 102
and the backing store 118. In a further embodiment, the direct cache module 116 supports a
flush type trim or deallocation command that ensures that corresponding data is stored in the
backing store 118 (i.e., that the corresponding data in the cache 102 is clean) and clears the
corresponding data from the cache 102, without clearing the corresponding data from the
backing store 118. In another embodiment, the direct cache module 116 supports an evict type
trim or deallocation command that evicts corresponding data from the cache 102, marks
corresponding data for eviction in the cache 102, or the like, without clearing the corresponding
data from the backing store 118.

In a further embodiment, the direct cache module 116 may receive, detect, and/or
intercept one or more predefined commands that a storage client 504 or another storage manager
sent to the backing store 118, that a storage manager sends to a storage client 504, or the like.
For example, in various embodiments, the direct cache module 116 or a portion of the direct
cache module 116 may be part of a filter driver that receives or detects the predefined
commands, the direct cache module 116 may register with an event server to receive a
notification of the predefined commands, or the like. The direct cache module 116, in one
embodiment, performs one or more actions on the cache 102 in response to detecting the one or
more predefined commands for the backing store 118, such as writing or flushing data related to
a command from the cache 102 to the backing store 118, evicting data related to a command
from the cache 102, switching from a write back policy to a write through policy for data related

to a command, or the like.
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One example of predefined commands that the direct cache module 116 may intercept or
respond to, in one embodiment, includes a “freeze/thaw” commands. “Freeze/thaw” commands
are used in SANs, storage arrays, and the like, to suspend storage access, such as access to the
backing store 118 or the like, to take an snapshot or backup of the storage without interrupting
operation of the applications using the storage. “Freeze/thaw” commands alert a storage client
504 that a snapshot is about to take place, the storage client 504 flushes pending operations, for
example in-flight transactions, or data cached in volatile memory, the snapshot takes place while
the storage client 504 use of the storage is in a “frozen” or ready state, and once the snapshot is
complete the storage client 504 continues normal use of the storage in response to a thaw
command.

The direct cache module 116, in one embodiment, flushes or cleans dirty data from the
cache 102 to the backing store 118 in response to detecting a “freeze/thaw” command. In a
further embodiment, the direct cache module 116 suspends access to the backing store 118
during a snapshot or other backup of a detected “freeze/thaw” command and resumes access in
response to a completion of the snapshot or other backup. In another embodiment, the direct
cache module 116 may cache data for the backing store 118 during a snapshot or other backup
without interrupting the snapshot or other backup procedure. In other words, rather than the
backup/snapshot software signaling the application to quiesce I/O operations, the direct cache
module 116 receives and responds to the freeze/thaw commands.

Figure 3 depicts one embodiment of the direct cache module 116a. In the depicted
embodiment, the direct cache module 116a includes a storage request module 602, a read pool
module 604, and a dirty write pool module 606. In a further embodiment, the direct cache
module 116a may include one or more modules described below with regard to the direct cache
module 116b of Figure 4. In certain embodiments, the direct cache module 116a may be
substantially similar to the direct cache module 116 described above with regard to Figure 1A,
Figure 1B, and Figure 2.

In one embodiment, the storage request module 602 monitors storage requests received
by the cache 102, such as read requests, write requests, trim requests, and/or other types of
storage requests. The storage requests received by the cache 102, in certain embodiments, may
be requests from a client, such as the host device 114 or the like. The storage requests may be
directed from a client to the direct cache module 1164, to the cache 102, to the backing store 118,
or the like.

The storage request module 602, in one embodiment, receives the storage requests
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cache 102. In a further embodiment, the storage request module 602 may detect, intercept, or
otherwise indirectly monitor the storage requests. Example configurations of the direct cache
module 116, the storage controller 104, and the backing store controller 120 and various
embodiments of sending and receiving storage requests and other commands are described above
with regard to Figure 2. For example, in one embodiment, the direct cache module 116a may
include a filter driver executing on the host device 114 that receives, detects, or otherwise
monitors storage requests, the direct cache module 116a may register with an event server to
receive a notification of storage requests or other predefined commands, or the like.

In one embodiment, the cache 102 caches both read data and write data for the backing
store 118 and the storage request module 602 monitors read requests and write requests.
Embodiments of a write request module 712 and a read request module 720 that service write
requests and read requests for the direct cache module 116 and/or the cache 102 are described in
greater detail below with regard to Figure 4.

The storage request module 602, in a further embodiment, monitors whether a storage
request is a cache hit or a cache miss. A cache hit occurs when the cache 102 is currently storing
data for one or more addresses corresponding to a storage request. A cache miss occurs when
the cache 102 is not currently storing data for one or more addresses of a storage request. A read
hit rate represents the amount of read requests that are cache hits relative to read requests that are
cache misses, relative to total read requests, or the like. For example, in various embodiments, a
read hit rate may include a percentage of read requests that are read hits, a ratio of read hits to
read misses, or another representation of read hits. A read hit rate may represent read hits over a
lifetime of the cache 102, may represent read hits over a predetermined period of time, or the
like. In one embodiment, a read hit rate is for the entire cache 102, including all data pools of
the cache 102. In a further embodiment, a read hit rate may be specific to one or more data pools
of the cache 102. In general, maximizing a read hit rate of the cache 102 increases performance
and efficiency of the cache 102 and decreases response times for the cache 102 to service read
requests, and the like.

Whether a write request is a write hit or a write miss does not typically affect a response
time to service the write request but typically has other effects on performance and efficiency of
the cache 102. A write hit occurs when the cache 102 is currently storing data for one or more
addresses corresponding to a write request. A write hit, in one embodiment, invalidates the
currently stored data for the one or more addresses of the write request, because the new write
request makes the currently stored data outdated or stale. A dirty write hit is a write hit in a dirty

write pool of the cache 102. A dirty write hit invalidates dirty data from the dirty write pool of
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the cache 102. Dirty data is data in the cache 102 that the direct cache module 116 has not yet
destaged to the backing store 118.

A dirty write hit rate represents the amount of write requests that are dirty write hits. A
dirty write hit rate, in various embodiments, may be relative to write requests that are not dirty
write hits, relative to write requests that are cache misses, relative to total write requests, or the
like. A dirty write hit rate may represent dirty write hits over a lifetime of the cache 102, over a
predetermined period of time, or the like. A dirty write hit rate is specific to the dirty write pool
of the cache 102. In general, maximizing a dirty write hit rate of the cache 102 increases
performance and efficiency of the cache 102 because data that the dirty write hit invalidates can
be cleared from the cache 102 without destaging the data to the backing store 118. In certain
embodiments, a clean write hit, a write hit in a clean write pool of the cache 102 instead of in the
dirty write pool, indicates that the direct cache module 116 could have operated more efficiently
by waiting to destage the data because the clean write hit may then have invalidated the data.

In one embodiment, the storage request module 602 determines one or more hit rates
and/or miss rates for the cache 102, such as a read hit rate, a dirty write hit rate, or the like. In a
further embodiment, the storage request module 602 monitors hits and/or misses of storage
requests, such as read hits, dirty write hits, or the like, and the direct cache module 116a
maximizes a read hit rate, maximizes a dirty write hit rate, and/or otherwise optimizes efficiency
of the cache 102 based on the monitored hits and/or misses of storage requests. In another
embodiment, the storage request module 602 determines in which data pool of the cache 102 a
hit occurs.

The storage request module 602, in certain embodiments, counts or tallies storage
requests to determine one or more frequency counts by logical address or other storage division.
A frequency count, as used herein, comprises an amount of storage requests, accesses,
references, or the like for a storage division of the cache 102 and or the backing store 118 over
time. In one embodiment, the frequency count comprises a read request count and the storage
request module 602 counts read requests for each storage division. In another embodiment, the
frequency count comprises a write request count and the storage request module 602 counts write
requests for each storage division. A storage division may include a logical or physical erase
block, a logical or physical page, an ECC chunk, a packet, a range of one or more logical
addresses, or the like.

In one embodiment, the membership metadata module 718 described below with regard
to Figure 4 stores one or more frequency counts as membership metadata in a mapping structure

of the direct mapping module 716 described below. The storage request module 602, in certain



10

15

20

25

30

WO 2012/116369 PCT/US2012/026790

28

embodiments, tracks frequency counts at the same granularity as the mapping structure. For
example, if the mapping structure stores nodes with variable sized ranges of logical addresses, in
one embodiment, the storage request module 602 cooperates with the membership metadata
module 718 to determine and store frequency counts for variable sized ranges of logical
addresses identified by storage requests.

The read request module 720 described below may use a frequency count for evicted data
to determine whether to readmit the evicted data into the cache 102. For example, the read
request module 720 may readmit evicted data into the cache 102 in response to a frequency count
for the evicted data satisfying a readmission threshold or the like. Similarly, the read request
module 720 may use a frequency count for data that the cache does not yet or does not currently
store to determine whether to admit the un-stored data into the cache 102. For example, the read
request module 720 may admit un-stored data into the cache 102 in response to a frequency
count for the un-stored data satisfying a preadmission threshold or the like.

In one embodiment, the read pool module 604 manages a read pool of the cache 102.
The read pool of the cache 102 includes data that the direct cache module 116a stores in the
cache 102 in response to a read request. Storing data in the cache 102 in response to a read
request is described in greater detail below with regard to the read request module 720 of Figure
4. In certain embodiments, the read pool module 604 may divide the read pool into several sub-
pools, such as one or more recent read pools, one or more frequent read pools, or the like. In a
further embodiment, the read pool module 604 may divide the read pool into a plurality of
gradient read pools based on a number of read requests for the data of the particular pool. For
example, data with one read request may be in a first read pool, data with two read requests may
be in a second read pool, up to N read pools for data with N read requests, or the like.

The read pool module 604, in one embodiment, adjusts a size of the read pool of the
cache 102 to maximize a read hit rate and/or a dirty write hit rate of the storage requests that the
storage request module 602 monitors. In general, the larger the read pool, the higher the read hit
rate. However, in certain embodiments, due to the finite storage capacity of the cache 102, the
read pool module 604 balances the size of the read pool to maximize both a read hit rate and a
dirty write hit rate, based on use cases of the cache 102. The read pool module 604, in certain
embodiments, adjusts the size of the read pool by adjusting an eviction rate of data in the read
pool relative to eviction rates of data in other pools of the cache 102, or the like. A groomer
module 704 that selectively evicts or retains data of the cache 102 is described below with regard

to Figure 4.
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The read pool module 604, in a further embodiment, adjusts a size of the read pool of the
cache 102 by determining a target read pool size for the read pool based on the storage requests
that the storage request module 602 monitors. For example, the read pool module 604, in certain
embodiments, may determine a target read pool size and a difference between the target read
pool size and an actual read pool size may drive an eviction rate for one or more pools of the
cache 102 so that the actual read pool size tends to follow or move toward the target read pool
size. In embodiments where the read pool includes sub-pools, such as a recent read pool, a
frequent read pool, or the like, the read pool module 604 may determine target sizes for each
sub-pool, and the target read pool size may be the sum of the sub-pool target sizes, or the like.

In a further embodiment, the read pool module 604 adjusts the size of the read pool
and/or adjusts the target size of the read pool based on a set of adjustment rules. The set of
adjustment rules, in certain embodiments, define an adjustment to a target size of a pool in
response to a predefined type of hit or miss, a predefined threshold number of hits or misses, or
the like. The set of adjustment rules, in various embodiments, may be shared for several data
pools of the cache 102, may be specific to a single data pool of the cache 102, or the like.

For example, in certain embodiments, the read pool module 604, the dirty write pool
module 606, a clean write pool 702 described below with regard to Figure 4, and/or other pool
management modules may cooperate using a single set of adjustment rules for adjustments to the
read pool, the dirty write pool, a clean write pool, a recent read pool, a frequent read pool, and/or
other data pools. In a further embodiment, the read pool module 604, the dirty write pool
module 606, the clean write pool 702 described below with regard to Figure 4, and/or other pool
management modules may each use separate sets of adjustment rules, such as a set of read pool
adjustment rules, a set of dirty write pool adjustment rules, a set of clean write pool adjustment
rules, a set of recent read pool adjustment rules, a set of frequent read pool adjustment rules, or
the like.

In one embodiment, pool adjustment rules may be default rules for the direct cache
module 116a defined by an engineer, a distributor, a manufacturer, or the like. In another
embodiment, pool adjustment rules may be custom rules defined or selected by a user, through
an interface of the host device 114, a network interface, or the like. In a further embodiment, the
direct cache module 116a may dynamically learn or update one or more pool adjustment rules
based on a history of hits and misses for the cache 102. In general, a read pool adjustment rule
for the read pool module 604 defines an increase or decrease to the actual size and/or to the
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read hits, read misses, write hits, write misses, recent read hits, frequent read hits, dirty read hits,
clean read hits, dirty write hits, clean write hits, or the like.

In certain embodiments, a pool adjustment rule may balance competing factors and/or
unknown factors to make an optimal adjustment to a pool size. For example, in one
embodiment, the read pool module 604 may adjust the size of the read pool by reducing the
target read pool size in response to a read miss and/or a predefined threshold number of read
misses. As described below with regard to the read request module 720 of Figure 4, in one
embodiment, the actual size of the read pool increases in response to a read miss because the
direct cache module 116a caches data of the read miss in the cache 102 as a member of the read
pool.

However, a read miss may have several different causes, which, in certain embodiments,
may warrant different read pool adjustments. In one case, a read miss may indicate that the read
pool size is too small and that increasing the read pool size may lead to fewer read misses. In
another case, a read miss may indicate that the read request was for a one-time read, such as a
video or audio stream, and that the read pool size should be reduced to prevent poisoning the
cache 102 with one-time read data that is unlikely to be accessed again. If the cache 102 were to
be filled or poisoned with one-time read data, other pools of the cache 102, such as a dirty write
pool, a clean write pool, or the like, in certain embodiments, would shrink to provide storage
capacity for the one-time read data and an increase in the size of the read pool, which would
have a negative effect on the dirty write hit rate, with little or no benefit to the read hit rate.

In certain embodiments, the read pool module 604 balances these two competing factors
by reducing the target read pool size in response to a read miss (or predefined threshold number
of read misses) and increasing the target read pool size in response to a read hit (or predefined
threshold number of read hits), such as a recent read hit, or the like. If the read miss was caused
by the first case and the cache 102 is not being poisoned by one-time read data, the cache 102
will likely have more read hits and the read pool module 604 may increase the target read pool
size in response to the read hits, maximizing the read hit rate for the first case. If the read miss
was caused by the second case and the cache 102 is being poisoned by one-time read data, from
a video or audio stream, or the like, the cache 102, in one embodiment, will likely have more
read misses with further one-time read data, and the read pool module 604 may decrease the
target read pool size in response to the read misses, to prevent further poisoning of the cache
102.

In another embodiment, the read pool module 604 may detect, determine, and/or estimate
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based on the case. For example, in certain embodiments, the read pool module 604 may increase
the target read pool size in response to a read miss and/or read misses, based on a use pattern, a
history of read hits and/or read misses, a user selection, an indicator received with a storage
request, or the like, instead of reducing the target read pool size as described above.

In certain embodiments, as described below with regard to Figure 4, the read pool module
604 manages the read pool as a recent read pool and a frequent read pool. The read pool module
604, in one embodiment, adjusts a size of the recent read pool, adjusts a size of the frequent read
pool, or the like to maximize the read hit rate and/or the dirty write hit rate of storage requests for
the cache 102. For example, in one embodiment, the read pool module 604 increases a target
recent read pool size of the recent read pool in response to a read hit (or a predefined threshold
number of read hits) in the recent read pool. In a further embodiment, the read pool module 604
transitions data from the recent read pool to the frequent read pool in response to a frequent read
threshold number of read hits for the requested data in the recent read pool, such as a first read
hit, a second read hit, or another frequent read threshold number of read hits.

In one embodiment, the dirty write pool module 606 manages a dirty write pool of the
cache 102. The dirty write pool of the cache 102 includes dirty data that the direct cache module
116a stores in the cache 102 in response to a write request and that the direct cache module 116a
has not yet destaged to the backing store 118. Storing data in the cache 102 in response to a
write request is described in greater detail below with regard to the write request module 712 and
the cache write module 714 of Figure 4.

The dirty write pool module 606, in one embodiment, adjusts a size of the dirty write
pool of the cache 102 to maximize a dirty write hit rate and/or a read hit rate of the storage
requests that the storage request module 602 monitors. In general, the larger the dirty write pool,
the higher the dirty write hit rate. However, in certain embodiments, due to the finite storage
capacity of the cache 102, the dirty write pool module 606 balances the size of the dirty write
pool to maximize both a dirty write hit rate and a read hit rate, based on use cases of the cache
102. The dirty write pool module 606, in certain embodiments, adjusts the size of the dirty write
pool by adjusting a destage rate for destaging data from the dirty write pool to the backing store
118, or the like. A destage module 708 that destages data from the dirty write pool to the
backing store 118 at a destage rate is described below with regard to Figure 4.

In certain embodiments, the dirty write pool module 606 sets the destage rate such that
the size of the dirty write pool remains within a maximum dirty write pool size. For example,
the direct cache module 116a may guarantee to a user that the cache 102 will store no more than

a maximum dirty write pool size amount of dirty data. The maximum dirty write pool size, in
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one embodiment, is set by a user using an interface of the host device 114, a network interface,
or the like. In a further embodiment, an engineer, a distributor, a manufacturer, or the like may
define the maximum dirty write pool size for the cache 102.

In one embodiment, upon destaging dirty data to the backing store 118, the dirty write
pool module 606 transitions the data from the dirty write pool to a clean write pool. A clean
write pool module 702 that manages a clean write pool is described below with regard to Figure
4. The dirty write pool module 606 may coordinate or interface with the clean write pool module
702 to adjust a size of a write pool including the dirty write pool and the clean write pool, or the
like. In another embodiment, the dirty write pool module 606 may transition dirty data to the
read pool described above with regard to the read pool module 604 in response to destaging the
dirty data. In a further embodiment, the dirty write pool module 606 invalidates, evicts, or
otherwise clears dirty data from the cache 102 once the dirty data is destaged to the backing store
118.

The dirty write pool module 606, in one embodiment, adjusts a size of the dirty write
pool of the cache 102 by determining a target dirty write pool size for the dirty write pool based
on the storage requests that the storage request module 602 monitors. For example, the dirty
write pool module 606, in certain embodiments, may determine a target dirty write pool size and
a difference between the target dirty write pool size and an actual dirty write pool size may drive
the destage rate for the dirty write pool so that the actual dirty write pool size tends to follow or
move toward the target dirty write pool size, or the like.

In one embodiment, the dirty write pool module 606 adjusts the size of the dirty write
pool and/or adjusts the target size of the dirty write pool based on a set of adjustment rules,
substantially as described above with regard to the read pool module 604. In general, a dirty
write pool adjustment rule for the dirty write pool module 606 defines an increase or decrease to
the actual size and/or to the target size of the dirty write pool in response to a predefined type or
number of hits or misses, such as write hits, write misses, read hits, read misses, dirty write hits,
clean write hits, dirty read hits, clean read hits, recent read hits, frequent read hits, or the like.

In certain embodiments, as described above with regard to the read pool module 604, a
pool adjustment rule may balance competing factors and/or unknown factors to make an optimal
adjustment to a pool size. In one embodiment, the dirty write pool module 606 adjusts the size
of the dirty write pool by reducing the target dirty write pool size in response to a write miss
and/or a predefined threshold number of write misses. As described below with regard to the
write request module 712 and the cache write module 714 of Figure 4, in one embodiment, the
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module 116a caches data of the write miss in the cache 102 as a member of the dirty write pool,
until the data is destaged. However, like a read miss, a write miss may have several different
causes which may warrant different pool adjustments.

In one case, a write miss may indicate that a write pool size and/or the dirty write pool
size is too small and that increasing the dirty write pool size may lead to fewer write misses,
reducing the amount of data that the direct cache module 116a destages to the backing store 118.
In another case, a write miss may indicate that the write request was a one-time write, such as
writing a video or audio stream that is unlikely to be re-written or changed, and that the dirty
write pool size should be reduced to prevent poisoning the cache 102 with one-time write data.
If the cache 102 were to be filled or poisoned with one-time write data, other pools of the cache
102, such as the read pool described above, in certain embodiments, would shrink to provide
storage capacity for the one-time write data and an increase in the size of the dirty write pool,
which would have a negative effect on the read hit rate, with little or no benefit to the dirty write
hit rate.

In certain embodiments, the dirty write pool module 606 balances these two competing
factors by reducing the target dirty write pool size in response to a write miss (or a predefined
threshold number of write misses) and increasing the target dirty write pool size in response to a
dirty write hit (or a predefined threshold number of dirty write hits). If the write miss was
caused by the first case and the cache 102 is not being poisoned by one-time write data, the
cache 102 will likely have more dirty write hits and the dirty write pool module 606 may
increase the target dirty write pool size in response to the dirty write hits, maximizing the dirty
write hit rate for the first case. If the write miss was caused by the second case and the cache
102 is being poisoned by one-time write data, the cache 102, in certain embodiments, will likely
have more write misses with further one-time write data, and the dirty write pool module 606
may decrease the target dirty write pool size in response to the write misses, to prevent further
poisoning of the cache 102.

In other embodiments, the dirty write pool module 606 may detect, determine, and/or
estimate that a write miss is due to either the first case or the second case and make a different
adjustment based on the case. For example, in certain embodiments, the dirty write pool module
606 may increase the target dirty write pool size in response to a write miss or predefined
threshold number of write misses, based on a use pattern, a history of write hits and/or write
misses, a user selection, an indicator received with a storage request, or the like, instead of
reducing the target dirty write pool size as described above. Other embodiments of dirty write
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more dirty write hits, increasing the target dirty write pool size in response to one or more clean
write hits, or the like.

One of skill in the art, in light of this disclosure, will recognize other pool adjustment
rules that the read pool module 604, the dirty write pool module 606, and/or other pool
management modules such as the clean write pool module 702, the recent pool module 724,
and/or the frequent pool module 726 described below, may use to manage sizes of associated
data pools. For example, a pool management module 604, 606, 702, 724, 726 may manage a
target pool size of an associated data pool to more closely match (e.g. to remain within a
predefined range of) an actual size of the data pool, even in cases where a data pool may be
being poisoned as described above. For example, a pool management module 604, 606, 702,
724, 726 may increase a target pool size in response to a cache hit in an associated data pool. An
increase in response to a cache hit, in one embodiment, may be proportional to a difference
between an actual size of the associated data pool and the target pool size of the associated data
pool, so that a cache hit for the associated data pool results in little or no increase in the target
size if the difference is close to zero.

In another embodiment, a pool management module 604, 606, 702, 724, 726 may
increase a target pool size towards an actual pool size in response to a cache hit in an associated
data pool if a frequency count for the cache hit is below a frequency threshold and does not
increase the target pool size if the frequency count is above the frequency threshold, because a
high frequency count may indicate that pool growth is not beneficial since the associated data
has been in the cache 102 for some time. Similarly, a pool management module 604, 606, 702,
724, 726 may not decrease a target pool size in response to a cache miss (to prevent poisoning of
the cache 102 as described above) if a frequency count for the cache miss is above a frequency
threshold, as high frequency data may be unlikely to be poisoning the cache 102. In another
embodiment, a pool management module 604, 606, 702, 724, 726 may decrease a target pool
size in response to data being evicted, aging, or expiring out of the associated data pool so that
the target pool size tends to follow the actual pool size.

In certain embodiments, a pool management module 604, 606, 702, 724, 726 may
stabilize changes in a target pool size and/or in an actual pool size for an associated data pool
over time. A pool management module 604, 606, 702, 724, 726 may use a feedback loop with a
previous target pool size, a previous actual pool size, or the like as a feedback input to prevent
instability in the target pool size and/or in the actual pool size. In other embodiments, a pool
management module 604, 606, 702, 724, 726, may dampen changes in a target or actual pool
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size, may limit an acceleration in a rate of change in a target or actual pool size, or the like.
Stabilizing target or actual pool sizes, in various embodiments, may prevent actual sizes of data
pools from becoming unbalanced or unstable, prevent a single data pool from dominating the
cache 102, prevent a data pool from decreasing in size to at or near zero, or the like, especially
for nonstandard or unusual use cases of the cache 102. In other embodiments, for certain use
cases, it may be beneficial for a single data pool to dominate the cache 102, to decrease in size to
at or near zero, or the like.

Figure 4 depicts another embodiment of the direct cache module 116b. In the depicted
embodiment, the direct cache module 116b includes the block I/O emulation layer 508, the direct
interface layer 510, the storage request module 602, the read pool module 604, and the dirty
write pool module 606, substantially as described above with regard to Figures 2 and 3. 'The
direct cache module 116b, in the depicted embodiment, further includes a clean write pool
module 702, a groomer module 704, a pool indicator module 706, a destage module 708, a write
forward module 710, a write request module 712, a cache write module 714, a direct mapping
module 716, a membership metadata module 718, a read request module 720, and a backing
store interface module 722. The direct cache module 116b, in certain embodiments, may be
substantially similar to the direct cache module 116 of Figures 1A and 1B, the direct cache
module 116 of Figure 2, and the direct cache module 116a of Figure 3.

In the depicted embodiment, the read pool module 604 includes a recent pool module 724
and a frequent pool module 726. The read pool module 604, in one embodiment, uses the recent
pool module 724 to manage a recent read pool of the read pool and uses the frequent pool
module 726 to manage a frequent read pool of the read pool. In certain embodiments, the read
pool module 604 transitions data from the recent read pool to the frequent read pool once the
data has been requested at least a predefined number of times, to satisfy a frequent read
threshold, or the like. For example, in one embodiment, the read pool module 604 adds data to
the recent read pool as the data is cached in response to a read miss, and moves the data from the
recent read pool to the frequent read pool in response to a subsequent read request for the data, a
frequent read threshold number of read requests for the data, or the like.

In one embodiment, the recent pool module 724 adjusts a size of the recent read pool to
maximize a read hit rate and/or a dirty write hit rate of storage requests for the cache 102. In a
further embodiment, the frequent pool module 726 adjusts a size of the frequent read pool to
maximize a read hit rate and/or a dirty hit rate of storage requests for the cache 102. The recent
pool module 724 and/or the frequent pool module 726, in certain embodiments, manage and
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with regard to the read pool module 604 of Figure 3. For example, in one embodiment, the
recent pool module 724 determines a target recent read pool size for the recent read pool based
on storage requests that the storage request module 602 monitors, and the like. In another
embodiment, the frequent pool module 726 determines a target frequent read pool size for the
frequent read pool based on storage requests that the storage request module 602 monitors, and
the like.

In certain embodiments, the recent pool module 724 and/or the frequent pool module 726
adjust sizes of the recent read pool and/or the frequent read pool based on a read pool adjustment
rule, as described above with regard to the read pool module 604 of Figure 3. In one
embodiment, the recent pool module 724 increases a target recent read pool size of the recent
read pool in response to a read hit in the recent read pool, a predefined threshold number of read
hits in the recent read pool, or the like. A read hit in the recent read pool, in some embodiments,
may transition the requested data from the recent read pool to the frequent read pool, which may
increase an actual size of the frequent read pool and decrease an actual size of the recent read
pool, or the like. While the read pool module 604, in the depicted embodiment, manages two
data pools grouped by read request count or other frequency count, in other embodiments, the
read pool module 604 may manage more than two (e.g. N) data pools, each grouped by
frequency count. Each pool may comprise data with frequency counts within a predefined range.
The predefined ranges may be distributed evenly (e.g. 1-5, 6-10, 11-15), over a predefined scale
such as a logarithmic scale (e.g. 1, 2-3, 4-7, 8-15), or the like.

In one embodiment, the clean write pool module 702 manages a clean write pool of the
cache 102. The clean write pool includes clean write data that the direct cache module 116b has
destaged to the backing store 118 or cleaned, using the destage module 708 or the like. Data
transitions or moves from the dirty write pool to the clean write pool, in certain embodiments,
upon being destaged to the backing store 118. The clean write pool module 702, in one
embodiment, adjusts a size of the clean write pool to maximize a read hit rate and/or a dirty write
hit rate of storage requests of the cache 102.

In one embodiment, the clean write pool module 702 adjusts the size of the clean write
pool of the cache by adjusting a destage rate for the destage module 708, or the like, to maximize
a dirty write hit rate and/or a read hit rate for the cache 102. The destage rate is the rate at which
the destage module 708 destages data from the dirty write pool to the backing store 118 and
moves the data from the dirty write pool to the clean write pool. In a further embodiment, the
clean write pool module 702 adjusts an eviction rate at which the groomer module 704, or the

like, evicts data from the clean write pool to maximize a read hit rate and/or a dirty write hit rate
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of the cache 102. The clean write pool module 702, in a further embodiment, determines a target
clean write pool size for the clean write pool and a difference between the target clean write pool
size and an actual clean write pool size drives an eviction rate and/or a destage rate, or the like.

In one embodiment, the groomer module 704 recovers storage capacity for the cache 102.
The groomer module 704, in certain embodiments, recovers storage capacity for the cache 102
by erasing, trimming, or otherwise clearing invalid data from the cache 102, evicting data of
certain data pools from the cache, and writing certain data of certain data pools forward to retain
the data in the cache 102. In one embodiment, the groomer module 704 selects data to evict
and/or data to retain based on pool size adjustments, target pool sizes, or the like from the read
pool module 604, the dirty write pool module 606, and/or the clean write pool module 702.

In the depicted embodiment, the groomer module 704 includes a dirty data module 728, a
frequent data module 730, and an eviction module 732. In one embodiment, the groomer module
704 grooms data of the cache 102 one or more storage regions at a time. A region of the cache
102 is a physical or logical block or segment of the storage media 110 of the cache. For
example, in various embodiments, a region of the cache 102 may include a block, a sector, a
page, a logical block, a logical page, a physical erase block, a logical erase block, a packet, an
ECC chunk, or another logical or physical division of the cache 102. The groomer module 704,
in one embodiment, selects a region for grooming based on a grooming cost for the region,
selecting a low cost region or the like.

A grooming cost for a region, in one embodiment, includes an estimate or other
representation of a cost of grooming and/or evicting the region of the cache 102. A grooming
cost for a selected region may be relative to other regions such that the grooming cost may be
compared between different regions to select a low cost region for grooming. A grooming cost,
in certain embodiments, represents several different costs associated with grooming data of the
cache 102. In one embodiment, a grooming cost for a selected region represents a cache
efficiency cost of evicting data from the selected region, such as an opportunity cost of evicting
the data, a likelihood of a cache miss in response to evicting the data, or the like. In another
embodiment, a grooming cost for a selected region represents a storage efficiency cost of
copying data forward or otherwise retaining data from the selected region. One of skill in the art,
in light of this disclosure, will recognize other costs associated with grooming data that the
groomer module 704 may factor in to the grooming cost of a selected region.

A cache efficiency cost factor of a grooming cost, in one embodiment, may be based on
the types of data that the region stores, such as data of the recent read pool, data of the frequent
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data pool. For example, the cache efficiency cost of evicting data of the frequent pool may be
higher than the cache efficiency cost of evicting data of the recent pool, due to a greater
likelihood of a cache miss if the data of the frequent pool is evicted. Similarly, in certain
embodiments, the cache efficiency cost of evicting data of the dirty write pool may be much
larger than the cache efficiency cost of evicting data of the clean write pool, of a read pool, or the
like, because the backing store 118 does not yet store dirty write data, and the cache efficiency
cost of evicting dirty write data (i.e. losing the data) may be very large or infinite.

A storage efficiency cost factor of a grooming cost, in one embodiment, may be based on
one or more effects that grooming a selected region may have on the operation of the cache 102
as a storage device. For example, storage efficiency costs may include the cost and/or the write
amplification incurred by copying data from the selected region forward, such as data of the dirty
write pool, frequently accessed data of the frequent read pool, or the like, the performance cost
on the cache 102 of grooming the selected region, an impact (positive or negative) on the storage
media 110 of the cache 102 by grooming the selected region, and/or other storage efficiency
COSts.

In one embodiment, the storage efficiency cost factors may include wear leveling of the
physical storage media 110. In another embodiment, the storage efficiency cost factors include a
frequency of access of a selected region, i.e., how “hot” or “cold” the selected region is. In one
embodiment, the storage efficiency cost factors include a position of a selected region of data in
the physical storage media 110 relative to other “hot” data. In another embodiment, the storage
efficiency cost factors may include a determined reliability of a selected region, such as an
Uncorrectable Bit Error Rate (“UBER”), a Correctable Bit Error Rates (“BER”), a Program /
Erase (“PE”) cycle count, a read frequency, and/or other non-volatile solid state storage specific
attributes of the selected region. High BER, UBER, or PEs may be used as factors to lower the
grooming cost and to increase the likelihood that the direct cache module 116b will groom a
selected region having those characteristics.

In one embodiment, the grooming cost of a selected region may be based at least partially
on one or more counts or tallies of types of data from various data pools in the selected region.
A count or tally of data of a specific data pool may comprise a number or amount of blocks,
packets, pages, or the like in the region of the specific data pool, data units (e.g., bytes, kilobytes,
megabytes, etc.) representing the amount of data in the region of the specific data pool, or the
like. The grooming cost, in various embodiments, may be based at least partially on a count of

data of the read pool, a count of data of the write pool, a count of data of the recent read pool, a
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count of data of the frequent read pool, a count of data of the dirty write pool, a count of data of
the clean write pool, and/or counts of data of other types of data pools.

In one embodiment, the grooming cost for a selected region may account for data from
several different data pools stored in the selected region by scaling or weighing counts for the
data from different data pools and summing the results. For example, in certain embodiments,
the grooming cost may include an amount of data of the dirty write pool multiplied by one or
more scalars, an amount of data of the clean write pool multiplied by one or more scalars, an
amount of data of the recent read pool multiplied by one or more scalars, an amount of data of
the frequent read pool multiplied by one or more scalars, and/or amounts of data of other data
pools multiplied by one or more scalars. The scalars used in the grooming cost, in one
embodiment, are selected to represent a cache efficiency cost, a storage efficiency cost, and/or
another sub-cost of grooming data from a selected region. In one embodiment, at least one scalar
for each data pool is based on a difference between a target size of the data pool and an actual
size of the data pool so that the groomer module 704 selects a region for grooming and/or
eviction based on the differences between target sizes and actual sizes of the data pools.

In one embodiment, the groomer module 704 relocates or otherwise retains valid data of
certain data pools in a selected region to preserve the valid data, to service storage requests, or
the like. The groomer module 704, in certain embodiments, uses the dirty data module 728 to
relocate or copy/write forward dirty data that has not been destaged from the dirty write pool
upon grooming the dirty data of a selected region to preserve the dirty data. In another
embodiment, the groomer module 704 may selectively relocate or copy forward clean data of the
clean write pool that has already been destaged, such as clean data identified as frequently
accessed data, or the like.

In another embodiment, instead of relocating or copying forward dirty write pool data of
a selected region, the destage module 708 described below destages the dirty data in response to
selecting a corresponding region of the cache 102 for grooming, or the like. In one embodiment,
the dirty data module 728 decides whether to relocate or destage dirty write pool data of a
selected region based on a difference between a target dirty write pool size and an actual dirty
write pool size. For example, in one embodiment, the dirty data module 728 may retain/relocate
dirty data of a selected region if the target dirty write pool size is greater than the actual dirty
write pool size and destage the dirty data of the selected region if the target dirty write pool size
is less than the actual dirty write pool size. In other embodiments, the destage module 708 may

select data from the dirty write pool for destaging independently of the groomer module 704.
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In one embodiment, the groomer module 704 uses the frequent data module 730 to
relocate or copy/write forward data of the frequent read pool and/or other data from a selected
region identified as frequently accessed data, to retain frequently accessed data in the cache 102.
The frequent data module 730, in various embodiments, may retain cached read data of the
frequent read pool, cached clean write data identified as frequently accessed, or both cached read
data and clean write data identified as frequently accessed. The frequent data module 730, in a
further embodiment, identifies frequently accessed data based on a frequency count, such as a
map, bit field, bit array, frequent data flags, and/or other frequent data indicators.

In one embodiment, the frequent data module 730 may handle frequent read pool data of
a selected region differently based on a grooming mode of the groomer module 704. In certain
embodiments, the groomer module 704 may operate in a plurality of modes, such as a low
pressure groom mode, a high pressure groom mode, or the like. For example, the groomer
module 704 may transition from a low pressure groom mode to a high pressure groom mode in
response to a lack of available storage capacity in the cache 102, a percentage of data marked as
invalid reaching a predefined threshold level, performance of the cache 102 crossing a threshold
value, in response to a storage capacity recovery event, or the like. In one embodiment, the
groomer module 704 may select a grooming mode based on one or more differences between
target pool sizes and actual pool sizes, or the like. For example, the groomer module 704, in
certain embodiments, enters a low pressure groom mode in response to a target frequent read
pool size that is greater than an actual frequent read pool size and enters a high pressure groom
mode in response to a target frequent read pool size that is less than an actual frequent read pool
size, or the like.

The frequent data module 730, in one embodiment, retains cached data of the frequent
read pool and/or other data identified as frequently accessed data when the groomer module 704
is in a low pressure groom mode and the frequent data module 730 allows the eviction module
732 to evict cached data of the frequent read pool and/or other data identified as frequently
accessed data when the groomer module 704 is in a high pressure groom mode. In embodiments
where the read pool module 604 manages multiple data pools, each grouped by frequency count,
the frequent data module 730 may progressively select data to retain and/or the eviction module
732 may progressively select data to evict pool by pool, progressing through the multiple data
pools based on grooming pressure. Lor example, the eviction module 732 may evict data from
data pools with successively higher frequency counts in response to increasing grooming
pressure, while the frequent data module 730 retains less data, corresponding to successively

higher frequency counts or the like. By processing data from one or more frequent read pools
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differently in a high pressure groom mode than in a low pressure groom mode, in certain
embodiments, the groomer module 704 optimizes cache efficiency by retaining frequent read
pool data when there is low grooming pressure, while optimizing storage capacity recovery when
there is high grooming pressure.

The eviction module 732, in one embodiment, evicts, trims, erases, or otherwise clears
data from a selected region to recover the storage capacity of the selected region. Erasing data
from a selected region without relocating the data evicts the data from the cache 102. In one
embodiment, the groomer module 704 and/or the eviction module 732 clears or erases all data in
a selected region of the physical storage media 110 in response to the dirty data module 728
and/or the frequent data module 730 retaining or copying forward dirty write data and/or
frequent data from the selected region, evicting data that is not retained or copied forward from
the cache 102. In a further embodiment, the dirty data module 728 and/or the frequent data
module 730 may mark data to be retained as valid and/or the eviction module 732 may mark data
to be evicted as invalid, and a separate garbage collection process of the groomer 702 may retain
the valid data and erase or otherwise clear the invalid data.

The eviction module 732, in certain embodiments, selects data for eviction from the
cache 102 based at least partially on one or more differences between actual pool sizes and target
pool sizes. For example, by using a grooming cost to select a region for grooming as described
above, in certain embodiments, the eviction module 732 selects data for eviction based on a
difference between an actual read pool size and a target read pool size (such as actual and target
recent read pool sizes and/or actual and target frequent read pool sizes, or the like), based on a
difference between an actual clean write pool size and a target clean write pool size, and/or a
difference between an actual pool size and a target pool size for another type of data pool. By
scaling data pool counts for a selected region by a difference between an actual pool size and a
target pool size to form a grooming cost and grooming storage regions based on grooming cost,
in one embodiment, the eviction module 732 selects data for eviction such that the actual pool
sizes tend to follow the target pool sizes.

In one embodiment, the groomer module 704 includes or is part of an autonomous
garbage collector system that operates within the cache 102. This allows the cache 102 to
manage data so that data is systematically spread throughout the solid-state storage media 110, or
other physical storage media, to improve performance, data reliability and to avoid overuse and
underuse of any one location or area of the solid-state storage media 110 and to lengthen the

useful life of the solid-state storage media 110.
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The groomer module 704, upon recovering a selected region of the physical storage
media 110, allows the cache 102 to re-use the region of the physical storage media 110 to store
different data. In one embodiment, the groomer module 704 adds the recovered region of
physical storage media 110 to an available storage pool for the cache 102, or the like. The
groomer module 704 and/or the eviction module 732, in one embodiment, erase existing data in a
selected region. In a further embodiment, the groomer module 704 and/or the eviction module
732 allow the cache 102 to overwrite existing data in a selected region. Whether or not the
groomer module 704, in various embodiments, erases existing data in a selected region may
depend on the nature of the physical storage media 110. For example, Flash media requires that
cells be erased prior to reuse where magnetic media such as hard drives does not have that
requirement. In an embodiment where the groomer module 704 does not erase data in a selected
region, but allows the cache 102 to overwrite data in the selected region, the groomer module
704, in certain embodiments, may mark the data in the selected region as unavailable to service
read requests so that subsequent requests for data in the selected region return a null result or an
empty set of data until the cache 102 overwrites the data.

In one embodiment, the groomer module 704 recovers storage capacity of the cache 102
one or more storage regions at a time, or the like. A storage region, in one embodiment, is a
logical or physical erase block or other predefined division. For flash memory, an erase
operation on an erase block writes ones to every bit in the erase block. This is a lengthy process
compared to a program operation which starts with a location being all ones, and as data is
written, some bits are changed to zero. However, where the solid-state storage 110 is not flash
memory or has flash memory where an erase cycle takes a similar amount of time as other
operations, such as a read or a program, the eviction module 732 may erase the data of a storage
division as it evicts data, instead of a separate garbage collection process of the groomer module
704.

The groomer module 704, in one embodiment, recovers storage capacity of the cache 102
in response to a storage capacity recovery event that triggers the groomer module 704 to recover
storage capacity of the cache 102. In one embodiment, a storage capacity recovery event may
include a grooming pressure for the cache 102 exceeding a predefined grooming pressure
threshold. In another embodiment, a storage capacity recovery event may include an available
storage capacity of the cache 102 falling below a predefined available capacity threshold. A
storage capacity recovery event, in a further embodiment, may include a percentage of data
marked as invalid in the cache 102 reaching a predefined invalid data threshold level. In various

other embodiments, a storage capacity recovery event may include a consolidation of valid data,
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an error detection rate reaching a threshold value, performance crossing a threshold value, a
scheduled garbage collection or grooming cycle, or the like.

In one embodiment, allowing the eviction module 732 to mark data as invalid rather than
actually erasing the data and allowing the groomer module 704 to recover the physical media
associated with invalid data, increases efficiency because, as mentioned above, for flash memory
and other similar storage an erase operation takes a significant amount of time. Allowing the
groomer module 704 to operate autonomously and opportunistically within the cache 102
provides a way to separate erase operations from reads, writes, and other faster operations so that
the cache 102 operates very efficiently.

In one embodiment, the pool indicator module 706 maintains one or more pool
membership indicators, sets of pool membership indicators, or the like for data of the cache 102
indicating in which pool of the cache 102 the data is a member. For example, the pool indicator
module 706, in various embodiments, may maintain one or more read/write indicators,
dirty/clean indicators, recent/frequent indicators, metadata indicators, valid/invalid indicators, or
the like. The pool indicator module 706, in certain embodiments, maintains indicators for blocks
of data in a region, such as packets, ECC chunks, pages, sectors, ranges of data, or the like within
a region. Por example, the pool indicator module 706 may maintain one or more maps, bit
arrays, bit fields, flags, or the like denoting pool membership.

In one embodiment, the pool indicator module 706 maintains a read/write bit array
indicating which blocks of a region include user write data, a dirty/clean bit array indicating
which blocks of a region include dirty write data, and/or a recent/frequent bit array indicating
which blocks of a region include frequent data. In certain embodiments, as described above with
regard to the frequent data module 730, members from several data pools may be identified as
frequently accessed data. In such an embodiment, data in the frequent read pool may be
identified as data that is both read data and frequent data, using both a read/write bit array and a
recent/frequent bit array or other indicators.

In other embodiments, instead of separate bit arrays, or the like, the pool indicator
module 706 uses a single indicator with a different state for each data pool of the cache. For
example, the pool indicator module 706, in one embodiment, may maintain a single map, bit
array, bit field, or the like that denotes pool membership for blocks of a region, with each entry
having a number of states equal to or greater than the number of data pools. In a further
embodiment, such a map, bit array, bit field, or the like may include entries with at least two bits
each, an entry representing membership in the recent read pool, the frequent read pool, the dirty

write pool, or the clean write pool based on the state of the at least two bits.
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In one embodiment, the pool indicator module 706 is in communication with the storage
controller 104 to maintain the pool membership indicators or the like for the cache 102, such as
maps, bit arrays, bit fields, flags, or the like. For example, the pool indicator module 706 may
receive pool membership indicators from and/or send pool membership indicators to the storage
controller 104. In one embodiment, the pool indicator module 706 and/or the storage controller
104 maintain pool membership indicators in a mapping structure of the direct mapping module
716, in a reverse map, in volatile memory of the cache 102 or the host device 114, in a region of
data such as an erase block or a packet, and/or in other data storage. In a further embodiment,
the pool indicator module 706 and/or the storage controller 104 may store pool membership
indicators on volatile memory and may also store at least enough information to reconstruct the
pool membership indicators on the storage media 110 of the cache 102.

In one embodiment, the pool indicator module 706 maintains one or more counts or
tallies indicating an amount of blocks that a data pool includes. The pool indicator module 706,
in various embodiments, may maintain counts or tallies for each region, such as a logical or
physical erase block or the like, for the entire cache 102, or the like. For example, in one
embodiment, the pool indicator module 706 may track an actual size of a read pool, an actual
size of a recent read pool, an actual size of a frequent read pool, an actual size of a dirty write
pool, and/or an actual size of a clean write pool as a count of the amount of data in the data pool.
The pool indicator module 706, in a further embodiment, represents the count of the amount of
data in a data pool as a number of blocks, such as a packet, an ECC chunk, a page, a sector, a
range of data, or the like in the data pool.

In one embodiment, the pool indicator module 706 maintains pool membership indicators
for data that the cache 102 currently stores and does not maintain pool membership indicators for
evicted data. The combined actual sizes of data pools of the cache 102, in a further embodiment,
are less than or equal to a storage capacity of the cache 102. In another embodiment, described
in greater detail below with regard to the membership metadata module 718, the pool indicator
module 706 and/or the membership metadata module 718 may maintain certain metadata for
evicted data. For example, in one embodiment, the membership metadata module 718 may
maintain an indicator indicating that the cache 102 previously stored a range of data, that a range
of data was previously a member of a certain data pool, or the like and the read pool module 604
may add the data directly to a frequent read pool in response to a read request for the data,
bypassing a recent read pool, or the like.

In one embodiment, the pool indicator module 706 maintains valid/invalid indicators,

such as a validity map or an invalidity map, identifying which data in the cache 102 is valid and
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which data in the cache 102 is invalid. As used herein, a map may refer to any associative data
structure associating a collection of unique keys with respective values. lLooking up a unique
key in a map returns the associated value. The validity map, in one embodiment, associates
storage units, such as blocks, packets, sectors, pages, ECC chunks, or the like, of the cache 102
with a validity indicator that specifies that the data associated with the unit is either valid or
invalid. The validity indicator, in certain embodiments, includes a bit in the validity map, with
one state representing valid data and the other state representing invalid data.

A validity map, in various embodiments, may include a bit map, a table, a list, and/or
another data structure known in the art. For example, a validity map may include a data structure
suited for managing a very large and potentially sparsely populated domain such as an address
space, comprising representations of valid or invalid storage units (and/or storage unit sets or
ranges). lor example, a validity map may comprise a sparse array with an entry for each storage
unit that includes valid data. An invalidity map may be derived from a validity map (i.e., if a
location is not in the validity map, then the location is invalid) or vice versa.

In one embodiment, the pool indicator module 706 updates valid/invalid indicators as
new data is written to the cache 102, as data is invalidated, and the like. The pool indicator
module 706, in certain embodiments, switches a valid/invalid indicator for data from valid to
invalid in response to a subsequent write request corresponding to an address of the data,
described above as a write hit. A write hit invalidates the previous data and replaces it with a
new or updated version. In another embodiment, the pool indicator module 706 sets a
valid/invalid indicator for data to invalid in response to a TRIM request for the data. In a further
embodiment, the pool indicator module 706 switches a valid/invalid indicator for data from valid
to invalid in response to the eviction module 732 selecting the data for eviction from the cache
102. The groomer module 704, in certain embodiments, upon selecting a region for grooming or
garbage collection, trims, erases, clears, or otherwise removes invalid data of the region from the
cache 102 based on valid/invalid indicators for data of the region and recovers the storage
capacity of the region, as described above.

The pool indicator module 706, in certain embodiments, maintains one or more
read/write indicators, dirty/clean indicators, recent/frequent indicators, valid/invalid indicators,
or the like for data of each region of the cache 102, such as for data of each logical erase block,
physical erase block, logical page, physical page, ECC chunk, packet, sector, or the like,
indicating one or more states for each data block of a region. For example, in one embodiment,
the pool indicator module 706 maintains a user write map, a dirty data map, a frequent data map,

and/or a validity map per erase block of the cache 102, with an indicator in each map for each
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group of data in the erase block, such as a packet, ECC chunk, page, sector, range of data, or the
like. The pool indicator module 706, in a further embodiment, maintains one or more read/write
indicators, dirty/clean indicators, recent/frequent indicators, valid/invalid indicators, or the like in
volatile memory, such as volatile memory of the host device 114, volatile memory of the cache
102, or the like. In certain embodiments, the pool indicator module 706 may periodically store
one or more read/write indicators, dirty/clean indicators, recent/frequent indicators, valid/invalid
indicators, or the like to the storage media 110 of the cache 102 to persist the indicated data
states in non-volatile storage.

In one embodiment, the pool indicator module 706 sets an indicator that the destage
module 708 has destaged data to the backing store 118 to track which write data is in the clean
write and which data is in the dirty write pool. The pool indicator module 706, in one
embodiment, sets the indicator that the backing store 118 stores the data once the destage module
708 has successfully written the data to the backing store 118. Setting the indicator (dirty/clean
indicator) that the backing store 118 stores the data, in one embodiment, prevents the destage
module 708 from destaging data a second time once the destage module 708 has already
destaged the data. In a further embodiment, setting the indicator that the backing store 118 stores
the data may affect a grooming cost for a region associated with the data, may alert a garbage
collection or grooming process, such as the groomer module 704, that the data may be cleared
from the cache 102, or the like. Similarly, in a further embodiment, the pool indicator module
706 sets an indicator that data from a recent read pool of the cache 102 has transitioned to a
frequent read pool of the cache 102 in response to a frequent read threshold number of read hits
for the data.

The destage module 708, in one embodiment, destages cached data from the dirty write
pool of the cache 102 to the backing store 118. The destage module 708 destages data to the
backing store 118 by copying, writing, storing, or otherwise persisting the data in the backing
store 118. The destage module 708 destages dirty write data that the backing store 118 does not
yet store. Data that is stored in the cache 102 that is not yet stored in the backing store 118 is
referred to as “dirty” data. Once the backing store 118 stores data, the data is referred to as
“clean.” The destage module 708 destages or cleans data in the cache 102 by writing the data to
the backing store 118. In one embodiment, the dirty write pool module 606 transitions destaged
data from the dirty write pool to the clean write pool of the cache 102 in response to the destage
module 708 destaging the data.

The dirty write pool module 606 and/or the clean write pool module 702, in certain

embodiments, cooperate with the destage module 708 to adjust a size of the dirty write pool of
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the cache 102 and/or to adjust a size of the clean write pool of the cache 102. The destage
module 708, in one embodiment, adjusts a destage rate at which the destage module 708 destages
data to the backing store 118 based on a difference between an actual dirty write pool size and a
target dirty write pool size that the dirty write pool module 606 sets. In a further embodiment,
the destage module 708 may adjust the destage rate based on a difference between an actual
clean write pool size and a target clean write pool size that the clean write pool module 702 sets.
In another embodiment, the destage module 708 may adjust the destage rate based on both a
difference between an actual dirty write pool size and a target dirty write pool size and a
difference between an actual clean write pool size and a target clean write pool size, or the like.
In certain embodiments, the dirty write pool module 606 and/or the clean write pool module 702
may set the destage rate for the destage module 708. In one embodiment, the destage module
708 and/or the dirty write pool module 606 set the destage rate to a level at which the size of the
dirty write pool remains within a maximum dirty write pool size. Example embodiments of
maximum dirty write pool sizes are described above with regard to the dirty write pool module
606 of Figure 3.

As discussed in greater detail above with regard to the pool indicator module 706, in
certain embodiments, the destage module 708 accesses one or more pool membership indicators,
such as a clean/dirty indicator or the like, to determine which data in the cache 102 is dirty and is
a candidate for destaging. In one embodiment, the destage module 708 and/or the pool indicator
module 706 update one or more pool membership indicators in response to successfully
destaging data to the backing store 118 so that the one or more pool membership indicators
indicate that the destaged data is clean and is now a member of the clean write pool instead of
the dirty write pool, or the like.

The destage module 708, in one embodiment, may determine an address for selected
destage data in the backing store 118 based on a write request corresponding to the data. In a
further embodiment, the destage module 708 determines an address for destage data in the
backing store 118 based on a logical address of the data in the cache 102, based on a cache
index, a mapping structure, or the like. In another embodiment, the destage module 708 uses a
reverse map or the like to determine an address for destage data in the backing store 118 based
on a physical address of the data in the cache 102.

The destage module 708, in one embodiment, writes data to the backing store 118 based
on a write policy. In one embodiment, the destage module 708 uses a write-back write policy,
and does not immediately write data of a write request to the backing store 118 upon detecting
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opportunistic or “lazy” write, destaging data to the backing store 118 when the cache 102 and/or
the direct cache module 116b has a light load, when available storage capacity in the cache 102
falls below a threshold, to satisfy a destaging pressure or target destage rate, or the like. In
certain write-back embodiments, the destage module 708 may read data from the cache 102 and
write the data to the backing store 118.

In another embodiment, instead of cleaning data according to a write-back write policy,
the destage module 708 uses a write-through policy, performing a synchronous write to the
backing store 118 for each write request that the write request module 712 (described below)
receives. The destage module 708, in one embodiment, transitions from a write-back to a write-
through write policy in response to a predefined error condition, such as an error or failure of the
cache 102, or the like.

In one embodiment, the destage module 708 does not invalidate or evict destaged data
from the cache 102, but destaged data remains in the cache 102 to service read requests until the
destaged data is evicted from the cache by the eviction module 732. In a further embodiment,
where the cache 102 does not include a clean write data pool or the like, the destage module 708
may invalidate, clear, or evict destaged data from the cache 102 once the backing store 118
stores the data. In certain embodiments, evicting data upon destaging may lead to an increase in
cache misses, but may also increase a speed or efficiency of garbage collection/grooming of the
cache 102 by the groomer module 704.

In one embodiment, the write forward module 710 writes data forward on a log of the
cache 102 in response to a storage request for the data. As described above with regard to the
frequent data module 730, in certain embodiments, upon grooming a region of the cache 102, the
frequent data module 730 copies frequently accessed data forward on a log of the cache 102,
such as data from the frequent read pool or the like. Typically, copying the data forward during
a grooming process includes at least two transactions with the storage media 110 of the cache
102, one to read the data from the groomed region and one to write or program the data to the
new region. In one embodiment, the write forward module 710 preemptively writes data forward
while the data is already in volatile memory of the cache 102 and/or of the host device 114 due
to a storage request, such as a read request, for the data, to reduce the number of transactions and
bandwidth used to write frequently accessed data forward to retain the data in the cache 102.

For example, in one embodiment, the read request module 720 described below reads
requested data from the cache 102 to service a read request and the write forward module 710
writes the requested data forward on a log of the cache 102 in response to the read request. In a
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a read request that satisfies a frequent read threshold number of read hits and transitions the data
from the recent read pool to the frequent read pool of the cache 102, as described above. In one
embodiment, where data transitions from the recent read pool to the frequent read pool in
response to a second read request or read hit for the data, the write forward module 710 writes
the data forward in response to the second read request for the data.

In one embodiment, the write forward module 710 queues or buffers frequently accessed
data and writes the frequently accessed data forward a full region at a time, such as a full erase
block or the like. In a further embodiment, the write forward module 710 writes frequently
accessed data to a separate append point and/or to a separate log of the cache 102. For example,
in one embodiment, the separate append point and/or separate log may include data of the
frequent read pool so that the frequent pool module 726 can track the data of the frequent read
pool without a pool membership indicator or the like.

In a further embodiment, the groomer module 704 may groom the separate log less
frequently and/or the eviction module 732 may evict data from the separate log less frequently
than a main ingestion log from which the write forward module 710 copied the frequently
accessed data to preserve the frequently accessed data in the cache 102 for a longer period of
time or the like. In another embodiment, once the destage module 708 has destaged the dirty
data of the dirty write data pool from a region, the groomer module 704 and/or the eviction
module 732 erases, evicts, trims, or otherwise clears the entire region upon selecting the region
for grooming, because the write forward module 710 has already written forward any frequently
accessed data from the region.

In certain embodiments, the write forward module 710 may write data to different append
points, different logs, or the like based on read request count or other frequency count for data of
the corresponding storage request. For example, the cache 102 may comprise separate append
points and/or separate logs for each data pool that the read pool module 604 manages, for data
grouped by frequency counts, or the like. Each append point and/or log may comprise data with
frequency counts within a predefined range. Ranges of frequency counts for different append
points and/or logs may be distributed evenly (e.g. 1-5, 6-10, 11-15), over a predefined scale such
as a logarithmic scale (e.g. 1, 2-3, 4-7, 8-15), or the like. The groomer module 704 may groom
logs with higher frequency counts with progressively less frequency, the eviction module 732
may evict data from logs with higher frequency counts with progressively less frequency, or the
like. Grouping data in separate logs based on frequency of access, in certain embodiments,
makes grooming, garbage collection, eviction, and/or other management functions of the cache

102 more efficient.
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In one embodiment, the write request module 712 detects one or more write requests to
store data on the backing store 118. The write request module 712 may detect a write request by
receiving the write request directly, detecting a write request sent to a different module or entity
(such as detecting a write request sent directly to the backing store 118), or the like. In one
embodiment, the host device 114 sends the write request. The direct cache module 116b, in one
embodiment, represents itself to the host device 114 as a storage device, and the host device 114
sends write requests directly to the write request module 712. In a further embodiment, the write
request module 712 cooperates with the storage request module 602 to detect write requests.

A write request, in one embodiment, includes data that is not stored on the backing store
118. Data that is not stored on the backing store 118, in various embodiments, includes new data
not yet stored on the backing store 118, modifications to data that is stored on the backing store
118, and the like. The write request, in various embodiments, may directly include the data, may
include a reference, a pointer, or an address for the data, or the like. For example, in one
embodiment, the write request includes a range of addresses indicating data to be stored on the
backing store 118 by way of a Direct Memory Access (“DMA”) or Remote DMA (“RDMA”)
operation. In a further embodiment, a single write request may include several different
contiguous and/or noncontiguous ranges of addresses or blocks. In a further embodiment, the
write request includes one or more destination addresses for the data, such as logical and/or
physical addresses for the data on the cache 102 and/or on the backing store 118. The write
request module 712 and/or another cooperating module, in various embodiments, may retrieve
the data of a write request directly from the write request itself, from a storage location
referenced by a write request (i.e., from a location in system memory or other data storage
referenced in a DMA or RDMA request), or the like.

The cache write module 714, in one embodiment, writes data of a write request to the
cache 102 to cache the data in the cache 102. The cache write module 714, in another
embodiment, caches the data of the write request to the cache 102 at one or more logical
addresses of the cache 102 corresponding to one or more backing store addresses of the write
request. In one embodiment, the cache write module 714 caches the data to the cache 102 by
appending the data to a sequential, log-based writing structure preserved in the physical storage
media 110 of the cache 102 at an append point. The cache write module 714, in one
embodiment, returns one or more physical addresses corresponding to a location of the append
point at which the data was appended to a direct mapping module such as the direct mapping
module 716 described below, which maps the one or more logical addresses of the cache 102 to

the one or more physical addresses corresponding to the append point. In one embodiment, if a
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write request is a write hit and data corresponding to one or more backing store addresses of the
write request is already cached in a data pool of the cache 102, the cache write module 714
invalidates the existing data in the cache 102.

In certain embodiments, the cache write module 714 determines whether to store data of
a write request in the cache 102 based on membership metadata maintained by the membership
metadata 718 described below. If the cache write module 714 determines not to store data of a
write request in the cache 102, the cache write module 714 may write the data to the backing
store 118, operating in a write around or write through mode. Tor example, the cache write
module 714 may store data of a write request in the cache 102 in response to a frequency count,
such as a read request count or write request count, for an address or address range of the write
request satisfying a membership threshold and may store data of the write request in the backing
store 118 without caching the data in response to the frequency count failing to satisfy the
membership threshold.

The direct mapping module 716, in one embodiment, directly maps logical or physical
addresses of the backing store 118 (“backing store addresses™) to logical addresses of the cache
102 and directly maps logical addresses of the cache 102 to the backing store addresses of the
backing store 118. As used herein, direct mapping of addresses means that for a given address in
a first address space there is exactly one corresponding address in a second address space with no
translation or manipulation of the address to get from an address in the first address space to the
corresponding address in the second address space. The direct mapping module 716, in a further
embodiment, maps backing store addresses to logical addresses of the cache 102 such that each
backing store 118 address has a one to one relationship with a logical address of the cache 102.
In one embodiment, the logical addresses of the cache 102 are independent of the physical
addresses of the physical storage media 110 for the cache 102 and the physical addresses of the
physical storage media 110 of the cache 102 are fully associative with backing store addresses of
the backing store 118.

In one embodiment, the direct mapping module 716 maps the backing store addresses
directly to logical addresses of the cache 102 so that the backing store addresses of the backing
store 118 and the logical addresses of the cache 102 are equal or equivalent. In one example of
this embodiment, the backing store addresses and the logical addresses of the cache 102 share a
lower range of the logical address space of the cache 102, such as addresses between about 0-272,
or the like.

In one embodiment, the direct mapping module 716 directly maps logical addresses of

the cache 102 to physical addresses and/or locations on the physical storage media 110 of the
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cache 102. In a further embodiment, the direct mapping module 716 uses a single mapping
structure to map backing store addresses to logical addresses of the cache 102 and to map logical
addresses of the cache 102 to locations on the physical storage media 110 of the cache 102. The
mapping structure, in various embodiments, may include a B-tree, B*-tree, B+-tree, a CAM, a
binary tree, a hash table, an index, an array, a linked-list, a look-up table, or another mapping
data structure.

Use of a B-tree as the mapping structure in certain embodiments, is particularly
advantageous where the logical address space presented to the client is a very large address space
(such as 2% addressable blocks or the like — which may or may not be sparsely populated).
Because B-trees maintain an ordered structure, searching such a large space remains very fast.
For example, in one embodiment, the mapping structure includes a B-tree with multiple nodes
and each node may store several entries. In the example embodiment, each entry may map a
variable sized range of logical addresses of the cache 102 to a location (such as a starting
location) on the physical storage media 110 of the cache 102. TFurthermore, the number of nodes
in the B-tree may vary as the B-tree grows wider and/or deeper.

In one embodiment, the mapping structure of the direct mapping module 716 only
includes a node or entry for logical addresses of the cache 102 that are associated with currently
cached data in the cache 102. In this embodiment, membership in the mapping structure
represents membership in the cache 102. The direct mapping module 716, in one embodiment,
adds entries, nodes, and the like to the mapping structure as data is stored in the cache and
removes entries, nodes, and the like from the mapping structure in response to data being
evicted, cleared, trimmed, or otherwise removed from the cache 102.

Similarly, membership in the mapping structure may represent valid allocated blocks on
the solid-state storage media 110. The solid-state storage controller 104 (and/or the direct
mapping module 716), in one embodiment, adds entries, nodes, and the like to the mapping
structure as data is stored on the solid-state storage media 110 and removes entries, nodes, and
the like from the mapping structure in response to data being invalidated cleared, trimmed, or
otherwise removed from the solid-state storage media 110. In the case where the mapping
structure is shared for both cache management and data storage management on the solid-state
storage media 110, the pool indicator module 706 described above, in certain embodiments, may
also track pool membership, whether the data is dirty or clean to determine whether the data is
persisted on the backing store 118, or the like.

In a further embodiment, as described below with regard to the membership metadata

module 718, the mapping structure of the direct mapping module 716 may include one or more
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nodes or entries for logical addresses of the cache 102 that are not associated with currently
stored data in the cache 102, but that are associated with evicted data that the cache 102 no
longer stores, associated with read data that the cache 102 does not yet store, mapped to
addresses of the backing store 118 that currently store data, or the like. The nodes or entries for
logical addresses of the cache 102 that are not associated with currently stored data in the cache
102, in one embodiment, are not mapped to locations on the physical storage media 110 of the
cache 102, but include an indicator that the cache 102 does not store data corresponding to the
logical addresses and that the data has been evicted or that the cache 102 does not yet store the
data. The nodes or entries, in a further embodiment, may include information that the data
resides in the backing store 118. For example, in certain embodiments, the mapping structure of
the direct mapping module 716 may include nodes or entries for read misses, data of which the
backing store 118 stores but the cache 102 does not currently store. The direct mapping module
716, in one embodiment, may maintain metadata such as a read request count or another
frequency count in entries for data that the cache 102 does not yet store, and the read request
module 720, described below, may store the data in the cache 102, adding the data to a read pool,
in response to the read request count satisfying a read request threshold number of read requests,
or the like. Various embodiments where the direct mapping module 716 stores metadata in a
mapping structure are described below with regard to Figures 8A-D.

Nodes, entries, records, or the like of the mapping structure, in one embodiment, may
include information (such as physical addresses, offsets, indicators, etc.) directly, as part of the
mapping structure, or may include pointers, references, or the like for locating information in
memory, in a table, or in another data structure. The direct mapping module 716, in one
embodiment, optimizes the mapping structure by monitoring the shape of the mapping structure,
monitoring the size of the mapping structure, balancing the mapping structure, enforcing one or
more predefined rules with regard to the mapping structure, ensuring that leaf nodes of the
mapping structure are at the same depth, combining nodes, splitting nodes, and/or otherwise
optimizing the mapping structure.

The direct mapping module 716, in one embodiment, stores the mapping structure on the
solid-state storage media 110 of the cache 102. By storing the mapping structure on the cache
102, in a further embodiment, the mapping of addresses of the backing store 118 to the logical
addresses of the cache 102 and/or the mapping of the logical addresses of the cache 102 to
locations on the physical storage media 110 of the cache 102 are persistent, even if the cache 102
is subsequently paired with a different host device 114. In one embodiment, the backing store

118 is also subsequently paired with the different host device 114. In a further embodiment, the
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cache 102 rebuilds or restores at least a portion of data from the backing store 118 on a new
storage device associated with the different host device 114, based on the mapping structure and
data stored on the cache 102.

In one embodiment, the direct mapping module 716 determines one or more factors of
the grooming cost of a selected region for the groomer module 704 based on a history of access
to the mapping structure. The direct mapping module 716, in a further embodiment, identifies
areas of high frequency, “hot,” use and/or low frequency, “cold,” use by monitoring accesses of
branches or nodes in the mapping structure. The direct mapping module 716, in a further
embodiment, determines a count or frequency of access to a branch, directed edge, or node in the
mapping structure. In one embodiment, a count associated with each node of a b-tree like
mapping structure may be incremented for each I/O read operation and/or each I/O write
operation that visits the node in a traversal of the mapping structure. Of course, in certain
embodiments, separate read counts and write counts may be maintained for each node. Certain
counts may be aggregated to different levels in the mapping structure in other embodiments.

The direct mapping module 716, in one embodiment, shares information with other
modules such as the read pool module 604, the dirty write pool module 606, the clean write pool
module 702, the groomer module 704, the destage module 708, and/or the membership metadata
module 718, to increase the efficiency of the cache 102, to reduce cache misses, to make
intelligent eviction decisions, and the like. In one embodiment, the direct mapping module 716
tracks or monitors a frequency that /O requests access logical addresses in the mapping
structure. The direct mapping module 716, in a further embodiment, stores the access frequency
information in the mapping structure, communicates the access frequency information to the
groomer module 704, or the like. The direct mapping module 716, in another embodiment, may
track, collect, or monitor other usage/access statistics relating to the logical to physical mapping
of addresses for the cache 102 and/or relating to the mapping between the logical address space
of the cache 102 and the address space of the backing store 118, and may share that data with the
groomer module 704.

One example of a benefit of sharing information between the direct mapping module 716
and other modules, in certain embodiments, is that write amplification can be reduced. As
described above, in one embodiment, the groomer module 704 copies certain valid data in a
selected region forward to the current append point of the log-based append-only writing
structure of the cache 102 before recovering the physical storage capacity of the selected region.
By cooperating with the destage module 708 and/or the direct mapping module 716, in one

embodiment, the groomer module 704 may clear certain valid data from a region without
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copying the data forward (for example because a grooming cost algorithm for the groomer
module 704 indicates that the valid data is unlikely to be re-requested soon, giving the region a
low grooming cost), reducing write amplification, increasing available physical storage capacity
and efficiency. The groomer module 704 can even clear valid user write data from an erase
block, so long as the destage module 708 has destaged the data to the backing store 118.

For example, in one embodiment, the groomer module 704 preserves valid data with an
access frequency in the mapping structure that is above a predefined threshold, and clears valid
data from an erase block if the valid data has an access frequency below the predefined
threshold, as described above with regard to the frequent data module 730. An access frequency
in the mapping structure, in another embodiment, may transition data from a recent read pool to a
frequent read pool, or the like. In a further embodiment, the eviction module 732 may mark
certain data as conditionally evictable, conditionally invalid, or the like, and the groomer module
704 may evict the conditionally invalid data based on an access frequency or other data that the
direct mapping module 716 provides. In another example, the destage module 708, the direct
mapping module 716, and the groomer module 704 may cooperate such that valid data that is in
the cache 102 and is dirty gets stored on the backing store 118 by the destage module 708 rather
than copied to the front of the log, or the like.

Those of skill in the art will appreciate a variety of other examples and scenarios in which
the modules responsible for managing the non-volatile storage media 110 that uses a log-based
append-only writing structure can leverage the information available in the direct cache module
116b. Furthermore, those of skill in the art will appreciate a variety of other examples and
scenarios in which the modules responsible for managing the cache 102 (read pool module 604,
dirty write pool module 606, clean write pool module 702, groomer module 704, destage module
708, and/or direct mapping module 716) can leverage the information available in solid-state
controller 104 regarding the condition of the non-volatile storage media 110.

In one embodiment, the membership metadata module 718 maintains metadata for data
that the cache 102 does not currently store, such as data that the eviction module 732 has evicted
from the cache 102 (e.g. read data evicted from the read pool, clean write data evicted from the
clean write pool), data that has not yet been admitted to the cache 102, or the like. In another
embodiment, the membership metadata module 718 may maintain metadata for data that the
cache 102 does currently store. The membership metadata module 718, in a further embodiment,
maintains metadata as one or more entries for the un-stored and/or evicted data in a mapping
structure of the direct mapping module 716, or the like. For example, in one embodiment, the

membership metadata module 718 updates the mapping structure and/or metadata associated
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with the mapping structure to indicate that the physical storage media 110 of the cache 102 does
not store the evicted data, such as pointing a logical address or range of logical addresses
associated with the evicted data to an invalid or null location. In another embodiment, the
membership metadata module 718 maintains metadata that includes one or more pool
membership indicators from the pool indicator module 706 indicating from which data pool
evicted data was evicted, such as read/write indicators, dirty/clean indicators, recent/frequent
indicators, valid/invalid indicators, or the like. The membership module 718, in a further
embodiment, maintains a frequency count, such as a read request count or a write request count,
for un-stored and/or evicted data.

In one embodiment, the read pool module 604 inserts previously evicted data directly to
the frequent read pool of the cache 102 based on the metadata from the membership metadata
module 718 for the evicted data, instead of adding the evicted data to the recent read pool of the
cache 102, or the like. In another embodiment, the read pool module 604 inserts un-stored data
directly to the frequent read pool of the cache 102 based on the metadata from the membership
metadata module 718 for the un-stored data. For example, if a frequency count such as a read
request count for un-stored data satisfies a membership threshold, the read pool module 604 may
add the un-stored data directly to the frequent read pool of the cache 102. In such an
embodiment, the recent pool that the recent pool module 724 manages may comprise a virtual
data pool with data that the cache 102 does not currently store, represented by membership
metadata maintained by the membership metadata module 718 or the like.

The membership metadata module 718, in a further embodiment, expires or ages out
metadata after a predefined amount of time without a subsequent read and/or write request for
the data, or the like. By leaving nodes or entries for evicted data in the mapping structure of the
direct mapping module 716, in one embodiment, the eviction module 732 and/or the direct
mapping module 716 may reduce the number of accesses to the storage media 110 of the cache
102 used for evicting the data, by leaving the nodes or entries dangling instead of reading the
storage media 110 to locate the nodes or entries using a reverse map, or the like. Embodiments
of mapping structures that includes membership metadata are described below with regard to
Figures 8A-D.

In one embodiment, the read request module 720 services read requests for data stored in
the cache 102 and/or the backing store 118. The read request module 720, in one embodiment,
detects a read request to retrieve requested data from the backing store 118. In a further
embodiment, the read request module 720 receives read requests from the host device 114. A

read request is a read command with an indicator, such as a logical address or range of logical
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addresses, of the data being requested. In one embodiment, the read request module 720
supports read requests with several contiguous and/or noncontiguous ranges of logical addresses,
as discussed above with regard to the write request module 712. The read request module 720,
in a further embodiment, cooperates with the storage request module 602 to detect read requests.

In the depicted embodiment, the read request module 720 includes a read miss module
734 and a read retrieve module 736. The read miss module 734, in one embodiment, determines
whether or not requested data is stored in the cache 102. The read miss module 734 may query
the cache 102 directly, query the direct mapping module 716, query the mapping structure of the
direct mapping module 716, or the like to determine whether or not requested data is stored in
the cache 102.

The read retrieve module 736, in one embodiment, returns requested data to the
requesting entity, such as the host device 114. If the read miss module 734 determines that the
cache 102 stores the requested data, in one embodiment, the read retrieve module 736 reads the
requested data from the cache 102 and returns the data to the requesting entity. The direct
mapping module 716, in one embodiment, provides the read retrieve module 736 with one or
more physical addresses of the requested data in the cache 102 by mapping one or more logical
addresses of the requested data to the one or more physical addresses of the requested data.

If the read miss module 734 determines that the cache 102 does not store the requested
data, in one embodiment, the read retrieve module 736 reads the requested data from the backing
store 118, writes the requested data to the cache 102, and returns the requested data to the
requesting entity. In one embodiment, the read retrieve module 736 writes the requested data to
the cache 102 by appending the requested data to an append point of a log-based writing
structure of the cache 102. In a further embodiment, the read retrieve module 736 provides one
or more physical addresses corresponding to the append point to the direct mapping module 716
with the one or more logical addresses of the requested data and the direct mapping module 716
adds and/or updates the mapping structure with the mapping of logical and physical addresses for
the requested data. The read retrieve module 736, in one embodiment, writes the requested data
to the cache 102 using and/or in conjunction with the cache write module 714.

In certain embodiments, the read retrieve module 736 determines whether to store
requested data from a read request in the cache 102 based on membership metadata maintained
by the membership metadata 718 described above. If the read retrieve module 736 determines
not to store requested data of a read request in the cache 102, the membership metadata 718 may
update the membership metadata, such as a read request count or other frequency count. In one

embodiment, the read retrieve module 736 may store requested data of a read request in the
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cache 102 in response to a frequency count, such as a read request count or write request count,
for an address or address range of the read request satisfying a membership threshold or the like.
For example, the read retrieve module 736 may store requested data of a read request in the
cache 102 in response to a predefined number of read requests for the requested data or
satisfying another predefined membership threshold, such as a preadmission threshold for un-
stored data or a readmission threshold for evicted data.

In one embodiment, the read miss module 734 detects a partial miss, where the cache 102
stores one portion of the requested data but does not store another. A partial miss, in various
embodiments, may be the result of eviction of the previously stored data, a block I/O request for
noncontiguous data, or the like. The read miss module 734, in one embodiment, reads the
missing data or “hole” data from the backing store 118 and returns both the portion of the
requested data from the cache 102 and the portion of the requested data from the backing store
118 to the requesting entity. In one embodiment, the read miss module 734 stores the missing
data retrieved from the backing store 118 in the cache 102.

In one embodiment, the backing store interface module 722 provides an interface
between the direct cache module 116b, the cache 102, and/or the backing store 118. As
described above with regard to Figure 2, in various embodiments, the direct cache module 116b
may interact with the cache 102 and/or the backing store 118 through a block device interface, a
direct interface, a device driver on the host device 114, a storage controller, or the like. In one
embodiment, the backing store interface module 722 provides the direct cache module 116b with
access to one or more of these interfaces. For example, the backing store interface module 722
may receive read commands, write commands, and clear (or TRIM) commands from one or
more of the cache write module 714, the direct mapping module 716, the read request module
720, the destage module 708, the groomer module 704, and the like and relay the commands to
the cache 102 and/or the backing store 118. In a further embodiment, the backing store interface
module 722 may translate or format a command into a format compatible with an interface for
the cache 102 and/or the backing store 118.

In one embodiment, the backing store interface module 722 has exclusive ownership over
the backing store 118 and the direct cache module 116b is an exclusive gateway to accessing the
backing store 118. Providing the backing store interface module 722 with exclusive ownership
over the backing store 118 and preventing access to the backing store 118 by other routes
obviates stale data issues and cache coherency requirements, because all changes to data in the

backing store 118 are processed by the direct cache module 116b.
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In a further embodiment, the backing store interface module 722 does not have exclusive
ownership of the backing store 118, and the backing store interface module 722 manages cache
coherency for the cache 102. For example, in various embodiments, the backing store interface
module 722 may access a common directory with other users of the backing store 118 to
maintain coherency, may monitor write operations from other users of the backing store 118,
may participate in a predefined coherency protocol with other users of the backing store 118, or
the like.

Figure 5 depicts one embodiment of cache pools 800, including a write pool 802 and a
read pool 804. The write pool 802, in the depicted embodiment, includes a clean write pool 806
and a dirty write pool 808. The read pool 804, as depicted, includes a recent read pool 810 and a
frequent read pool 812. The direct cache module 116, in one embodiment, manages and adjusts
sizes of the write pool 802, including the clean write pool 806 and the dirty write pool 808, and
the read pool 804, including the recent read pool 810 and the frequent read pool 812, to
maximize a dirty write hit rate 808 and/or a read hit rate of the cache 102.

In the depicted embodiment, the dirty write pool module 606 and the clean write pool
module 702 determine a target write pool size 814 for the write pool 802 as a sum of a target
clean write pool size 818 and a target dirty write pool size 820. The read pool module 604, in the
depicted embodiment, determines a target read pool size 816 for the read pool 804 as a sum of a
target recent read pool size 824 determined by the recent pool module 724 and a target frequent
read pool size 826 determined by the frequent pool module 726.

In the depicted embodiment, the dirty write pool module 606 manages the dirty write
pool 808 to remain within a maximum dirty write pool size 822. In one embodiment, even if the
target dirty write pool size 820 is greater than the maximum dirty write pool size 822, the dirty
write pool module 606 maintains the actual size of the dirty write pool 808 within the maximum
dirty write pool size 822. In a further embodiment, the dirty write pool module 808 ensures that
the target dirty write pool size 820 does not exceed the maximum dirty write pool size 822. As
described above, in certain embodiments, the dirty write pool module 606 adjusts a size of the
dirty write pool 808 by setting a destage rate at which the destage module 708 destages dirty data
from the dirty write pool 808 to the backing store 118, transitioning the destaged data to the
clean write pool 806.

The combined size of the target write pool size 814 and the target read pool size 816 (and
similarly the combined size of the target clean write pool size 8§18, the target dirty write pool size
820, the target recent read pool size 824, and the target frequent read pool size 826), in the

depicted embodiment, is less than or equal to a usable storage capacity of the cache 102. In one
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embodiment, the read pool module 604, the dirty write pool module 606, and/or the clean write
pool module 702 constrain the target sizes 814, 816, 818, 820, 824, 826 such that their combined
size remains less than or equal to a usable storage capacity of the cache 102. In a further
embodiment, while the combined actual sizes of the clean write pool 806, the dirty write pool
808, the recent read pool 810, and the frequent read pool 812 remain less than or equal to a
usable storage capacity of the cache 102, the combined size of the target sizes 814, 816, 818,
820, 824, 826 may exceed the usable storage capacity of the cache 102 as the read pool module
604, the dirty write pool module 606, and/or the clean write pool module 702 adjust the target
sizes 814, 816, 818, 820, 824, 826.

In the depicted embodiment, the actual size of the clean write pool 806 is greater than the
target clean write pool size 818 and the actual size of the recent read pool 810 is greater than the
target recent read pool size 824. The eviction module 732, in certain embodiments, selectively
evicts data from the clean write pool 806 and the recent read pool 810 so that the actual sizes of
the clean write pool 806 and the recent read pool 810 decrease, moving toward the target clean
write pool size 818 and the target recent read pool size 824. In the depicted embodiment, the
target dirty write pool size 820 is substantially similar to the actual size of the dirty write pool
808. In one embodiment, the dirty write pool module 606 sets the destage rate for the destage
module 708 at a level to balance or compensate for additions to the dirty write pool 808 due to
write requests, to maintain the actual size of the dirty write pool 808 at the target dirty write pool
size 820. In a further embodiment, as the clean write pool module 702 and the recent read pool
module 724 decrease the actual sizes of the clean write pool 806 and the recent read pool 810
and as the dirty write pool module 606 maintains the size of the dirty write pool 808, the actual
size of the frequent read pool 812 will increase toward the target frequent read pool size 826 as
data transitions from the recent read pool 810 to the frequent read pool 812.

Figure 6 is a schematic block diagram of an example of a forward map 904 and a reverse
map 922. Typically, the direct cache module 116 detects and/or receives a storage request, such
as storage request to read an address. For example, the direct cache module 116 may receive a
logical block storage request 902 to start reading read address “182” and read 3 blocks.
Typically the forward map 904 stores logical block addresses as virtual/logical addresses along
with other virtual/logical addresses so the direct mapping module 716 uses forward map 904 to
identify a physical address from the virtual/logical address “182” of the storage request 902. In
the example, for simplicity, only logical addresses that are numeric are shown, but one of skill in
the art will recognize that any logical address may be used and represented in the forward map

904. A forward map 904, in other embodiments, may include alpha-numerical characters,



10

15

20

25

30

WO 2012/116369 PCT/US2012/026790

61

hexadecimal characters, and the like. The forward map 904 is one embodiment of a mapping
structure described above with regard to the direct mapping module 716.

In the example, the forward map 904 is a simple B-tree. In other embodiments, the
forward map 904 may be a CAM, a binary tree, a hash table, or other data structure known to
those of skill in the art. In the depicted embodiment, a B-Tree includes nodes (e.g. the root node
908) that may include entries of two logical addresses. EFach entry, in one embodiment, may
include a range of logical addresses. For example, a logical address may be in the form of a
logical identifier with a range (e.g. offset and length) or may represent a range using a first and a
last address or location. In a further embodiment, each entry may include an indicator of
whether the included range of data is dirty or clean (not shown).

Where a single logical address or range of logical addresses is included at a particular
node, such as the root node 908, if a logical address 906 being searched is lower than the logical
address or addresses of the node, the search will continue down a directed edge 910 to the left of
the node 908. If the searched logical address 906 matches the current node 908 (i.e., is located
within the range identified in the node), the search stops and the pointer, link, physical address,
etc. at the current node 908 is identified. If the searched logical address 906 is greater than the
range of the current node 908, the search continues down directed edge 912 to the right of the
current node 908. Where a node includes two logical addresses or ranges of logical addresses
and a searched logical address 906 falls between the listed logical addresses of the node, the
search continues down a center directed edge (not shown) to nodes with logical addresses that
fall between the two logical addresses or ranges of logical addresses of the current node 908. A
search continues down the B-tree until either locating a desired logical address or determining
that the searched logical address 906 does not exist in the B-tree. As described above, in one
embodiment, membership in the B-tree denotes membership in the cache 102, and determining
that the searched logical address 906 is not in the B-tree is a cache miss.

In the example depicted in Figure 6, the direct mapping module 716 searches for logical
address “182” 906 starting at the root node 908. Since the searched logical address 906 is lower
than the logical address of 205-212 in the root node 908, the direct mapping module 716
searches down the directed edge 910 to the left to the next node 914. The searched logical
address “182” 906 is greater than the logical address (072-083) stored in the next node 914 so the
direct mapping module 716 searches down a directed edge 916 to the right of the node 914 to the
next node 918. In this example, the next node 918 includes a logical address of 178-192 so that
the searched logical address “182” 906 matches the logical address 178-192 of this node 918
because the searched logical address “182” 906 falls within the range 178-192 of the node 918.
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Once the direct mapping module 716 determines a match in the forward map 904, the
direct mapping module 716 returns a physical address, either found within the node 918 or linked
to the node 918. In the depicted example, the node 918 identified by the direct mapping module
716 as containing the searched logical address 906 includes a link “f”” that maps to an entry 920
in the reverse map 922.

In the depicted embodiment, for each entry 920 in the reverse map 922 (depicted as a row
in a table), the reverse map 922 includes an entry ID 924, a physical address 926, a data length
928 associated with the data stored at the physical address 926 on the solid-state storage media
110 (in this case the data is compressed), a valid tag 930, a logical address 932 (optional), a data
length 934 (optional) associated with the logical address 932, and other miscellaneous data 936.
In a further embodiment, the reverse map 922 may include an indicator of whether the physical
address 926 stores dirty or clean data, or the like. The reverse map 922 is organized into erase
blocks (erase regions). In this example, the entry 920 that corresponds to the selected node 918
is located in erase block n 938. Frase block n 938 is preceded by erase block n-1 940 and
followed by erase block n+1 942 (the contents of erase blocks n-1 and n+1 are not shown). An
erase block may be some erase region that includes a predetermined number of pages. An erase
region is an area in the solid-state storage media 110 erased together in a storage recovery
operation.

While the entry ID 924 is shown as being part of the reverse map 922, the entry ID 924
may be an address, a virtual link, or other means to tie an entry in the reverse map 922 to a node
in the forward map 904. The physical address 926 is an address in the solid-state storage media
110 where data that corresponds to the searched logical address 906 resides. The data length 928
associated with the physical address 926 identifies a length of the data packet stored at the
physical address 926. (Together the physical address 926 and data length 928 may be called
destination parameters 944 and the logical address 932 and associated data length 934 may be
called source parameters 946 for convenience.) In the example, the data length 928 of the
destination parameters 944 is different from the data length 934 of the source parameters 946 in
one embodiment compression the data packet stored on the solid-state storage media 110 was
compressed prior to storage. For the data associated with the entry 920, the data was highly
compressible and was compressed from 64 blocks to 1 block.

The valid tag 930 indicates if the data mapped to the entry 920 is valid or not. In this
case, the data associated with the entry 920 is valid and is depicted in Figure 6 as a “Y” in the
row of the entry 920. Typically the reverse map 922 tracks both valid and invalid data and the

forward map 904 tracks valid data. In the example, entry “c” 948 indicates that data associated
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with the entry 948 is invalid. Note that the forward map 904 does not include logical addresses
associated with entry “c” 948. The reverse map 922 typically maintains entries for invalid data
so that valid and invalid data can be quickly distinguished during a storage recovery operation.
In certain embodiments, the forward map 904 and/or the reverse map 922 may track dirty and
clean data in a similar manner to distinguish dirty data from clean data.

The depicted reverse map 922 includes source parameters 946 for convenience, but the
reverse map 922 may or may not include the source parameters 946. For example, if the source
parameters 946 are stored with the data, possibly in a header of the stored data, the reverse map
922 could identify a logical address indirectly by including a physical address 926 associated
with the data and the source parameters 946 could be identified from the stored data. One of
skill in the art will recognize when storing source parameters 946 in a reverse map 922 would be
beneficial.

The reverse map 922 may also include other miscellaneous data 936, such as a file name,
object name, source data, etc. One of skill in the art will recognize other information useful in a
reverse map 922. While physical addresses 926 are depicted in the reverse map 922, in other
embodiments, physical addresses 926, or other destination parameters 944, may be included in
other locations, such as in the forward map 904, an intermediate table or data structure, etc.

Typically, the reverse map 922 is arranged by erase block or erase region so that
traversing a section of the map associated with an erase block (e.g. erase block n 938) allows the
groomer module 704 to identify valid data in the erase block 938 and to quantify an amount of
valid data, or conversely invalid data, in the erase block 938. Similarly, the destage module 708,
in certain embodiments, may traverse the reverse map 922 and/or the forward map 904 to locate
dirty data for destaging, to quantify an amount of dirty data and/or clean data, or the like.
Arranging an index into a forward map 904 that can be quickly searched to identify a physical
address 926 from a logical address 906 and a reverse map 922 that can be quickly searched to
identify valid data and quantity of valid data (and/or dirty data) in an erase block 938 is
beneficial because the index may be optimized for searches, storage recovery, and/or destaging
operations. One of skill in the art will recognize other benefits of an index with a forward map
904 and a reverse map 922.

Figure 7 depicts one embodiment of a mapping structure 1000, a logical address space
1020 of the cache 102, a combined logical address space 1019 that is accessible to a storage
client, a sequential, log-based, append-only writing structure 1040, and a storage device address
space 1070 of the backing store 118. The mapping structure 1000, in one embodiment, is

maintained by the direct mapping module 716. The mapping structure 1000, in the depicted
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embodiment, is a B-tree that is substantially similar to the forward map 904 described above with
regard to Figure 6, with several additional entries. Further, instead of links that map to entries in
a reverse map 922, the nodes of the mapping structure 1000 include direct references to physical
locations in the cache 102. The mapping structure 1000, in various embodiments, may be used
either with or without a reverse map 922. As described above with regard to the forward map
904 of Figure 6, in other embodiments, the references in the mapping structure 1000 may include
alpha-numerical characters, hexadecimal characters, pointers, links, and the like.

The mapping structure 1000, in the depicted embodiment, includes a plurality of nodes.
Each node, in the depicted embodiment, is capable of storing two entries. In other embodiments,
each node may be capable of storing a greater number of entries, the number of entries at each
level may change as the mapping structure 1000 grows or shrinks through use, or the like. In a
further embodiment, each entry may store one or more indicators of whether the data
corresponding to the entry is clean or dirty, valid or invalid, read data or write data, or the like.

Each entry, in the depicted embodiment, maps a variable length range of logical
addresses of the cache 102 to a physical location in the storage media 110 for the cache 102.
Further, while variable length ranges of logical addresses, in the depicted embodiment, are
represented by a starting address and an ending address, in other embodiments, a variable length
range of addresses may be represented by a starting address and a length or by another
representation. In one embodiment, the capital letters ‘A’ through ‘M’ represent a logical or
physical erase block in the physical storage media 110 of the cache 102 that stores the data of the
corresponding range of logical addresses. In other embodiments, the capital letters may
represent other physical addresses or locations of the cache 102. In the depicted embodiment,
the capital letters ‘A’ through ‘M’ are also depicted in the writing structure 1040 which
represents the physical storage media 110 of the cache 102. Although each range of logical
addresses maps simply to an entire erase block, in the depicted embodiment, for simplicity of
description, in other embodiments, a single erase block may store a plurality of ranges of logical
addresses, ranges of logical addresses may cross erase block boundaries, and the like.

In the depicted embodiment, membership in the mapping structure 1000 denotes
membership (or storage) in the cache 102. In another embodiment, an entry may further include
an indicator of whether the cache 102 stores data corresponding to a logical block within the
range of logical addresses, data of the reverse map 922 described above, and/or other data. For
example, in one embodiment, the mapping structure 1000 may also map logical addresses of the
backing store 118 to physical addresses or locations within the backing store 118, and an entry

may include an indicator that the cache 102 does not store the data and a physical address or
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location for the data on the backing store 118. In another embodiment, described below with
regard to Figures 8A-D, the mapping structure 1000 may also store logical addresses or other
metadata corresponding to data that the eviction module 732 has evicted from the cache 102.
The mapping structure 1000, in the depicted embodiment, is accessed and traversed in a similar
manner as that described above with regard to the forward map 904.

In the depicted embodiment, the root node 908 includes entries 1002, 1004 with
noncontiguous ranges of logical addresses. A “hole” exists at logical address “208” between the
two entries 1002, 1004 of the root node. In one embodiment, a “hole” indicates that the cache
102 does not store data corresponding to one or more logical addresses corresponding to the
“hole.” In one embodiment, a “hole” may exist because the groomer module 704 evicted data
corresponding to the “hole” from the cache 102. If the groomer module 704 evicted data
corresponding to a “hole,” in one embodiment, the backing store 118 still stores data
corresponding to the “hole.” In another embodiment, the cache 102 and/or the backing store 118
supports block I/O requests (read, write, trim, etc.) with multiple contiguous and/or
noncontiguous ranges of addresses (i.e., ranges that include one or more “holes” in them). A
“hole,” in one embodiment, may be the result of a single block I/O request with two or more
noncontiguous ranges of addresses. In a further embodiment, a “hole” may be the result of
several different block I/O requests with address ranges bordering the “hole.”

In Figure 6, the root node 908 includes a single entry with a logical address range of
“205-212,” without the hole at logical address “208.” If the entry of the root node 908 were a
fixed size cache line of a traditional cache, the entire range of logical addresses “205-212” would
be evicted together. Instead, in the embodiment depicted in Figure 7, the groomer module 704
evicts data of a single logical address “208” and splits the range of logical addresses into two
separate entries 1002, 1004. In one embodiment, the direct mapping module 716 may rebalance
the mapping structure 1000, adjust the location of a directed edge, root node, or child node, or
the like in response to splitting a range of logical addresses. Similarly, in one embodiment, each
range of logical addresses may have a dynamic and/or variable length, allowing the cache 102 to
store dynamically selected and/or variable lengths of logical block ranges.

In the depicted embodiment, similar “holes” or noncontiguous ranges of logical addresses
exist between the entries 1006, 1008 of the node 914, between the entries 1010, 1012 of the left
child node of the node 914, between entries 1014, 1016 of the node 918, and between entries of
the node 1018. In one embodiment, similar “holes” may also exist between entries in parent

nodes and child nodes. For example, in the depicted embodiment, a “hole” of logical addresses
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“060-071” exists between the left entry 1006 of the node 914 and the right entry 1012 of the left
child node of the node 914.

The “hole” at logical address “003,” in the depicted embodiment, can also be seen in the
logical address space 1020 of the cache 102 at logical address “003” 1030. The hash marks at
logical address “003” 1030 represent an empty location, or a location for which the cache 102
does not store data. In the depicted embodiment, storage device address “003” 1080 of the
storage device address space 1070 does store data (identified as ‘b’), indicating that the eviction
module 732 evicted data from logical address “003” 1030 of the cache 102. The “hole” at
logical address 1034 in the logical address space 1020, however, has no corresponding data in
storage device address 1084, indicating that the “hole” is due to one or more block I/O requests
with noncontiguous ranges, a trim or other deallocation command to both the cache 102 and the
backing store 118, or the like.

The “hole” at logical address “003” 1030 of the logical address space 1020, however, in
one embodiment, is not viewable or detectable to a storage client. In the depicted embodiment,
the combined logical address space 1019 represents the data that is available to a storage client,
with data that is stored in the cache 102 and data that is stored in the backing store 118 but not in
the cache 102. As described above, the read miss module 734 of Figure 4 handles misses and
returns requested data to a requesting entity. In the depicted embodiment, if a storage client
requests data at logical address “003” 1030, the read miss module 734 will retrieve the data from
the backing store 118, as depicted at address “003” 1080 of the storage device address space
1070, and return the requested data to the storage client. The requested data at logical address
“003” 1030 may then also be placed back in the cache 102 and thus logical address 1030 would
indicate ‘b’ as present in the cache 102.

For a partial miss, the read miss module 734 may return a combination of data from both
the cache 102 and the backing store 118. For this reason, the combined logical address space
1019 includes data ‘b’ at logical address “003” 1030 and the “hole” in the logical address space
1020 of the cache 102 is transparent. In the depicted embodiment, the combined logical address
space 1019 is the size of the logical address space 1020 of the cache 102 and is larger than the
storage device address space 1080. In another embodiment, the direct cache module 116 may
size the combined logical address space 1019 as the size of the storage device address space
1080, or as another size.

The logical address space 1020 of the cache 102, in the depicted embodiment, is larger
than the physical storage capacity and corresponding storage device address space 1070 of the

backing store 118. In the depicted embodiment, the cache 102 has a 64 bit logical address space
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1020 beginning at logical address “0” 1022 and extending to logical address “2%.17 1026. The
storage device address space 1070 begins at storage device address “0” 1072 and extends to
storage device address “N” 1074. Storage device address “N” 1074, in the depicted
embodiment, corresponds to logical address “N” 1024 in the logical address space 1020 of the
cache 102. Because the storage device address space 1070 corresponds to only a subset of the
logical address space 1020 of the cache 102, the rest of the logical address space 1020 may be
shared with an additional cache 102, may be mapped to a different backing store 118, may store
data in the cache 102 (such as a Non-volatile memory cache) that is not stored in the storage
device 1070, or the like.

For example, in the depicted embodiment, the first range of logical addresses “000-002”
1028 stores data corresponding to the first range of storage device addresses “000-002” 1078.
Data corresponding to logical address “003” 1030, as described above, was evicted from the
cache 102 forming a “hole” and a potential cache miss. The second range of logical addresses
“004-059” 1032 corresponds to the second range of storage device addresses “004-059” 1082.
However, the final range of logical addresses 1036 extending from logical address “N” 1024
extends beyond storage device address “N” 1074. No storage device address in the storage
device address space 1070 corresponds to the final range of logical addresses 1036. The cache
102 may store the data corresponding to the final range of logical addresses 1036 until the data
backing store 118 is replaced with larger storage or is expanded logically, until an additional data
backing store 118 is added, simply use the non-volatile storage capability of the cache 102 to
indefinitely provide storage capacity directly to a storage client 504 independent of a backing
store 118, or the like. In a further embodiment, the direct cache module 116 alerts a storage
client 504, an operating system, a user application 502, or the like in response to detecting a
write request with a range of addresses, such as the final range of logical addresses 1036, that
extends beyond the storage device address space 1070. The user may then perform some
maintenance or other remedial operation to address the situation. Depending on the nature of the
data, no further action may be taken. For example, the data may represent temporary data which
if lost would cause no ill effects.

The sequential, log-based, append-only writing structure 1040, in the depicted
embodiment, is a logical representation of the log preserved in the physical storage media 110 of
the cache 102. In a further embodiment, the backing store 118 may use a substantially similar
sequential, log-based, append-only writing structure 1040. In certain embodiments, the cache
102 stores data sequentially, appending data to the writing structure 1040 at an append point

1044. The cache 102, in a further embodiment, uses a storage space recovery process, such as
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the groomer module 704 that re-uses non-volatile storage media 110 storing deallocated, unused,
or evicted logical blocks. Non-volatile storage media 110 storing deallocated, unused, or evicted
logical blocks, in the depicted embodiment, is added to an available storage pool 1046 for the
cache 102. By evicting and clearing certain data from the cache 102, as described above, and
adding the physical storage capacity corresponding to the evicted and/or cleared data back to the
available storage pool 1046, in one embodiment, the writing structure 1040 is ring-like and has a
theoretically infinite capacity.

In the depicted embodiment, the append point 1044 progresses around the log-based,
append-only writing structure 1040 in a circular pattern 1042. In one embodiment, the circular
pattern 1042 wear balances the solid-state storage media 110, increasing a usable life of the
solid-state storage media 110. In the depicted embodiment, the eviction module 732 and/or the
cache write module 714 have marked several blocks 1048, 1050, 1052, 1054 as invalid,
represented by an “X” marking on the blocks 1048, 1050, 1052, 1054. The groomer module
704, in one embodiment, will recover the physical storage capacity of the invalid blocks 1048,
1050, 1052, 1054 and add the recovered capacity to the available storage pool 1046. In the
depicted embodiment, modified versions of the blocks 1048, 1050, 1052, 1054 have been
appended to the writing structure 1040 as new blocks 1056, 1058, 1060, 1062 in a read, modify,
write operation or the like, allowing the original blocks 1048, 1050, 1052, 1054 to be recovered.
In further embodiments, the groomer module 704 may copy forward to the append point 1044
any dirty data and selectively any valid data that the blocks 1048, 1050, 1052, 1054 store, if any.

Figure 8A depicts one embodiment of a mapping structure 1100 and a cache membership
map 1110. In the depicted embodiment, the mapping structure 1100 is substantially similar to
the mapping structure 1000 of Figure 7, with similar entries and nodes. The mapping structure
1100, in the depicted embodiment, however, instead of mapping logical addresses to physical
locations in the cache 102 as described above with regard to Figures 6 and 7, maps logical
addresses to pseudo identifiers 1112 in the cache membership map 1110. The cache membership
map 1110 comprises a secondary mapping structure that provides a layer of abstraction between
the mapping structure 1100 and the storage media 110 of the cache 102. Use of the cache
membership map 1110 may reduce the number of accesses to the mapping structure 1100 and/or
the storage media 110.

The cache membership map 1110, in the depicted embodiment, maps pseudo identifiers
1112 to physical locations 1114 of the storage media 110 of the cache 102, with a NULL
physical location 1114 or another predefined invalid physical location 1114 indicating that the

eviction module 732 has evicted the data of the corresponding logical address or range of logical
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addresses, that the cache 102 does not yet store data of a read request, or the like. For example,
in one embodiment, the physical location 1114 is a physical or logical erase block address (or
another region address) and the pseudo identifier 1112 is a pseudo erase block address (or
another pseudo region address). In a further embodiment, the pseudo identifier 1112 and/or the
physical location 1114 may include block addresses, such as packet addresses, page addresses,
offset, or the like, within a region, or other additional address information.

In one embodiment, the membership metadata module 718 maintains nodes and/or entries
in the mapping structure 1100 for logical addresses or ranges of logical addresses that the
eviction module 732 evicts from the cache 102. In the depicted embodiment, the eviction
module 732 has evicted data of logical address range “535-598” from the cache 102 and the
membership metadata module 718 maintains an evicted metadata entry 1102 and node in the
mapping structure 1100 for the evicted logical address range mapping the range to the pseudo
identifier 1112 of “C.” In response to the eviction module 732 evicting the data of logical
address range “535-598,” in the depicted embodiment, the membership metadata module 718
updates the cache membership map 1110 so that the physical location 1114 for the pseudo
identifier 1112 of “C” is NULL.

In other embodiments, the membership metadata module 718 may use zero or another
predefined invalid physical location 1114 to indicate that the cache 102 does not currently store
the data and/or that the eviction module 732 has evicted the data. The membership metadata
module 718, in certain embodiments, may store other membership metadata, such as a frequency
count, a pool indicator (e.g. a read/write indicator, a dirty/clean indicator, a recent/frequent
indicator, a valid/invalid indicator), or the like as an entry in the mapping structure 1100 and/or
as an entry in the cache membership map 1110. The membership metadata module 718 may
store membership metadata in the mapping structure 1100 and/or in the cache membership map
1110 either in place of or in addition to a physical location 1114. For example, the membership
metadata module 718 may store membership metadata, such as a frequency count, for one or
more logical addresses when the cache 102 does not store data associated with the one or more
logical addresses, as eviction metadata, preadmission metadata, or the like. In one embodiment,
the membership metadata of the mapping structure 1100 and/or of the cache membership map
1110 comprises eviction metadata associated with data that the eviction module 732 evicts from
the cache 102. In another embodiment, the membership metadata of the mapping structure 1100
and/or of the cache membership map 1110 comprises preadmission metadata associated with

data that the cache 102 does not yet store.
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The membership metadata may include a frequency count, such as a read request count
and/or write request count, for a range of one or more logical addresses, as described above with
regard to the storage request module 602 and the membership metadata module 718. The read
request module 720 may wait a preadmission threshold number of read requests before admitting
un-stored data into the cache 102, may wait a readmission threshold number of read requests
before readmitting evicted data into the cache 102, or the like based on a frequency count for the
data. In embodiments where the membership metadata module 718 selectively stores
membership metadata, such as a frequency count or the like, in place of a valid physical location
1114, the membership metadata module 718 may store the membership metadata as an entry in
the mapping structure 1100 and/or in the cache membership map 1110 prior to the read request
module 720 admitting corresponding data into the cache 102, transition the entry to a valid
physical location 1114 in response to the read request module 720 admitting the corresponding
data into the cache 102, and transition the entry back to membership metadata in response to the
eviction module 732 evicting the corresponding data from the cache 102, or the like. In such
embodiments, the membership metadata may have a value that is invalid or out-of-bounds for a
valid physical location 1114 to indicate that the entry comprises a frequency count or other
membership metadata, not a valid physical location 1114. In other embodiments, an entry may
comprise a predefined bit, a flag, or another indicator to distinguish membership metadata from a
valid physical location 1114.

In a further embodiment, the membership metadata module 718 stores a timestamp, a
sequence number such as a block or packet number from a log of the cache 102, or the like for
each block or range of evicted data, un-stored data, or the like. The membership metadata
module 718 may determine which data has been evicted and, in certain embodiments, an order of
eviction, a time period of an eviction, or the like based on the stored timestamps or sequence
numbers. For example, the membership metadata module 718, in one embodiment, may
compare a stored timestamp or sequence number to a current time, a current sequence number of
a log, an oldest sequence number of a log of the cache 102, or the like to determine whether the
eviction module 732 evicted the data, how long ago the eviction module 732 evicted data, in
what order the eviction module 732 evicted data, or the like. In the depicted embodiment, the
membership metadata module 718 has also updated the physical location 1114 corresponding to
the pseudo identifier 1112 of “G” to NULL in response to the eviction module 732 evicting data
corresponding to the logical address range “080-083 from another entry 1008.

In one embodiment, the membership metadata module 718 periodically expires or ages

out entries from the mapping structure 1100 that are associated with evicted data or other un-
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stored data, such as the depicted entries 1008, 1102. For example, in certain embodiments, the
membership metadata module 718 may remove the entries 1008, 1102 with evicted metadata
from the mapping structure 1100 in response to a predefined time period passing without a
subsequent read request for the logical addresses of the entries 1008, 1102, or the like. In
another embodiment, the membership metadata module 718 may periodically scan the mapping
structure 1100 for dangling entries and/or nodes corresponding to evicted data and remove the
dangling entries and/or nodes, replace the pseudo identifier 1112 of a dangling entry and/or node
with an invalid or NULL pseudo identifier 1112, or the like. In a further embodiment, upon
removing, expiring, or aging out an entry from the mapping structure 1100, the membership
metadata module 718 reuses the pseudo identifier 1112 associated with the removed entries.

In another embodiment, entries of the mapping structure 1100 may include either
physical locations 1114 or pseudo identifiers 1112 and the physical locations 1114 are
distinguishable from the pseudo identifiers 1112, by a predefined bit, a flag, or the like. For
example, in one embodiment, the mapping structure 1100 includes a first set of entries with
ranges of logical addresses that map to pseudo identifiers 1112 and also includes a second set of
entries with ranges of logical addresses that map directly to a physical location 1114. The
mapping structure 1100 may distinguish between pseudo identifiers 1112 and physical locations
1114 with an indicator for each entry, such as a flag, a predefined bit, or the like. For the first set
of entries that include a pseudo identifier 1112 without a physical location 1114, the direct
mapping module 716 and/or the membership metadata module 718 checks the cache membership
map 1110 to either map the pseudo identifier 1112 to a valid physical location 1114 or to
determine that the eviction module 732 evicted the associated data. For the second set of entries
that include a physical location 1114, the direct mapping module 716 and/or the membership
metadata module 718, in certain embodiments, may map the entry directly to the included
physical location 1114, without checking the cache membership map 1110.

The membership metadata module 718, in certain embodiments, may periodically scan
the mapping structure 1100 and/or the cache membership map 1110 to update and/or convert
between physical locations 1114 and pseudo identifiers 1112, or the like. For example, the
membership metadata module 718 may scan the mapping structure 1100 to remove entries for
evicted data, such as the “535-598” entry 1102 which maps to the “C” pseudo identifier 1112
and a NULL physical location 1114 in the cache membership map 1110 and the “080-083" entry
1008 which maps to the “G” pseudo identifier 1112 and a NULL physical location 1114.
Pruning entries for evicted data from the mapping structure 1100, in certain embodiments, may

increase data structure efficiency of the mapping structure 1100, decreasing access times and the
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like. The membership metadata module 718, upon removing the entries 1102, 1008 from the
mapping structure 1100, in a further embodiment, may reuse the pseudo identifiers 1112 of “C”
and “G.” In another embodiment, the membership metadata module 718 may scan the mapping
structure 1100 to replace pseudo identifiers 1112 with physical locations 1114 for entries that
map to valid physical locations 1114.

In other embodiments, the mapping structure 1100 and/or the cache membership map
1110 may include additional membership metadata, such as one or more pool membership
indicators for evicted data, a log order sequence number for evicted data such as a block or
packet number, a frequency count for evicted data or other un-stored data, and/or other metadata
related to evicted data or other un-stored data. In certain embodiments, the eviction module 732
may evict data from the cache 102 in log order, from oldest toward newest or the like, and the
membership metadata module 718 may use a log order sequence number to determine which
data the eviction module 732 has evicted, by comparing the log order sequence number to a last
or oldest log order sequence number of a log of the cache 102, or the like. The membership
metadata module 718 may use log order sequence numbers, in various embodiments, either in
place of a cache membership map 1110, in conjunction with a cache membership map 1110 to
determine which entries to prune or remove from the mapping structure 1100, or the like.

In one embodiment, maintaining metadata for evicted data or other un-stored data, such
as entries and/or nodes in the mapping structure 1100 and/or the cache membership map 1110,
assists the direct cache module 116 in balancing and adjusting pool sizes by providing a history
or other metadata of the data. In other embodiments, the membership metadata for evicted data
or other un-stored data may determine in which pool the data is added to upon a subsequent read
request for the data. For example, in certain embodiments, the read pool module 604 may add
data directly to a frequent pool upon caching the data if membership metadata for the data
indicates that the eviction module 732 evicted the data within a predefined amount of time, that a
frequency count for the data satisfies a preadmission or readmission threshold, or the like.

In a further embodiment, maintaining metadata for evicted data or other un-stored data
may reduce accesses to the storage media 110 of the cache 102, because the eviction module 732
does not need to access a reverse map, such as the reverse map 922 or the like, when evicting the
data to map evicted data back to the data structure 1100 to remove the entry corresponding to the
evicted data, but may instead leave the entry dangling. In other embodiments, instead of using
the cache membership map 1110 and maintaining evicted metadata in the mapping structure
1100, the eviction module 732 may access a reverse map 922 from the storage media 110, store a

reverse map 922 in volatile memory, read a reverse map 922 from a region upon the groomer
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module 704 grooming the region, or the like and may remove entries and/or nodes from the
mapping structure 1100 in response to evicting data corresponding to the entries and/or nodes.

As described above with regard to the direct mapping module 716 of Figure 4, in certain
embodiments, the direct mapping module 716 may maintain entries in the mapping structure
1100 for un-stored data that the cache 102 does not yet store or does ont currently store. Lor
example, in embodiments where the read request module 720 does not store data of a read
request in the cache 102 until the cache 102 has received a read request threshold number of read
requests for the data, the direct mapping module 716 may maintain an entry for the data in the
mapping structure with a read request count or another frequency count. The cache membership
map 1110 may map a pseudo identifier 1112 for the entry to a NULL or other invalid physical
location 1114 until the read request count satisfies a read request threshold and the read request
module 720 stores the data in the cache 102. In one embodiment, the cache membership map
1110 uses a different invalid physical location 1114 for eviction metadata entries than for read
request metadata entries, to differentiate the two. In a further embodiment, the cache
membership map 1110 and/or the mapping structure 1100 include an indicator or flag to
differentiate eviction metadata entries from preadmission metadata entries.

In one embodiment, the direct mapping module 716 maintains entries for data of a recent
read pool in the mapping structure 1100 and the read request module 720 does not store data of
the recent read pool in the cache 102 until the data transitions to a frequent read pool, satisfies a
read request threshold, or the like. In this embodiment, a recent read pool may exist logically in
the mapping structure 1100 instead of including data stored physically in the cache 102. In other
embodiments, a recent read pool or other data pool may include both data that the cache 102
does not store (un-stored data represented by membership metadata in the mapping structure
1100 or the like) and data that the cache 102 does store, or may include just data that the cache
102 currently stores.

Figure 8B depicts one embodiment of a mapping structure entry 1012 and a cache
membership map 1120a. In one embodiment, the mapping structure entry 1012 is substantially
similar to the mapping structure entry 1012 depicted in Figure 8A, and may be an entry in the
mapping structure 1100. The mapping structure entry 1012, in the depicted embodiment, maps
logical addresses “004-059” to a pseudo identifier 1112 of “K:23.” The format of the pseudo
identifier 1112 in the mapping structure entry 1012 is pseudo identifier:offset, where the offset
indicates a relative position of data within a region corresponding to the pseudo identifier 1112.
In the depicted embodiment, the cache membership map 1120a maps the pseudo identifier 1112
of “K” to the physical location 1114 of “50.”
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For example, in one embodiment, where the physical location 1114 of “50” is an erase
block or other region (such as a logical erase block) of the cache 102, the mapping structure
entry 1012 and the cache membership map 1120a indicate that the cache 102 stores data
corresponding to logical addresses “004-059” in erase block “50” starting at an offset of “23.”
The offset, in various embodiments, may indicate a block number within a region, such as a
packet number, an ECC chunk number, a sector number, a page number, or the like; a relative
address within a region; or another relative position of a region. By including an offset in a
mapping structure entry 1012, in certain embodiments, a mapping structure 1100 may map
multiple logical addresses and/or ranges of logical addresses to physical locations within the
same region.

The cache membership map 1120a, in one embodiment, is substantially similar to the
cache membership map 1110 described above with regard to Figure 8A, but further includes
sequence numbers 1116 corresponding to physical locations 1114. The sequence numbers 1116,
in general, identify a time, temporal order, and/or sequence that the direct cache module 116
and/or the storage controller 104 write data to a sequential log-based writing structure of the
cache 102. Each sequence number 1116 is unique. In certain embodiments, the sequence
number 1116 is a monotonically increasing number having a domain larger than the maximum
number of elements that can be assigned sequence numbers 1116. In various embodiments, a
sequence number 1116 may include a timestamp, a block or packet number, a region number, or
the like. For example, in one embodiment, the storage controller 104 assigns a sequence number
and/or records a timestamp for an erase block or other region as the storage controller 104 adds
the erase block or other region to a sequential log-based writing structure of the cache 102. In a
further embodiment, the storage controller 104 assigns a sequence number and/or records a
timestamp for a block, such as a packet, sector, page, ECC chunk, or the like, as the block is
written to a sequential log-based writing structure of the cache 102. As described above with
regard to Figure 1A, the storage controller 104 may use timestamp and/or other sequence
information to replay the sequence of changes made to an index or log-based writing structure to
reestablish the most recent state of the cache 102, or the like.

Figure 8C depicts another embodiment of mapping structure entries 1118, 1120, 1122,
1124, 1126, 1128, 1130, 1132 and a cache membership map 1120b. Figure 8C depicts one
example of updates that the direct mapping module 716 may make to the mapping structure entry
1012 and that the membership metadata module 718 may make to the cache membership map
1120a to form the depicted cache membership map 1120b. In one embodiment, the direct

mapping module 716 and the membership metadata module 718 may make the updates in
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response to the groomer module 704 selecting the logical or physical erase block for grooming
having physical location 1114 of *“50,” which logical or physical erase block stores data
corresponding to the logical addresses “004-059” of mapping structure entry 1012 (See Figure
3B).

In the depicted example, upon the groomer module 704 selecting erase block having the
physical location 114 of “50” for grooming, the frequent data module 730 determines that the
pool indicator module 706 has set a frequency indicator for data at logical addresses “23,” “40),”
and “50” within the range of logical addresses “004-059” from the mapping structure entry 1012.
In the example, there is no dirty or invalid data in the range of logical addresses “004-059,” and
the data of the logical addresses “23,” “40,” and “50” is either in the frequent read pool 812 of
the cache 102 or in the clean write pool 806 and marked as frequently accessed data, or the like.

The frequent data module 730, in the example, writes the data of logical addresses “23,”
“40,” and “50” forward to the physical location 1114 of “20.” In another embodiment, the write
forward module 710 writes the data of logical addresses “23,” “40,” and “50” forward to the
physical location 1114 of “20” in response to read requests for the data, or the like. The physical
location 1114 of “20,” in certain embodiments, is a logical erase block or other region at an
append point of a sequential log-based writing structure of the cache 102, or the like.

The direct mapping module 716, in the example, updates the mapping structure 1100 by
replacing the mapping structure entry 1012 with the mapping structure entries 1118, 1120, 1122,
1124, 1126, 1128, 1130, 1132, splitting the range of logical addresses “004-059” to represent the
new physical location 1114 of “20” for the logical addresses ‘“23,” “40,” and “50.”  Only the
new mapping structure entries 1118, 1120, 1122, 1124, 1126, 1128, 1130, 1132 are depicted in
Figure 8C, for clarity. The mapping structure entries 1118, 1120, 1122, 1124, 1126, 1128, 1130,
1132 may be part of a larger mapping structure such as the mapping structure 1100 of Figure 8A.
The direct mapping module 716 maps the physical location 1114 of “20” to the pseudo identifier
1112 of “Y,” with the entry 1120 mapping the logical address of ‘“23” to the pseudo identifier
1112 and offset of “Y:80,” the entry 1124 mapping the logical address of “40” to the pseudo
identifier 1112 and offset of “Y:81,” and the entry 1128 mapping the logical address of “50” to
the pseudo identifier 1112 and offset of “Y:82.” The cache membership map 1120b maps the
pseudo identifier 1112 of “Y” to the physical location 1114 of “20” which is associated with the
sequence number 1116 of “0729.”

In one embodiment, the direct mapping module 716 and the membership metadata
module 718 have a larger set of pseudo identifiers 1112 than physical locations 1114 so that

there are enough pseudo identifiers 1112 to map evicted/un-stored data to “NULL” or other
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invalid locations. As described above, with regard to Fligure 8A, the membership metadata
module 718 may reuse or recycle pseudo identifiers 1112 once the membership metadata module
718 clears logical addresses associated with the pseudo identifiers 1112 from the mapping
structure 1100 by reassigning the pseudo identifiers 1112 from “NULL” or other invalid physical
locations 1114 to valid physical locations 1114, or the like.

In certain embodiments, where the write forward module 710 writes data of the logical
addresses “23,” “40,” and “50,” forward on a sequential log-based writing structure of the cache
102 in response to a read request for the data or the like, the cache membership map 1120b may
continue to map the pseudo identifier 1112 of “K” to the physical location 1114 of “50” until the
groomer module 704 erases, clears, or otherwise recovers storage capacity of the physical
location 1114 of “50.” In one embodiment, the direct mapping module 716 and/or the
membership metadata module 718 updates the physical location 1114 associated with the pseudo
identifier 1112 of “K” in the cache membership map 1120b to “NULL” or to another invalid
physical location 1114 in response to the groomer module 704 recovering storage capacity of the
physical location 1114 of “50.”

Instead of removing the entries 1118, 1122, 1126, 1130 for the logical addresses of the
evicted data, in the depicted embodiment, the membership metadata module 718 maintains the
entries 1118, 1122, 1126, 1130 as membership metadata, indicating that the cache 102
previously stored the evicted data. By setting the physical location 1114 associated with the
evicted data to “NULL” without removing the entries associated with the evicted data from the
mapping structure 1100, in certain embodiments, the membership metadata module 718
maintains the membership metadata and updates the status of the evicted data without accessing
or locking the mapping structure 1100.

Entries with membership metadata may also inform the read pool module 604 and/or the
eviction module 732 that data was prematurely evicted from the cache 102. As described above
with regard to the membership metadata module 718 of Figure 4, for example, the read pool
module 604 may place data directly in the frequent read pool, bypassing the recent read pool, in
response to a subsequent read request (or a threshold number of read requests) for evicted data
based on membership metadata indicating that the data was recently evicted, or the like.
Maintaining membership metadata indicating when the eviction module 732 evicted data from
the cache can increase the efficiency of the eviction module 732 and allow the eviction module
732 to make more intelligent, informed eviction decisions.

Use of the cache membership map 1120b, in a further embodiment, allows the mapping

structure 1100 to become unsynchronized with a validity map or with other valid/invalid



10

15

20

25

30

WO 2012/116369 PCT/US2012/026790

77

indicators that the pool indicator module 706 maintains. In certain embodiments, as described
above with regard to Figure §8A, the membership metadata module 718 may scan the mapping
structure 1100 and/or the cache membership map 1120b at intervals to update entries. In one
embodiment, the membership metadata module 718 scans and updates the mapping structure
1100 and/or the cache membership map 1120b to synchronize with a validity map or with other
valid/invalid indicators that the pool indicator module 706 maintains.

By allowing the mapping structure 1100 and a validity map or other valid/invalid
indicators to become at least partially unsynchronized, in certain embodiments, the direct cache
module 116 may reduce access to the mapping structure 1100, maintain membership metadata
for evicted data or other un-stored data, and/or reduce access to the storage media 110 while
maintaining validity information using the cache membership map 1120b and/or using a validity
map of the pool indicator module 706. In other embodiments, instead of using a cache
membership map 1120b and maintaining membership metadata in the mapping structure 1100,
the direct mapping module 716 may keep the mapping structure 1100 substantially synchronized
with a validity map or other valid/invalid indicators of the pool indicator module 706 such that
membership in the mapping structure 1100 indicates membership in the cache 102.

Therefore, depending on whether or not the direct cache module 116 keeps the mapping
structure 1100 synchronized with a validity map or other valid/invalid indicators for data of the
cache 102, there may be different ways of determining that data of the cache is invalid, or that
the data is not in the cache 102. Tirst, if the direct cache module 116 keeps the mapping
structure 1100 synchronized with a validity map, if one or more logical addresses for the data are
not in the mapping structure 1100, then the data is either invalid or is not stored in the cache 102.
Second, if the direct cache module 116 allows the mapping structure 1100 to continue to map
invalid data and/or evicted data, if one or more logical addresses for the data are in the mapping
structure 1100 and the cache membership map 1110 maps the one or more logical addresses to a
valid physical location 1114 of the cache 102, then a validity map or another valid/invalid
indicator indicates whether or not the data is valid. Third, if the direct cache module 116 allows
the mapping structure 1100 to continue to map invalid data and/or evicted data, if one or more
logical addresses for the data are in the mapping structure 1100 and the cache membership map
1110 maps the one or more logical addresses to an invalid or NULL physical location 1114, then
the data is either invalid or not stored in the cache 102.

Figure 8D depicts one embodiment of a mapping structure 1140 that stores membership
metadata 1150 in entries 1142, 1144, 1146, 1148. The entries 1142, 1144, 1146, 1148 that store
membership metadata 1150 instead of a valid physical address are highlighted in Figure 8D for
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clarity. The mapping structure 1140, in certain embodiments, may be substantially similar to the
mapping structure 1100 of Figure 8A, but without a cache membership map 1110. In other
embodiments, the mapping structure 1140 may be used in conjunction with a cache membership
map 1110 as described above. The mapping structure 1140, in one embodiment, may represent a
subset of a larger mapping structure.

In the depicted embodiment, the membership metadata module 718 stores membership
metadata 1150 for ranges of logical addresses in the entries 1142, 1144, 1146, 1148 of the
mapping structure 1140. The cache 102 does not currently store data for the logical address
ranges of entries 1142, 1144, 1146, 1148, as indicated by an invalid or out-of-range physical
location stored in entries 1142, 1144, 1146, 1148, described in greater detail below. For
example, the eviction module 732 may have previously evicted data for the logical address
ranges of entries 1142, 1144, 1146, 1148, the read request module 720 may have not yet
admitted data for the logical address ranges of entries 1142, 1144, 1146, 1148 into the cache 102,
or the like.

The format for entries of the mapping structure 1140, in the depicted embodiment, is
region:offset, where the offset indicates a relative position of data within the corresponding
region. In one embodiment, the region comprises a logical erase block, physical erase block, or
the like and the offset comprises a packet, logical or physical page. ECC chunk, block, sector, or
the like within the region. In the depicted embodiment, a value of zero (the “0:” in the region
fields of entries 1142, 1144, 1146, 1148) is an invalid or out-of-range value for a region, and a
value of zero in the entries 1142, 1144, 1146, 1148 indicates that the cache 102 does not
currently store data of the corresponding ranges of logical addresses. The offset corresponding
to the region with a value of zero, instead of indicating an offset, comprises membership
metadata 1150, such as a frequency count, a pool indicator (e.g. a read/write indicator, a
dirty/clean indicator, a recent/frequent indicator, a valid/invalid indicator, or the like), a sequence
number, or the like. In the depicted embodiment, the offset for the entries 1142, 1144, 1146,
1148 comprises a frequency count such as a read request count for the corresponding ranges of
logical addresses. In other embodiments, instead of replacing a physical location with
membership metadata 1150, the entries 1142, 1144, 1146, 1148 of the membership map 1140
may include one or more additional fields for storing membership metadata 1150 separate from a
physical location field.

In one embodiment, the membership metadata module 718 cooperates with the direct
mapping module 716 to maintain entries 1142, 1144, 1146, 1148 in the mapping structure 1140

for ranges of logical addresses for which the cache 102 does not currently store data. 'The
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membership metadata module 718, in certain embodiments, may add an entry 1142, 1144, 1146,
1148 with membership metadata 1150 to the mapping structure 1140 in response to the storage
request module 602 receiving a read request for a range of one or more logical addresses, even
though the data for the read request is not added to the cache. Instead of adding the data of the
requested range of logical addresses to the cache 102, in one embodiment, the membership
metadata module 718 increments a frequency count such as a read request count in an entry
1142, 1144, 1146, 1148 until the frequency count satisfies a preadmission threshold. The read
request module 720, in response to the frequency count of an entry 1142, 1144, 1146, 1148
satisfying the preadmission threshold, stores data of the corresponding range of logical addresses
from the backing store 118 in the cache 102 and the membership metadata module 718
transitions the corresponding entry 1142, 1144, 1146, 1148 from storing a frequency count or
other membership metadata 1150 to storing a valid physical location. For example, in the
depicted embodiment, the membership metadata module 718 may change the region:offset
values of an entry 1142, 1144, 1146, 1148 from an invalid value (e.g. zero, NULL) and a
frequency count to the actual region and offset of the physical location of the corresponding data
in the cache 102.

The membership metadata module 718, in another embodiment, in response to the
eviction module 732 evicting data of a range of logical addresses from the cache 102, transitions
a corresponding entry 1142, 1144, 1146, 1148 from storing a valid physical location to storing
membership metadata 1150, such as a frequency count, pool indicator, sequence number, or the
like. For example, the membership metadata module 718 may change the region:offset values of
an entry 1142, 1144, 1146, 1148 from a valid region value to an invalid value (e.g. zero, NULL)
and set a frequency count to zero so that the membership metadata module 718 may increment
the frequency count to track read requests, write requests, or the like. In response to the
frequency count for an entry 1142, 1144, 1146, 1148 satisfying a readmission threshold, the read
request module 720 may readmit previously evicted data of an entry 1142, 1144, 1146, 1148
back into the cache 102, and the membership metadata module 718 may transition the entry
1142, 1144, 1146, 1148 back to storing a valid physical location for the data in the cache 102.
While the membership metadata module 718, in the depicted embodiment, uses an invalid
physical location of zero to indicate that an entry 1142, 1144, 1146, 1148 corresponds to data the
cache does not currently store and that the entry 1142, 1144, 1146, 1148 stores membership
metadata 1150, in other embodiments, each entry 1142, 1144, 1146, 1148 may include additional
fields for membership metadata 1150, may include a flag or other indicator that the cache 102

does not currently store data of the corresponding range of logical addresses, or the like.
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Figure 9 depicts one embodiment of a method 1200 for managing contents of a cache
102. The method 1200 begins and the storage request module 602 monitors 1202 storage
requests received by the cache 102. The read pool module 604 adjusts 1204 a size of a read pool
of the cache 102 to maximize a read hit rate of the cache 102 based on the monitored 1202
storage requests. The dirty write pool module 606 adjusts 1206 a size of a dirty write pool of the
cache 102 to maximize a dirty write hit rate of the cache 102 based on the monitored 1202
storage requests. The method 1200 continues, in the depicted embodiment, and the storage
request module 602 continues to monitor 1202 storage requests.

Figure 10 depicts another embodiment of a method 1300 for managing contents of a
cache 102. The method 1300 begins and the storage request module 602 monitors 1302 storage
requests received by the cache 102. The recent pool module 724 determines 1304 a target recent
read pool size for a recent read pool of the cache 102 based on the monitored 1302 storage
requests. The frequent pool module 726 determines 1306 a target frequent read pool size for a
frequent read pool of the cache 102 based on the monitored 1302 storage requests. The dirty
write pool module 606 determines 1308 a target dirty write pool size for a dirty write pool of the
cache 102 based on the monitored 1302 storage requests. The clean write pool module 702
determines 1310 a target clean write pool size for a clean write pool of the cache 102 based on
the monitored 1302 storage requests.

The eviction module 732, in the depicted embodiment, selects 1312 data for eviction
from the cache 102 and/or adjusts an eviction rate based on a difference between an actual size
of the recent read pool and the recent read pool size, a difference between an actual size of the
frequent read pool and the target frequent read pool size, and/or a difference between an actual
size of the clean read pool and the target clean read pool size, so that the actual sizes tend to
follow the target sizes over time. The destage module 708 adjusts 1314 a destage rate at which
the destage module 708 destages data from the dirty write pool to the backing store 118 based on
a difference between an actual size of the dirty write pool and the target dirty write pool size
and/or a difference between an actual size of the clean write pool and the target clean write pool
size. The method 1300 continues, in the depicted embodiment, and the storage request module
602 continues to monitor 1302 storage requests.

Figure 11 depicts one embodiment of a method 1400 for preserving read data in a cache
102. The method 1400 begins and the storage request module 602 determines 1402 whether the
cache 102 has received a read request. If the storage request module 602, in the depicted
embodiment, does not detect 1402 a storage request, the method 1400 continues and the storage

request module 602 continues to monitor 1402 read requests.
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If the storage request module 602 determines 1402 that the cache 102 has received a read
request, the read request module 720 reads 1404 the read request data from the cache 102 to
service the read request. The read pool module 604 determines 1406 whether the read request
satisfies a frequent read threshold. In the depicted embodiment, if the read pool module 604
determines 1406 that the read request does not satisfy the frequent read threshold, the method
1400 continues and the storage request module 602 continues to monitor 1402 read requests.

If the read pool module 604 determines 1406 that the read request satisfies the frequent
read threshold, the write forward module 710 writes 1408 the read request data forward on a log
of the cache 102. In one embodiment, the write forward module 710 reduces a number of reads
from the storage media 110 of the cache 102 by writing forward data that the read request
module 720 has already read 1404 from the storage media 110, instead of reading the data from
the storage media 110 again or allowing the frequent data module 730 to read the data from the
storage media 110. The method 1400, in the depicted embodiment, continues and the storage
request module 602 continues to monitor 1402 read requests.

Figure 12 depicts one embodiment of a method 1500 for maintaining metadata for
evicted data. In the depicted embodiment, the method 1500 begins and the membership
metadata module 718 determines 1502 whether the eviction module 732 has evicted data from
the cache 102. If the membership metadata module 718 determines 1502 that the eviction
module 732 has not evicted data from the cache 102, the membership metadata module 718
continues to monitor 1502 cache evictions.

If the membership metadata module 718, in the depicted embodiment, determines 1502
that the eviction module 732 has evicted data from the cache 102, the membership metadata
module 718 maintains 1504 metadata for the evicted data. Maintaining 1504 metadata, in one
embodiment, may include updating a mapping structure, such as the mapping structure 1100 and
the cache membership map 1110, 1120 of Figures 8A and 8B or the like, to indicate that the
cache 102 no longer stores the evicted data and that the data has been evicted. In a further
embodiment, the metadata may include a pool membership indicator or the like indicating from
which data pool the eviction module 732 evicted the data, a sequence number, or other
membership metadata.

The storage request module 602, in the depicted embodiment, determines 1506 whether
there is a subsequent read request for the evicted data. For example, in one embodiment, the
storage request module 602 may determine 1506 whether there is a subsequent read request for
the evicted data within a predefined period of time, at least a readmission threshold number of

read requests for the evicted data, or the like. If the storage request module 602 determines 1506
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that there is not a subsequent read request for the evicted data, that a number of read requests for
the evicted data does not satisfy a readmission threshold, or the like, the membership metadata
module 718 continues to monitor 1502 cache evictions. If the storage request module 602
determines 1506 that there is a subsequent read request for the evicted data, that a number of
read requests for the evicted data satisfies a readmission threshold, or the like, the read pool
module 604 adds 1508 the evicted data directly to a frequent read pool of the cache 102, instead
of adding the evicted data to a recent read pool of the cache 102, or the like. The method 1500
continues and the membership metadata module 718 continues to monitor 1502 cache evictions.
While the method 1500 illustrates maintaining metadata for evicted data, in other embodiments,
the method 1500 or a similar method may be applied to maintaining metadata for data that has
not yet been stored in the cache 102, and the read pool module 604 may add 1508 the data to a
frequent read pool or another read pool of the cache 102 in response to a subsequent read request
for the data, a number of read requests for the data satisfying a preadmission threshold, or the
like.

The present invention may be embodied in other specific forms without departing from
its spirit or essential characteristics. The described embodiments are to be considered in all
respects only as illustrative and not restrictive. The scope of the invention is, therefore, indicated
by the appended claims rather than by the foregoing description. All changes which come within

the meaning and range of equivalency of the claims are to be embraced within their scope.
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CLAIMS
1. A method for managing contents of a cache, the method comprising:
monitoring storage requests received by a cache, the storage requests comprising
read requests and write requests;
adjusting a size of a read pool of the cache to maximize a read hit rate of the
storage requests; and
adjusting a size of a dirty write pool of the cache to maximize a dirty write hit rate
of the storage requests.

2. The method of Claim 1, further comprising determining a target read pool size for the
read pool and a target dirty write pool size for the dirty write pool based on the monitored
storage requests received by the cache.

3. The method of Claim 2, wherein adjusting the size of the read pool comprises selecting
data for eviction from the cache based at least partially on a difference between an actual
read pool size and the target read pool size.

4. The method of Claim 3, wherein the read pool of the cache comprises a recent read pool
and a frequent read pool and adjusting the size of the read pool further comprises
increasing a target recent read pool size of the recent read pool in response to a read hit in
the recent read pool, requested data transitioning from the recent read pool to the frequent
read pool in response to a frequent read threshold number of read hits for the requested
data in the recent read pool.

5. The method of Claim 3, wherein adjusting the size of the read pool further comprises
reducing the target read pool size in response to a read miss, the actual size of the read
pool increasing in response to caching data of the read miss in the cache.

6. The method of Claim 2, wherein adjusting the size of the dirty write pool of the cache
comprises destaging dirty write data from the dirty write pool of the cache at a destage
rate, the destage rate based on a difference between an actual dirty write pool size and the
target dirty write pool size.

7. The method of Claim 6, further comprising setting the destage rate such that the size of
the dirty write pool remains within a maximum dirty write pool size of the dirty write
pool.

8. The method of Claim 6, wherein adjusting the size of the dirty write pool further
comprises increasing the target dirty write pool size in response to a dirty write hit.

9. The method of Claim 6, wherein adjusting the size of the dirty write pool further
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comprises increasing the target dirty write pool size in response to a clean write hit.
The method of Claim 6, wherein adjusting the size of the dirty write pool further
comprises decreasing the target dirty write pool size in response to a write miss, the
actual size of the dirty write pool increasing in response to servicing a write request of the
write miss.
The method of Claim 1, wherein the read pool of the cache comprises a recent read pool
and a frequent read pool and adjusting the size of the read pool comprises adjusting a size
of the recent read pool to maximize the read hit rate of the storage requests.
The method of Claim 11, wherein adjusting the size of the read pool further comprises
adjusting a size of the frequent read pool to maximize the read hit rate of the storage
requests.
The method of Claim 1, further comprising adjusting a size of a clean write pool of the
cache to maximize the read hit rate and the dirty write hit rate of the storage requests.
The method of Claim 13, wherein adjusting the size of the clean write pool of the cache
comprises adjusting a destage rate at which data is moved from the dirty write pool to the
clean write pool to maximize the dirty write hit rate and adjusting an eviction rate at
which data is evicted from the clean write pool to maximize the read hit rate.
The method of Claim 1, further comprising,

reading requested data from the cache to service a read request; and

writing the requested data forward on a sequential log-based writing structure of

the cache in response to the read request.

The method of Claim 15, wherein the read request satisfies a frequent read threshold
number of read hits for the requested data, the requested data transitioning from a recent
read pool of the read pool to a frequent read pool of the read pool in response to the read
request.
The method of Claim 1, further comprising maintaining metadata for evicted data, the
evicted data comprising read data from the read pool and clean write data destaged from
the dirty write pool.
The method of Claim 17, wherein the metadata comprises one or more entries for the
evicted data in a mapping structure, the mapping structure mapping logical addresses of
the cache to locations on physical storage media of the cache.
The method of Claim 18, wherein the metadata for the evicted data indicates that the
physical storage media of the cache does not currently store the evicted data.

The method of Claim 17, further comprising adding the evicted data to a frequent read
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pool of the read pool of the cache, based on the metadata for the evicted data, in response
to a subsequent read request for the evicted data.

21. An apparatus for managing contents of a cache, the apparatus comprising:

a storage request module that monitors storage requests received by a cache, the
storage requests comprising read requests and write requests;

a read pool module that determines a target read pool size for a read pool of the
cache based on the monitored storage requests;

an eviction module that selects data for eviction from the cache based at least
partially on a difference between an actual read pool size and the target
read pool size;

a dirty write pool module that determines a target dirty write pool size for a dirty
write pool of the cache based on the monitored storage requests; and

a destage module that adjusts a destage rate for destaging dirty write data from the
dirty write pool of the cache, the destage module adjusting the destage rate
based on a difference between an actual dirty write pool size and the target
dirty write pool size.

22. The apparatus of Claim 21, further comprising a clean write pool module that determines
a target clean write pool size for a clean write pool of the cache based on the monitored
storage requests, wherein the eviction module selects the data for eviction from the cache
based at least partially on a difference between an actual clean write pool size and the
target clean write pool size.

23. The apparatus of Claim 21, wherein the read pool comprises a recent read pool and a
frequent read pool, the target read pool size comprises a target recent read pool size and a
target frequent read pool size, and the eviction module selects the data for eviction from
the cache based at least partially on a difference between an actual recent read pool size
and the target recent read pool size and a difference between an actual frequent read pool
size and the target frequent read pool size.

24, A system for managing contents of a cache, the system comprising:

a processor;

a storage controller for a nonvolatile solid-state storage device, the nonvolatile
solid-state storage device in communication with the processor over one or
more communications buses;

a cache controller in communication with the storage controller, the cache

controller comprising,
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a storage request module that monitors storage requests received by the cache
controller, the storage requests comprising read requests and write
requests;

a read pool module that adjusts a size of a read pool of the cache to maximize a

5 read hit rate of the storage requests; and

a dirty write pool module that adjusts a size of a dirty write pool of the cache to
maximize a dirty write hit rate of the storage requests.

25. The system of Claim 24, further comprising a host computer system, the host computer
system comprising the processor, wherein the storage controller and the cache controller
10 comprise one or more device drivers executing on the processor of the host computer

system.
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