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ADAPTIVE CACHE MEMORY CONTROLLER

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Utility Application No. 14/313,055, filed
on June 24, 2014 and also claims the benefit of U.S. Provisional Application No.
61/839,085, filed on June 25, 2013. The entire disclosures of the applications referenced

above are incorporated herein by reference.

FIELD
[0002] The present disclosure relates generally to cache memories and more

particularly to adaptive cache memory controllers.

BACKGROUND
[0003] The background description provided herein is for the purpose of generally
presenting the context of the disclosure. Work of the presently named inventors, to the
extent the work is described in this background section, as well as aspects of the
description that may not otherwise qualify as prior art at the time of filing, are neither
expressly nor impliedly admitted as prior art against the present disclosure.
[0004] Generally, data requested by a processor is initially read from a storage device
(e.g., a disk drive) and is stored in a system memory (also called main memory, typically
DRAM) used by the processor. The processor then reads the data from the system
memory via a system bus to which the processor, the system memory, and other
peripherals are connected, and processes the data. Processing the data in this manner
can be slow.
[0005] Instead, data frequently used by the processor can be stored in cache memories.
This process is called caching, and data stored in cache memories is called cached data.
The processor can access and process cached data faster than the data stored in the disk
drive or the system memory. Accordingly, cache memories can improve system
performance and throughput.
[0006] Specifically, a cache controller stores the data frequently used by the processor

in a cache memory. The cache memory is generally faster than the system memory and
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may be coupled to the processor by a bus separate from the system bus. Accordingly,
the processor can access the data in the cache memory faster than the data stored in the
system memory. Caching the data therefore improves system performance and

throughput.

SUMMARY
[0007] A system comprises a partitioning module and a writing module. The
partitioning module is configured to partition each of a plurality of solid-state disks into a
plurality of blocks. Each of the plurality of blocks has a predetermined size. The writing
module is configured to write data to one or more of the plurality of solid-state disks in a
sequence starting from a first block of a first solid-state disk of the plurality of solid-state
disks to a first block of a last solid-state disk of the plurality of solid-state disks, and
subsequently starting from a second block of the first solid-state disk to a second block of
the last solid-state disk. In each of each of the plurality of the plurality of solid-state
disks, the second block is subsequent to the first block.
[0008] In other features, the system further comprises a dividing module configured to
divide the data into a plurality of portions. The writing module is configured to write the
plurality of portions respectively to the plurality of blocks in the sequence.
[0009] In another feature, in response to the data being not stored in a memory
external to the plurality of solid-state disks, the writing module is configured to write the
data and a copy of the data in two consecutive blocks in the sequence.
[0010] In another feature, the system further comprises an erasing module configured
to erase one or more consecutive blocks in the sequence in response to a number of
blocks available for writing in the plurality of solid-state disks decreasing to a
predetermined threshold, and in response to the data written in the one or more
consecutive blocks in the sequence being stored in a memory external to the plurality of
solid-state disks.
[0011] In another feature, the system further comprises an erasing module configured
to erase one or more consecutive blocks in the sequence in response to the data written
in the one or more consecutive blocks in the sequence being stored in a memory external

to the plurality of solid-state disks, and in response to the data written in the one or
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more consecutive blocks in the sequence being used at a frequency less than or equal to
a predetermined frequency.

[0012] In other features, the system further comprises a selection module and an
erasing module. The selection module is configured to select two consecutive blocks in
the sequence in which the data and a copy of the data is written in response to the data
being not stored in a memory external to the plurality of solid-state disk. The erasing
module is configured to erase the two consecutive blocks. The selection module is
configured to select the two consecutive blocks in response to a number of blocks
available for writing in the plurality of solid-state disks decreasing to a predetermined
threshold. The writing module is configured to write the data from the two consecutive
blocks respectively to two consecutive available blocks in the sequence prior to the
erasing module erasing the two consecutive blocks. The two consecutive available blocks
are subsequent to a last written block in the sequence.

[0013] In other features, the system further comprises nonvolatile memory and an
updating module. The nonvolatile memory is configured to store metadata received with
the data. The nonvolatile memory is separate from the plurality of solid-state disks. The
updating module is configured to update the metadata in response to the writing module
writing the data from the two consecutive blocks respectively to the two consecutive
available blocks in the sequence.

[0014] In other features, the system further comprises a selection module and an
erasing module. The selection module is configured to select one or more consecutive
blocks in the sequence in response to the data written in one or more blocks in the
sequence being used at a frequency greater than or equal to a predetermined frequency.
The erasing module is configured to erase the one or more consecutive blocks. The
writing module is configured to write the data from the one or more consecutive blocks
respectively to one or more consecutive available blocks in the sequence. The one or
more consecutive available blocks are subsequent to a last written block in the sequence.
[0015] In other features, the system further comprises nonvolatile memory and an
updating module. The nonvolatile memory is configured to store metadata received with
the data. The nonvolatile memory is separate from the plurality of solid-state disks. The

updating module is configured to update the metadata in response to the writing module
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writing the data from the one or more consecutive blocks respectively to one or more
consecutive available blocks in the sequence.

[0016] In other features, the system further comprises a removal module and an
exclusion module. The removal module is configured to remove one of the plurality of
solid-state disks. The exclusion module is configured to exclude from the sequence
blocks associated with the removed solid-state disk.

[0017] In other features, the system further comprises an adding module and an
inclusion module. The adding module is configured to add an additional solid-state disk
to the plurality of solid-state disks. The partitioning module is configured to partition the
additional solid-state disk into a plurality of additional blocks. The inclusion module is
configured to include the plurality of additional blocks in the sequence.

[0018] In still other features, a method comprises dividing each of a plurality of solid-
state disks into a plurality of blocks, where each of the plurality of blocks has a
predetermined size. The method further comprises writing data to one or more of the
plurality of solid-state disks in a sequence starting from a first block of a first solid-state
disk of the plurality of solid-state disks to a first block of a last solid-state disk of the
plurality of solid-state disks, followed by starting from a second block of the first solid-
state disk to a second block of the last solid-state disk. In each of the plurality of solid-
state disks, the second block is subsequent to the first block.

[0019] In other features, the method further comprises dividing the data into a plurality
of portions, and writing the plurality of portions respectively to the plurality of blocks in
the sequence.

[0020] In another feature, the method further comprises in response to the data being
not stored in a memory external to the plurality of solid-state disks, writing the data and
a copy of the data in two consecutive blocks in the sequence.

[0021] In another feature, the method further comprises erasing the one or more
consecutive blocks in the sequence in response to a number of blocks available for
writing in the plurality of solid-state disks decreasing to a predetermined threshold, and
in response to the data written in one or more consecutive blocks in the sequence being

stored in a memory external to the plurality of solid-state disks.
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[0022] In another feature, the method further comprises erasing the one or more
consecutive blocks in the sequence in response to the data written in one or more blocks
in the sequence being stored in a memory external to the plurality of solid-state disks,
and in response to the data written in one or more consecutive blocks in the sequence
being used at a frequency less than or equal to a predetermined frequency.

[0023] In other features, the method further comprises in response to a number of
blocks available for writing in the plurality of solid-state disks decreasing to a
predetermined threshold, and in response to the data written in one or more blocks in
the sequence being not stored in a memory external to the plurality of solid-state disks:
selecting two consecutive blocks in the sequence in which the data and a copy of the
data is written; writing the data from the two consecutive blocks respectively to two
consecutive available blocks in the sequence, where the two consecutive available blocks
are subsequent to a last written block in the sequence; and erasing the two consecutive
blocks.

[0024] In other features, the method further comprises storing metadata received with
the data, and updating the metadata in response to writing the data from the two
consecutive blocks respectively to the two consecutive available blocks in the sequence.
[0025] In other features, the method further comprises in response to the data written
in one or more blocks in the sequence being used at a frequency greater than or equal to
a predetermined frequency: selecting one or more consecutive blocks in the sequence;
writing the data from the one or more consecutive blocks respectively to one or more
consecutive available blocks in the sequence, where the one or more consecutive
available blocks are subsequent to a last written block in the sequence; and erasing the
one or more consecutive blocks.

[0026] In other features, the method further comprises storing metadata received with
the data, and updating the metadata in response to writing the data from the one or
more consecutive blocks respectively to one or more consecutive available blocks in the
sequence.

[0027] In other features, the method further comprises removing one of the plurality of
solid-state disks, and excluding from the sequence blocks associated with the removed

solid-state disk.
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[0028] In other features, the method further comprises adding an additional solid-state
disk to the plurality of solid-state disks, partitioning the additional solid-state disk into a
plurality of additional blocks, and including the plurality of additional blocks in the
sequence.

[0029] Further areas of applicability of the present disclosure will become apparent
from the detailed description, the claims and the drawings. The detailed description and
specific examples are intended for purposes of illustration only and are not intended to

limit the scope of the disclosure.

BRIEF DESCRIPTION OF DRAWINGS
[0030] FIG. 1is a functional block diagram of a caching system.
[0031] FIG. 2is a functional block diagram of a cache card used in the caching system of
FIG. 1.
[0032] FIG. 3 depicts a data structure of a container comprising a plurality of solid-state
disks used in the caching system of FIG. 1.
[0033] FIG. 4 depicts a sequential and striped manner of writing data in the container
comprising the plurality of solid-state disks used in the caching system of FIG. 1.
[0034] FIG. 5 depicts sequencing of blocks of the plurality of solid-state disks in the
container used in the caching system of FIG. 1.
[0035] FIG. 6 depicts an example of writing different types of data in the sequential and
striped manner in the container comprising the plurality of solid-state disks used in the
caching system of FIG. 1.
[0036] FIG. 7 depicts a monitoring module used by a cache controller in the cache card
of FIG. 2.
[0037] FIG. 8 depicts an example of relocating a type of data within the container
comprising the plurality of solid-state disks used in the caching system of FIG. 1.
[0038] FIG. 9 depicts a reconfiguring module used by the cache controller in the cache
card of FIG. 2.
[0039] FIG. 10 depicts a state machine used by the cache controller in the cache card of
FIG. 2.
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[0040] FIG. 11 is a flowchart of a method for writing data in the sequential and striped
manner in the container comprising the plurality of solid-state disks used in the caching
system of FIG. 1.

[0041] FIG. 12 is a flowchart of a method for writing data in the container comprising
the plurality of solid-state disks used in the caching system of FIG. 1.

[0042] FIG. 13 is a flowchart of a method for scheduling I/O operations in the cache
controller used in the cache card of FIG. 2.

[0043] FIG. 14 is a flowchart of a method for relocating data from head to tail of a log in
the container comprising the plurality of solid-state disks used in the caching system of
FIG. 1.

[0044] FIG. 15is a flowchart of a method for reclaiming space in the log in the container
comprising the plurality of solid-state disks used in the caching system of FIG. 1.

[0045] In the drawings, reference numbers may be reused to identify similar and/or

identical elements.

DESCRIPTION

[0046] Using solid-state disks (SSDs) as cache memory can improve system
performance and throughput. The systems and methods of the present disclosure
provide a SSD-based cache memory and caching system. The caching system has the
following characteristics: The caching system writes data in a log-structured manner
(sequentially within each SSD and striped across all SSDs) for optimal performance. The
read/write throughput of the caching system scales with the number of SSDs. The
caching system ensures that there is no single point of failure for dirty data (data stored
only in cache memory and not stored in any other storage (e.g., system memory or disk)).
The caching system allows for growing/shrinking the storage capacity of the cache
memory in an online manner without affecting the data cached in the existing SSDs. The
caching system provides efficient garbage collection to reclaim space within the cache
memory.

[0047] Specifically, as explained below in detail, the SSDs are grouped into logical
entities called containers. Each container contains one or more SSDs. Containers

providing storage for dirty data include at least two SSDs to provide reliability. Two or
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more copies of dirty data are stored on two or more SSDs within each container so that
the dirty data is not lost if one SSD fails. A container is a data structure that maintains a
chain of disk structures corresponding to the SSDs. Each disk structure of an SSD includes
book-keeping information and a link to a reverse lookup table used to update metadata
when data is moved within the SSDs to reclaim space during garbage collection. In a
container, each SSD is divided into a plurality of fixed-size blocks. Data is written to these
blocks in a sequential manner within each SSD and in a striped manner across all the
SSDs. When data to be written (cached) is received, the data may be divided into a
plurality of portions. The portions are written in these blocks in the sequential manner
within each SSD and in the striped manner across all the SSDs. Dirty data is copied and
written in at least two separate SSDs. During garbage collection, data is moved as
follows. Infrequently used clean data (i.e., data of which a copy is stored in the SSDs and
in some other storage (e.g., system memory or disk)) is evicted from the SSDs. Dirty data
and frequently used clean data are moved to first available free blocks within the
container. The moved data is written in the available free blocks in the same manner:
sequentially within each SSD and striped across all the SSDs. After moving the data, the
blocks freed up by moving the data is erased and released for reuse, and metadata is
updated.

[0048] This scheme provides many advantages. For example, this scheme provides
striping and RAID1 benefits at the same time. This scheme also ensures that blocks are
consumed in a sequential (log-structured) manner, which minimizes garbage collection.
This scheme utilizes a fixed-size table per SSD to store a cookie representing meta-data
entry providing fast reverse lookup. Further, this scheme also allows adding/removing
SSDs to/from a container in an online manner (i.e., without affecting the existing cached
data) and ensures that blocks are still consumed in log-structured manner after the
container is reconfigured upon adding and removing SSDs.

[0049] FIG. 1 shows a caching system 100 comprising a host system 102, a cache card
104, and a plurality of SSDs 106. The host system 102 communicates with the cache card
104 via a PCle interface, for example. The host system 102 comprises a processor 110.

The processor 110 executes cache software 112 and communicates with the cache card
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104. The cache card 104 uses the SSDs 106 as cache memory and caches data to the
SSDs 106 according to commands received from the cache software 112.

[0050] The cache card comprises a cache controller 114, a DRAM 116, a backup power
module 118, and NAND flash 120. The DRAM 116 stores metadata 122 related to the
cache controller 114 and user data 124 received from the host system 102. The DRAM
116 is rendered nonvolatile by the backup power module 118, which maintains power
supply to the DRAM 116 when power supply to the caching system 100 is turned off. The
NAND flash 120 may also be used to store the metadata 122 related to the cache
controller 114.

[0051] The SSDs 106 include two or more SSDs. In the example shown, the SSDs 106
include four SSDs: SSDO 126, SSD1 128, SSD2 130, and SSD3 132. A group of the SSDs 106
is called a container. A number of SSDs in the container depends on a user selectable
parameter called a replication factor. The replication factor indicates a number of copies
of dirty data to be stored in the SSDs 106. For example, the replication factor is one if a
user wants to store only one copy of dirty data on an SSD. The replication factor is two if
the user wants to store two copies of dirty data on two different SSDs, and so on.

[0052] In general, the replication factor is equal to the number of copies of dirty data to
be stored in the SSDs 106, and the number of SSDs in the container is equal to the
replication factor. To provide protection against loss of dirty data, the replication factor
and the number of SSDs in the container must be at least equal to two. When the
replication factor is two, the dirty data and its copy are stored on two different SSDs in
the container. The dirty data is not lost if one of the two SSDs in the container fails.
[0053] This scheme prevents loss of dirty data if a single SSD fails. To protect the dirty
data from multiple SSD failures, in addition to the number of SSDs dictated by the
replication factor, one additional SSD must be added to provide for each additional SSD
failure. For example, for a single SSD failure, the number of SSDs is two for a replication
factor of two. To accommodate two SSD failures, the number of SSDs must be three for a
replication factor of two, and so on.

[0054] The user may initially set the replication factor to one value and may later set

the replication factor to another value. For example, the user may change the replication
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factor upon removing one or more SSDs from the container or upon adding one or more
SSDs to the container.

[0055] FIG. 2 shows the cache card 104 in further detail. The DRAM 116, which is
rendered nonvolatile by the backup power module 118, is shown as nonvolatile memory
116. The cache controller 114 comprises a partitioning module 150, a data dividing
module 152, a writing module 154, a monitoring module 156, a selection module 158, an
erasing module 160, an updating module 162, and a reconfiguring module 164.

[0056] The partitioning module 150 logically partitions each SSD in the container into
fixed-size blocks called extents. The number of fixed-size blocks is user selectable and is
a function of a capacity of each SSD and a size of each extent. When data to be cached is
received, one or more extents are allocated to write the data in one or more SSDs 106 as
explained below in further detail.

[0057] FIG. 3 shows an example of data structures generated by the partitioning
module 150 for a container formed by the SSDs 106. For example, a data structure called
CT info (container information) includes the following fields: a list of SSDs (disk_list), a
status parameter called Ct_lock used during I/O operations, a clean area description
indicating free space in the container, a log area description (a log being a set of blocks
consumed sequentially and in striped manner to store data in the container), a log head,
a log tail, a rebalance information (e.g., following garbage collection), and rebuild
information (e.g., after removing/adding an SSD). Additional data structures include disk
information of each SSD. For example, for each SSD, the disk information includes a disk
number (device ID) of the SSD, a state of the SSD (e.g., online, offline, etc.), entries
indicating where to begin writing data, and other information. These data structures are
stored in the nonvolatile memory 116 or the NAND flash 120. Alternatively, these data
structures can be stored anywhere in the caching system 100 (e.g., in system memory),
provided that the data structures are stored in a nonvolatile manner.

[0058] The data dividing module 152 divides data received from the host system 102
into a plurality of portions. The number of portions is a function of the size of the data
received and the number of SSDs in the container. For example, a 12Kb block of data
received from the host system 102 may be divided into three portions of 4Kb each if the

SSDs 106 include three SSDs. Alternatively, the number of portions can be a function of
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the size of the data received and the size of the extents (fixed-size blocks in the
container).

[0059] FIG. 4 shows the manner in which the writing module 154 writes the data in the
SSDs 106 in the container. Specifically, the writing module 154 writes the data
sequentially within each SSD and by striping across all of the SSDs as shown. The writing
module 154 determines where to begin writing data as explained below.

[0060] FIG. 5 shows an example of a container comprising three SSDs. The SSDs are
divided into fixed-size blocks having container block numbers (CBNs). The CBNs are
assigned numbers in a sequentially increasing order as shown: starting from CBNO from a
first block of the first SSD SSDO to a last block of the last SSD, which is the third SSD SSD2
in the example shown.

[0061] When writing data to the SSDs 106, the writing module 154 determines where
to write the data as follows. The SSD number is calculated using the formula
SSD_number = CBN / Number_of blocks_per SSD. An SSD block offset is calculated
using the formula SSD_block_offset = CBN mod Number_of blocks _per SSD. A next CBN
to which to write data is calculated as follows. Next CBN = Last CBN _written +
Number_of blocks per SSD. If Next CBN > (Num_of _disks in_container *
Number_of blocks_per SSD), Next CBN = ((Next_CBN mod
Number_of blocks per SSD)+1) mod Number_of blocks per SSD.

[0062] FIG. 6 shows an example of writing dirty data. For example, with a replication
factor of two, the writing module 154 writes dirty data X in a first block of SSDO and
writes a copy of the dirty data X in a first block of SSD1. The dirty data is also written
sequentially within each SSD and striped across two or more SSDs. Additional examples
of writing dirty data on different SSDs are also shown.

[0063] FIG. 7 shows an example of the monitoring module 156. The monitoring module
156 monitors usage of the SSDs 106. The monitoring module 156 may include a free
block monitoring module 170, a frequency monitoring module 171, a defect/removal
monitoring module 172, and an addition monitoring module 174. The free block
monitoring module 170 may monitor the number of free blocks available in the
container. For example, when the number of free blocks available for writing data in the

container falls below a predetermined threshold level, the monitoring module 156 may
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generate a control signal to trigger garbage collection. The selection module 158 and an
erasing module 160 perform garbage collection as described below.

[0064] The frequency monitoring module 171 monitors a frequency at which some of
the data cached in the container is used by the host system 102. The frequency
monitoring module 171 provides the frequency information to the selection module 158.
Based on the frequency information, the selection module 158 and an erasing module
160 perform garbage collection as described below.

[0065] The defect/removal monitoring module 172 monitors errors in the SSDs 106 and
monitors whether any of the SSDs 106 is defective. A user may remove a defective SSD
and optionally replace the defective SSD with another SSD without affecting the data
cached in the SSDs 106. Alternatively, the user may remove an SSD regardless of
whether the SSD is defective and may replace the removed SSD with another SSD
without affecting the data cached in the SSDs 106. The defect/removal monitoring
module 172 monitors these events and generates control signals to indicate the events.
Based on the control signals, the reconfiguring module 164 reconfigures the container
based on removal/replacement of an SSD as described below.

[0066] The addition monitoring module 174 monitors whether an SSD has been added.
If an addition of an SSD is detected, the addition monitoring module 174 generates a
control signal. Based on the control signal, the reconfiguring module 164 reconfigures
the container as described below.

[0067] During garbage collection, based on the information received from the
monitoring module 156, the selection module 158 selects one or more blocks in the SSDs
106 where clean data is stored if the clean data is used at a frequency less than or equal
to a predetermined frequency. The erasing module 160 erases the selected blocks. The
updating module 162 updates the metadata stored in the nonvolatile memory 116 to
indicate which blocks are freed.

[0068] Additionally, the selection module 158 selects blocks in the SSDs 106 where dirty
data is stored and where clean data is stored if the clean data is used at a frequency
greater than or equal to a predetermined frequency. The writing module 154 moves the
data from the selected blocks to first available free blocks in the container. The writing

module 154 writes the data in the free blocks in the same manner: sequentially within
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each SSD and striped across all of the SSDs. The erasing module 160 erases the selected
blocks. The updating module 162 updates the metadata stored in the nonvolatile
memory 116 to indicate which blocks are freed and which blocks now store the moved
data.

[0069] FIG. 8 shows an example of moving dirty data. For example, the dirty data X can
be moved as shown, and the blocks originally storing the dirty data X can be erased and
released for reuse. Additionally, the clean data Y, Z, and X can be evicted if used
infrequently, and the blocks storing the clean data Y, Z, and X can be erased and released
for reuse. Alternatively, if the clean data Y, Z, and X is frequently used, the clean data Y,
Z, and X can be moved to the blocks marked empty in the container (written sequentially
and in striped manner), and the blocks originally storing the clean data Y, Z, and X can be
erased and released for reuse.

[0070] A cache metadata lookup table is maintained in the nonvolatile memory 116.
The cache metadata lookup table includes metadata entries that map storage device
data block numbers (called logical block addresses or LBAs assigned by the host system
102) to the CBNs. A reverse metadata lookup table maps the CBNs to the metadata
entries. The metadata entries also keep track of the state of data stored in the CBNs. For
example, the state of a CBN may indicate whether the data stored in the CBN are clean,
dirty, being moved, and so on.

[0071] When the host system 102 supplies the data to be cached to the cache card 104,
the host system 102 also supplies a cookie along with the data to be cached. The cookie
includes metadata related to the data to be cached maintained by the cache software
112. A chain of reverse lookup tables, one table per SSD, describing the disk block
numbers and index in the metadata table is maintained in the nonvolatile memory 116.
[0072] The updating module 162 updates the cookie each time data is written or
moved within the container (e.g., during garbage collection, or when the container is
reconfigured due to an SSD being removed/added). The cache software 112 updates its
metadata based on the updated cookie. This mechanism allows the cache controller 114
to easily interface with different cache software on the host system 102 and vice a versa.
[0073] FIG. 9 shows an example of the reconfiguring module 164. The reconfiguring

module 164 comprises a removal module 180, and exclusion module 182, an adding
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module 184, and an inclusion module 186. The removal module 180 removes an SSD,
which is deemed defective or removed by the user, from the container data structure.
The exclusion module 182 excludes blocks associated with the removed SSD from the
data structure data structure stored in the nonvolatile memory 116. The adding module
184 adds an SSD, which is added by the user, to the container data structure stored in the
nonvolatile memory 116. Specifically, the partitioning module 150 partitions the added
SSD and to fixed-size blocks. The inclusion module 186 includes the additional blocks to
the data structure data structure stored in the nonvolatile memory 116.

[0074] Throughout the present disclosure, the addition or removal of an SSD described
may include a physical addition or removal of the SSD. Alternatively, the added SSD may
be already physically present, and the adding module 184 may simply logically add the
additional SSD to the container. Similarly, the removed SSD may remain physically
present, and the removal module 180 may simply logically remove the removed SSD
from the container.

[0075] FIG. 10 shows a state machine of the container. In an initial (Init) state, two or
more SSDs are added to form a container. The state machine moves to a Normal Whole
state where all the SSDs are functioning properly. In the Normal Whole state, one or
more new SSDs can be added to the container. The state machine moves from the
Normal Whole state to a Degraded state if an SSD is removed from the container (e.g.,
due to the SSD being defective or unnecessary, or the user deciding to replace the SSD).
From the Degraded state, the state machine can move to an off-line state if the removed
SSD is a last SSD in the container. Alternatively, the state machine can move from the
Degraded state to a Normal Shrunk state by performing a rebalancing operation after an
SSD is removed from the container. From the Normal Shrunk state, the state machine
can move to the off-line state if the last SSD is removed from the container.
Alternatively, the state machine can move from Normal Shrunk state to the Degraded
state if an SSD is removed from the container. Alternatively, the state machine can move
from the Normal Shrunk state to the Normal Whole state if a new SSD is added to the
container.

[0076] FIG. 11 shows a flowchart of a method 200 for caching data. At 202, control

logically divides each of a plurality of SSDs in a container into a plurality of fixed-size
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blocks. At 204, control divides data to be cached into a plurality of portions, and writes
the plurality of portions respectively to the plurality of blocks in a sequence shown in FIG.
4. At 206, if the data to be cached is dirty data, control writes the data and a copy of the
data in two consecutive blocks in the sequence (i.e., the data and the copy of the data in
separate adjacent SSDs) as shown in FIG. 4.

[0077] At 208, if the number of free blocks in the container decreases to a level below a
predetermined threshold, control reclaims blocks as follows. Control evicts infrequently
used clean data and erases the blocks containing the infrequently used clean data.
Alternatively, if the clean data is used frequently, control moves the clean data to first
available free blocks in the sequence in the container while maintaining sequential
writing within each SSD and striping across all the SSDs. Control erases the blocks that
originally stored the frequently used clean data. Alternatively or additionally, control
moves dirty data to first available free blocks in the sequence in the container while
maintaining sequential writing within each SSD and striping across all the SSDs. Control
erases the blocks that originally stored the dirty data. At 210, control updates metadata
when data is moved within the container.

[0078] At 212, if an SSD is removed, control reconfigures the original sequence of
blocks in the container by excluding the blocks of the removed SSD from the sequence.
Alternatively, if an SSD is added, control reconfigures the original sequence of blocks in
the container by including the blocks of the added SSD in the sequence.

[0079] FIG. 12 shows a method 300 for writing data in the container. At 302, control
locks (reserves) the container. At 304, control determines whether the total number of
blocks available in the container is sufficient to fulfill the write request. The method 300
ends with an error if the total number of blocks available in the container is insufficient
to fulfill the write request. At this point, the user can add an SSD to the container.

[0080] At 306, if the total number of blocks available in the container is sufficient to
fulfill the write request, control performs the following actions. Control allocates a
number of blocks and updates a tail index in the container data structure. The number of
blocks allocated is a function of the replication factor. Control fills a destination array in
the container data structure with the number of blocks allocated, using only first entry

for each replication group. Control populates the destination array with the allocated
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block numbers. Control updates the reverse lookup table with an SCMR index, where
SCMR denotes a Simple file-based Cache class for Mysgl heavy Read query. Control
initiates one or more I/O operations to one or more allocated blocks. At 308, control
unlocks (releases) the container on completion of the I/0 operations.

[0081] FIG. 13 shows a method 350 performed by an I/O scheduler of the cache
controller 114. At 352, the 1/0 scheduler receives an indication of an I/O operation (e.g.,
a write operation described with reference to FIG. 12) being completed. At 354, the I/O
scheduler assembles all of the responses resulting from the completion of the 1/0
operation. At 356 and 358, the |/O scheduler sends an indication of completion of the
I/O operation respectively to an I/0O handler and/or a flusher of the cache controller 114.
[0082] FIG. 14 shows a method 400 for relocating data from head to tail of a log
(sequence of blocks shown in FIG. 4) in the container. At 402, control gets the SCMR
pointed to by the reverse lookup entry corresponding to a head index. At 404, control
determines if the SCMR points back to a log entry pointed by the head index. At 406, if
the SCMR does not point back to a log entry pointed by the head index, control resets the
entry in the reverse lookup table and advances the head index. At 408, if the SCMR
points back to a log entry pointed by the head index, control performs the following
actions. Control allocates an NVRAM block. Control schedules an 1/0 operation to move
data from a current NVRAM location (based on SCMR) to a new NVRAM location.
Control schedules an I/0O operation to move data from current cache location to the new
NVRAM location.

[0083] At 410, when the scheduled 1/0O operations are completed, control determines
whether to move the data to a clean area in the log. At 412, control moves the data to a
clean area in the log. Alternatively, at 414, control performs the following actions.
Control locks (i.e., reserves) the container. Container moves data from the new NVRAM
location to the location pointed to be a current tail index in the log. Control frees the
new NVRAM location. Control advances the head and tail indexes. Control adjusts the
total used space. Control unlocks (i.e., releases) the container.

[0084] FIG. 15 shows a method 450 to reclaim space in the log. At 452, control
determines whether the used space in the log is less than or equal to a predetermined

threshold. At 454, if the used space in the log is not less than or equal to a
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predetermined threshold, control performs the method 400 for relocating data from
head to tail of a log in the container as shown in FIG. 14, and control returns to 452.
[0085] The foregoing description is merely illustrative in nature and is in no way
intended to limit the disclosure, its application, or uses. The broad teachings of the
disclosure can be implemented in a variety of forms. Therefore, while this disclosure
includes particular examples, the true scope of the disclosure should not be so limited
since other modifications will become apparent upon a study of the drawings, the
specification, and the following claims. As used herein, the phrase at least one of A, B,
and C should be construed to mean a logical (A or B or C), using a non-exclusive logical
OR. It should be understood that one or more steps within a method may be executed in
different order (or concurrently) without altering the principles of the present disclosure.
[0086] In this application, including the definitions below, the term module may be
replaced with the term circuit. The term module may refer to, be part of, or include an
Application Specific Integrated Circuit (ASIC); a digital, analog, or mixed analog/digital
discrete circuit; a digital, analog, or mixed analog/digital integrated circuit; a
combinational logic circuit; a field programmable gate array (FPGA); a processor (shared,
dedicated, or group) that executes code; memory (shared, dedicated, or group) that
stores code executed by a processor; other suitable hardware components that provide
the described functionality; or a combination of some or all of the above, such as in a
system-on-chip.

[0087] The term code, as used above, may include software, firmware, and/or
microcode, and may refer to programs, routines, functions, classes, and/or objects. The
term shared processor encompasses a single processor that executes some or all code
from multiple modules. The term group processor encompasses a processor that, in
combination with additional processors, executes some or all code from one or more
modules. The term shared memory encompasses a single memory that stores some or all
code from multiple modules. The term group memory encompasses a memory that, in
combination with additional memories, stores some or all code from one or more
modules. The term memory is a subset of the term computer-readable medium. The
term computer-readable medium, as used herein, does not encompass transitory

electrical or electromagnetic signals propagating through a medium (such as on a carrier
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wave); the term computer-readable medium may therefore be considered tangible and
non-transitory. Non-limiting examples of a non-transitory, tangible computer-readable
medium include nonvolatile memory (such as flash memory), volatile memory (such as
static random access memory and dynamic random access memory), magnetic storage
(such as magnetic tape or hard disk drive), and optical storage.

[0088] The apparatuses and methods described in this application may be partially or
fully implemented by one or more computer programs executed by one or more
processors. The computer programs include processor-executable instructions that are
stored on at least one non-transitory, tangible computer-readable medium. The

computer programs may also include and/or rely on stored data.
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CLAIMS

What is claimed is:

1. A system comprising:

a partitioning module configured to partition each of a plurality of solid-state
disks into a plurality of blocks, wherein each of the plurality of blocks has a
predetermined size; and

a writing module configured to write data to one or more of the plurality of solid-
state disks in a sequence starting from a first block of a first solid-state disk of the
plurality of solid-state disks to a first block of a last solid-state disk of the plurality of
solid-state disks, and subsequently starting from a second block of the first solid-state
disk to a second block of the last solid-state disk,

wherein in each of each of the plurality of the plurality of solid-state disks, the

second block is subsequent to the first block.

2. The system of claim 1, further comprising:
a dividing module configured to divide the data into a plurality of portions,
wherein the writing module is configured to write the plurality of portions

respectively to the plurality of blocks in the sequence.

3. The system of claim 1, wherein in response to the data being not stored in a
memory external to the plurality of solid-state disks, the writing module is configured to

write the data and a copy of the data in two consecutive blocks in the sequence.

4, The system of claim 1, further comprising an erasing module configured to erase
one or more consecutive blocks in the sequence in response to a number of blocks
available for writing in the plurality of solid-state disks decreasing to a predetermined
threshold, and in response to the data written in the one or more consecutive blocks in

the sequence being stored in a memory external to the plurality of solid-state disks.
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5. The system of claim 1, further comprising an erasing module configured to erase
one or more consecutive blocks in the sequence in response to the data written in the
one or more consecutive blocks in the sequence being stored in a memory external to
the plurality of solid-state disks, and in response to the data written in the one or more
consecutive blocks in the sequence being used at a frequency less than or equal to a

predetermined frequency.

6. The system of claim 1, further comprising:

a selection module configured to select two consecutive blocks in the sequence in
which the data and a copy of the data is written in response to the data being not stored
in a memory external to the plurality of solid-state disk; and

an erasing module configured to erase the two consecutive blocks,

wherein the selection module is configured to select the two consecutive blocks
in response to a number of blocks available for writing in the plurality of solid-state disks
decreasing to a predetermined threshold, and

wherein the writing module is configured to write the data from the two
consecutive blocks respectively to two consecutive available blocks in the sequence prior
to the erasing module erasing the two consecutive blocks, and

wherein the two consecutive available blocks are subsequent to a last written

block in the sequence.

7. The system of claim 6, further comprising:

nonvolatile memory configured to store metadata received with the data,
wherein the nonvolatile memory is separate from the plurality of solid-state disks; and

an updating module configured to update the metadata in response to the writing
module writing the data from the two consecutive blocks respectively to the two

consecutive available blocks in the sequence.
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8. The system of claim 1, further comprising:

a selection module configured to select one or more consecutive blocks in the
sequence in response to the data written in one or more blocks in the sequence being
used at a frequency greater than or equal to a predetermined frequency; and

an erasing module configured to erase the one or more consecutive blocks,

wherein the writing module is configured to write the data from the one or more
consecutive blocks respectively to one or more consecutive available blocks in the
sequence, and

wherein the one or more consecutive available blocks are subsequent to a last

written block in the sequence.

9. The system of claim 8, further comprising:

nonvolatile memory configured to store metadata received with the data,
wherein the nonvolatile memory is separate from the plurality of solid-state disks; and

an updating module configured to update the metadata in response to the writing
module writing the data from the one or more consecutive blocks respectively to one or

more consecutive available blocks in the sequence.

10. The system of claim 1, further comprising:

a removal module configured to remove one of the plurality of solid-state disks;
and

an exclusion module configured to exclude from the sequence blocks associated

with the removed solid-state disk.

11. The system of claim 1, further comprising:

an adding module configured to add an additional solid-state disk to the plurality
of solid-state disks;

wherein the partitioning module is configured to partition the additional solid-
state disk into a plurality of additional blocks; and

an inclusion module configured to include the plurality of additional blocks in the

sequence.
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12. A method comprising:

dividing each of a plurality of solid-state disks into a plurality of blocks, wherein
each of the plurality of blocks has a predetermined size; and

writing data to one or more of the plurality of solid-state disks in a sequence
starting from a first block of a first solid-state disk of the plurality of solid-state disks to a
first block of a last solid-state disk of the plurality of solid-state disks, followed by starting
from a second block of the first solid-state disk to a second block of the last solid-state
disk,

wherein in each of each of the plurality of the plurality of solid-state disks, the

second block is subsequent to the first block.

13. The method of claim 12, further comprising:
dividing the data into a plurality of portions; and
writing the plurality of portions respectively to the plurality of blocks in the

sequence.

14, The method of claim 12, further comprising in response to the data being not
stored in a memory external to the plurality of solid-state disks, writing the data and a

copy of the data in two consecutive blocks in the sequence.

15. The method of claim 12, further comprising in response to a number of blocks
available for writing in the plurality of solid-state disks decreasing to a predetermined
threshold, and in response to the data written in one or more consecutive blocks in the
sequence being stored in a memory external to the plurality of solid-state disks:

erasing the one or more consecutive blocks in the sequence.

16. The method of claim 12, further comprising in response to the data written in one
or more blocks in the sequence being stored in a memory external to the plurality of
solid-state disks, and in response to the data written in one or more consecutive blocks in
the sequence being used at a frequency less than or equal to a predetermined frequency:

erasing the one or more consecutive blocks in the sequence.
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17. The method of claim 12, further comprising in response to a number of blocks
available for writing in the plurality of solid-state disks decreasing to a predetermined
threshold, and in response to the data written in one or more blocks in the sequence
being not stored in a memory external to the plurality of solid-state disks:

selecting two consecutive blocks in the sequence in which the data and a copy of
the data is written;

writing the data from the two consecutive blocks respectively to two consecutive
available blocks in the sequence, wherein the two consecutive available blocks are
subsequent to a last written block in the sequence; and

erasing the two consecutive blocks.

18. The method of claim 17, further comprising:
storing metadata received with the data; and
updating the metadata in response to writing the data from the two consecutive

blocks respectively to the two consecutive available blocks in the sequence.

19. The method of claim 12, further comprising in response to the data written in one
or more blocks in the sequence being used at a frequency greater than or equal to a
predetermined frequency:

selecting one or more consecutive blocks in the sequence;

writing the data from the one or more consecutive blocks respectively to one or
more consecutive available blocks in the sequence, wherein the one or more consecutive
available blocks are subsequent to a last written block in the sequence; and

erasing the one or more consecutive blocks.

20. The method of claim 19, further comprising:

storing metadata received with the data; and

updating the metadata in response to writing the data from the one or more
consecutive blocks respectively to one or more consecutive available blocks in the

sequence.
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The method of claim 12, further comprising:
removing one of the plurality of solid-state disks; and

excluding from the sequence blocks associated with the removed solid-state disk.

The method of claim 12, further comprising:
adding an additional solid-state disk to the plurality of solid-state disks;
partitioning the additional solid-state disk into a plurality of additional blocks; and

including the plurality of additional blocks in the sequence.
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AMENDED CLAIMS
received by the International Bureau on 24 NOvember 2014 (24.11.2014)

What is claimed is:

1. A system comprising:

a partitioning module configured to partition each of a plurality of solid-state
disks into a plurality of blocks, wherein each of the plurality of blocks has a
predetermined size; and

a writing module configured to write data to one or more of the plurality of solid-
state disks in a sequence starting from a first block of a first solid-state disk of the
plurality of solid-state disks to a first block of a last solid-state disk of the plurality of
solid-state disks, and subsequently starting from a second block of the first solid-state
disk to a second block of the last solid-state disk,

wherein in each of the plurality of solid-state disks, the second block is
subsequent to the first block, and

wherein in response to the data being not stored in a memory external to the
plurality of solid-state disks, the writing module is configured to write the data and a

copy of the data in two consecutive blocks in the sequence.

2. The system of claim 1, further comprising:
a dividing module configured to divide the data into a plurality of portions,
wherein the writing module is configured to write the plurality of portions

respectively to the plurality of blocks in the sequence.

3. The system of claim 1, further comprising an erasing module configured to erase
one or more consecutive blocks in the sequence in response to a number of blocks
available for writing in the plurality of solid-state disks decreasing to a predetermined
threshold, and in response to the data written in the one or more consecutive blocks in

the sequence being stored in a memory external to the plurality of solid-state disks.

AMENDED SHEET (ARTICLE 19)
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4, The system of claim 1, further comprising an erasing module configured to erase
one or more consecutive blocks in the sequence in response to the data written in the
one or more consecutive blocKs in the sequence being stored in a memory external to
the plurality of solid-state disks, and in response to the data written in the one or more
consecutive blocks in the sequence being used at a frequency less than or equal to a

predetermined frequency.

5. The system of claim 1, further comprising:

a selection module configured to select two consecutive blocks in the sequence in
which the data and a copy of the data is written in response to the data being not stored
in a memory external to the plurality of solid-state disk; and

an erasing module configured to erase the two consecutive blocks,

wherein the selection module is configured to select the two consecutive blocks
in response to a number of blocks available for writing in the plurality of solid-state disks
decreasing to a predetermined threshold, and

wherein the writing module is configured to write the data from the two
consecutive blocks respectively to two consecutive available blocks in the sequence prior
to the erasing module erasing the two consecutive blocks, and

wherein the two consecutive available blocks are subsequent to a last written

block in the sequence.

6. The system of claim 5,‘ further comprising:

nonvolatile memory configured to store metadata received with the data,
wherein the nonvolatile memory is separate from the plurality of solid-state disks; and

an updating module configured to update the metadata in response to the writing
module writing the data from the two consecutive blocks respectively to the two

consecutive available blocks in the sequence.

AMENDED SHEET (ARTICLE 19)
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7. The system of claim 1, further comprising:

a selection module configured to select one or more consecutive blocks in the
sequence in response to the data written in one or more blocks in the sequence being
used at a frequency greater than or equal to a predetermined frequency; and

an erasing module configured to erase the one or more consecutive blocks,

wherein the writing module is configured to write the data from the one or more
consecutive blocks respectively to one or more consecutive available blocks in the
sequence, and

wherein the one or more consecutive available blocks are subsequent to a last

written block in the sequence.

8. The system of claim 7, further comprising:
| nonvolatile memory configured to store metadata received with the data,
wherein the nonvolatile memory is separate from the plurality of solid-state disks; and
an updating module configured to update the metadata in response to the writing
module writing the data from the one or more consecutive blocks respectively to one or

more consecutive available blocks in the sequence.

0. The system of claim 1, further comprising:

a temoval module configured to remove one of the plurality of solid-state disks;
and

an exclusion module configured to exclude from the sequence blocks associated

with the removed solid-state disk.

10. The system of claim 1, further comprising:
| an adding module configured to add an additional solid-state disk to the plurality
of solid-state disks;
wherein the partitioning module is configured to partition the additional solid-
state disk into a plurality of additional blocks; and
an inclusion module configured to include the plurality of additional blocks in the

sequence.

AMENDED SHEET (ARTICLE 19)
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11. A method comprising:

dividing each of a plurality of solid-state disks into a plurality of blocks, wherein
each of the plurality of blocks has a predetermined size;

writing data to one or more of the plurality: of solid-state disks in a sequence
starting from a first block of a first solid-state disk of the plurality of solid-state disks to a
first block of a last solid-state disk of the plurality of solid-state disks, followed by starting
from a second block of the first solid-state disk to a second block of the last solid-state
disk, wherein in each of the plurality of solid-state disks, the second block is subsequent
to the first block; and

in response to the data being not stored in a memory external to the plurality of
solid-state disks, writing the data and a copy of the data in two consecutive blocks in the

sequence.

12.  The method of claim 11, further comprising:
dividing the data into a plurality of portions; and
writing the plurality of portions respectively to the plurality of blocks in the

sequence.

13. The method of claim 11, further comprising in respons‘e to a number of blocks
available for writing in the plurality of solid-state disks decreasing to a predetermined
threshold, and in response to the data written in one or more consecutive blocks in the
sequence being stored in a memory external to the plurality of solid-state disks:

erasing the one or more consecutive blocks in the sequence.

14.  The method of claim 11, further comprising in response to the data written in one
or more blocks in the sequence being stored in a memory external to the plurality of
solid-state disks, and in response to the data written in one or more consecutive blocks in
the sequence being used at a frequency less than or equal to a predetermined frequency:

erasing the one or more consecutive blocks in the sequence.

AMENDED SHEET (ARTICLE 19)
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15. The method of claim 11, further comprising in response to a number of blocks
available for writing in the plurality of solid-state disks decreasing to a predetermined
threshold, and in response to the data written in one or more blocks in the sequence
being not stored in a memory external to the plurality of solid-state disks:

selecting two consecutive blocks in the sequence in which the data and a copy of
the data is written; '

writing the data from the two consecutive blocks respectively to two consecutive
available blocks in the sequence, wherein the two consecutive available blocks are
subsequent to a last written block in the sequence; and

erasing the two consecutive blocks.

16. The method of claim 15, further comprising:
storing metadata received with the data; and
updating the metadata in response to writing the data from the two consecutive

blocks respectively to the two consecutive available blocks in the sequence.

17. The method of claim 11, further comprising in response to the data written in one
or more blocks in the sequence being used at a frequency greater than or equal to a
predetermined frequency:

selecting one or more consecutive blocks in the sequence;

writing the data from the one or more consecutive blocks respectively to one or
more consecutive available blocks in the sequence, wherein the one or more consecutive
available blocks are subsequent to a last written block in the sequence; and

erasing the one or more consecutive blocks.

18. The method of claim 17, further comprising:

storing metadata received with the data; and

updating the metadata in response to writing the data from the one or more
consecutive blocks respectively to one or more consecutive available blocks in the

sequence.

AMENDED SHEET (ARTICLE 19)



WO 2014/209984 PCT/US2014/043844

19.

20.

30

The method of claim 11, further comprising:
removing one of the plurality of solid-state disks; and

excluding from the sequence blocks associated with the removed solid-state disk.

The method of claim 11, further comprising:
adding an additional solid-state disk to the plurality of solid-state disks;
partitioning the additional solid-state disk into a plurality of additional blocks; and

including the plurality of additional blocks in the sequence.

AMENDED SHEET (ARTICLE 19)
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200
‘ Start > j

Y

Logically divide each of a plurality of SSDs )'_202
into a plurality of blocks

A 4
Before writing, divide data into a plurality of portions, f204

and write the plurality of portions respectively to the
plurality of blocks in a sequence as shown in FIG. 4

A 4
If data is dirty, write the data and a copy of the data in f206

two consecutive blocks in the sequence (i.e., data and
its copy in separate SSDs)

A 4

If free blocks fall below threshold, evict clean data if used infrequently, 208
move clean data if used frequently to first available blocks in the sequence, f

and/or move dirty data to first available blocks in the sequence, while
maintaining sequential writing within each SSD and striping across SSDs.

A 4

f21 0
Update metadata when blocks are moved

A 4

Reconfigure the sequence if a SSD is removed, by excluding the blocks of ),—212
the removed from the sequence; or if a SSD is added, by including the
blocks of the added SSD in the sequence

End
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[— 300

ct_write (ct_ioreq, replication_factor)

Flusher J { I/O handler
ct_lock() 302
Total number of disk
blocks required to Done with error
fulfill the request
available?
1. Ct_alloc (#num_dbn’s). Update the tail index )
a. Replication factor to determine the number of dbn’s
2. Destination array filled up by ct_alloc.
a. Use only the first entry for each replication group.
3. Populate the destination array with log dbn’s.
4. Update the reverse lookup table with scmr index.
é. Initiate 1/0’s to one or more blocks (io_submit(io_mgr_ioreq)).

308
ct_unlock()

FIG. 12
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f 400
f 402
Get the scmr pointed to by the reverse
loop entry corresponding to head index.
J— 406
4 N

1. Reset the entry in the
reverse lookup table
2. Advance the head index

Verify if scmr points back
to the log entry pointed
by the head index and
dirty or hot

\. J
(" )
1. Allocate nvram block.

2 Move (schedule 1/0O) data from current nvram 408 FIG - 14
(based on scmr) location to new nvram location. J_

3. Move (schedule 1/0O) data form current L2
location to new nvram location.

\. J

io_done
414
j‘ 412 f
(. )
Move to log 1. ct_lock() .
Promote to 2. Move data from new nvram location to the

for clean?
clean area

location pointed to be the current tail index
in the log

Free the new nvram location

Advance the head and tail index

Adjust the total used space

ct_unlock()

<D /

(oo s w
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Relocate 454
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