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[0001]

[0002]

METHOD AND SYSTEM FOR MIRRORED MULTI-
DIMENSIONAL RAID

BACKGROUND

In order to protect against potential loss of data in a storage system, it is often
advantageous to implement a replication scheme. Current replication schemes are only
able to sustain a limited amount of error before data within the storage system is unable

to be read.

SUMMARY

In general, in one aspect, the invention relates to, a non-transitory computer
readable medium comprising instructions, which when executed by a processor perform a
method, the method for storing data comprising receiving a request to write data,
determining a storage mode for the data, wherein the storage mode for the data is
mirrored mode, selecting, a Redundant Array of Independent Devices (RAID) grid
location in a RAID grid to write the data based on the storage mode, writing the data to
memory, wherein the data is temporarily stored in the memory, updating a data structure
to indicate that the RAID grid location is filled, determining, using the data structure,
whether a data grid in the RAID grid is filled, wherein the RAID grid location is in the
data grid, based on a determination that the data grid is filled: calculating parity values
for the RAID grid using the data, determining a first physical address in persistent storage
corresponding to the RAID grid location, determining a second physical address in the
persistent storage corresponding to the RAID grid location, writing the data to a first
physical location in the persistent storage corresponding to the first physical address,
writing the data to a second physical location in the persistent storage corresponding to
the second physical address, and writing the parity values associated with data grid to the

persistent storage.
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[0003] In general, in one aspect, the invention relates to a non-transitory computer
readable medium comprising instructions, which when executed by a processor perform a
method, the method for obtaining reconstructing data, comprising: receiving a first
request for data, identifying a grid location in a Redundant Array of Independent Devices
(RAID) grid associated with the data, wherein the grid location is associated with a first
physical location and a second physical location, making a first determination that a
storage mode for the grid location is mirrored mode, based on the first determination,
making a second determination that the first physical location is busy, based on the
second determination, issuing a second request for the data to the second physical
location, and in response to the second request, receiving the data from the second
physical location, wherein the grid location is associated with a virtual stripe, wherein the
virtual stripe is associated with a first physical stripe and a second physical stripe,
wherein the first physical location is part of the first physical stripe and the second

physical location is part of the second physical stripe.

[0004] Other aspects of the invention will be apparent from the following description and

the appended claims.

BRIEF DESCRIPTION OF DRAWINGS

[0005] FIG. 1 shows a system in accordance with one embodiment of the invention.
[0006] FIG. 2A shows a RAID grid in accordance with one embodiment of the invention.
[6007] FIG. 2B shows virtual and physical stripes in accordance with one embodiment of

the invention.

[0008] FIG. 2C shows a storage module in accordance with one embodiment of the
invention.
[0009] FIG. 3A shows a RAID cube and various view of the RAID cube in accordance

with one embodiment of the invention.

[0010] FIGS. 3B-3C show an exemplary RAID cube and RAID grids in accordance with

one embodiment of the invention.
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[0011] FIGS. 4A-4B show data structures in accordance with one embodiment of the

invention.

[0012] FIGS. 5A-5C show flow charts in accordance with one embodiment of the

invention.

[0013] FIGS. 6A-6C show an example in accordance with one or more embodiments of

the invention.

[0014] FIGS. 7A-7B. show flow charts in accordance with one or more embodiments of

the invention.

[0015] FIGS. 8A-8E show an example in accordance with one or more embodiments of

the invention.

DETAILED DESCRIPTION

[0010] Specific embodiments of the invention will now be described in detail with
reference to the accompanying figures. In the following detailed description of
embodiments of the invention, numerous specific details are set forth in order to provide
a more thorough understanding of the invention. However, it will be apparent to one of
ordinary skill in the art that the invention may be practiced without these specific
details. In other instances, well-known features have not been described in detail to

avoid unnecessarily complicating the description.

[0016] In the following description of FIGS. 1-8E, any component described with regard
to a figure, in various embodiments of the invention, may be equivalent to one or more
like-named components described with regard to any other figure. For brevity,
descriptions of these components will not be repeated with regard to each figure. Thus,
each and every embodiment of the components of each figure is incorporated by
reference and assumed to be optionally present within every other figure having one or
more like-named components. Additionally, in accordance with various embodiments of
the invention, any description of the components of a figure is to be interpreted as an

optional embodiment which may be implemented in addition to, in conjunction with, or
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in place of the embodiments described with regard to a corresponding like-named

component in any other figure.

[0017] In general, embodiments of the invention relate to a method and system for
replicating data using a multi-dimensional RAID scheme that implements mirroring at
the grid location level. More specifically, embodiments of the invention provide a
method and system for implementing a 2D RAID scheme and a 3D RAID scheme each

of which implements mirroring at the grid location level.

[0018] Using a 2D RAID scheme, the data stored within a RAID grid implementing such
a RAID scheme may be recovered when there are more than two errors in a given RAID
stripe. Similarly, using a 3D RAID scheme, the data stored within a RAID cube
implementing such a RAID scheme may be recovered when there are more than two
errors in a given RAID stripe. In various embodiments of the invention, all data is able to
be recovered when there is a failure in more than one independent fault domain (IFD).
Further, by enabling mirroring at the grid location level, embodiments of the invention
provide an additional level of replication/redundancy while mitigating potential latency

issues related to accessing data from persistent storage.

[0019] In one or more embodiments of the invention, an IFD corresponds to a failure
mode which results in the data at a given location being inaccessible. Each IFD
corresponds to an independent mode of failure in the storage array. For example, if the
data is stored in NAND flash, where the NAND flash is part of a storage module (which
includes multiple NAND dies), then the IFDs may be (i) storage module, (ii) channel
(i.e., the channel used by the storage module controller (not shown) in the storage module

to write data to the NAND flash), and (iii) NAND flash dies.

[0020] For purposes of this invention, the term “RAID” as used herein refers to
“Redundant Array of Independent Devices.” Accordingly, embodiments of the invention
may be implemented using any type of persistent storage device where the RAID grid
locations (see e.g., FIG. 2A) may be distributed across one or more persistent storage

devices based on the implementation of the invention (see e.g., FIGS. 2B-4B).
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[0021] FIG. 1 shows a system in accordance with one embodiment of the invention. As
shown in FIG. 1, the system includes one or more clients (100A, 100M), a RAID
controller (104), memory (106), optionally an FPGA (102), and a storage array (108).

[0022] In one embodiment of the invention, a client (100A, 100M) is any system or
process executing on a system that includes functionality to issue a read request or a write
request to the RAID controller (104). In one embodiment of the invention, the clients
(100A, 100M) may each include a processor (not shown), memory (not shown), and
persistent storage (not shown). In one embodiment of the invention, the RAID controller
(104) is configured to implement the multi-dimensional RAID scheme, which includes
writing data to the storage array in a manner consistent with the multi-dimensional RAID
scheme (see FIG. 5A-5C) and reading data (including reconstructing data) from the
storage array in a manner consistent with the multi-dimensional RAID scheme (see FIG.
7A-7B). In one embodiment of the invention, the RAID controller (104) includes a
processor configured to execute instructions to implement one or more embodiments of
the invention, where the instructions are stored on a non-transitory computer readable
medium (not shown) that is located within or that is operatively connected to the RAID
controller (104). Alternatively, the RAID controller (104) may be implemented using
hardware. Those skilled in the art will appreciate that the RAID controller (104) may be

implemented using any combination of software and/or hardware.

[0023] In one embodiment of the invention, the RAID controller (104) is operatively
connected to memory (106). The memory (106) may be any volatile memory including,
but not limited to, Dynamic Random-Access Memory (DRAM), Synchronous DRAM,
SDR SDRAM, and DDR SDRAM. In one embodiment of the invention, the memory
(106) is configured to temporarily store various data (including parity data) prior to such

data being stored in the storage array.

[0024] In one embodiment of the invention, the FPGA (102) (if present) includes
functionality to calculate P and/or Q parity information for purposes of storing data in the
storage array (108) and/or functionality to perform various calculations necessary to

recover corrupted data stored using the multi-dimensional RAID scheme(s). The RAID
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controller (104) may use the FPGA (102) to offload the processing of various data in
accordance with one or more embodiments of the invention. In one embodiment of the
invention, the storage array (108) includes a number of individual persistent storage
devices including, but not limited to, magnetic memory devices, optical memory devices,
solid state memory devices, phase change memory devices, any other suitable type of
persistent memory device, or any combination thereof. Each of aforementioned devices
may be generically referred to throughout this description as a storage module unless

otherwise specified.

[0025] Those skilled in the art will appreciate that while FIG. 1 shows an FPGA, the
invention may be implemented without an FPGA. Further, those skilled in the art will
appreciate that other components may be used in place of the FPGA without departing
from the invention. For example, the invention may be implemented using an ASIC(s), a
graphics processing unit(s) (GPU), a general purpose processor(s), any other hardware
device capable of calculating P and/or Q parity information for purposes of storing data
in the storage array and/or performing various calculations necessary to recover corrupted
data stored using the multi-dimensional RAID scheme, any devices that includes a
combination of hardware, firmware, and/or software configured to calculate P and/or Q
parity information for purposes of storing data in the storage array (108) and/or to
perform various calculations necessary to recover corrupted data stored using the multi-

dimensional RAID scheme, or any combination thereof.

[0026] FIG. 2A shows a RAID grid in accordance with one embodiment of the invention.
In one embodiment of the invention, if the RAID controller implements a 2D RAID
scheme or a 3D RAID scheme (see FIG. 3A), the RAID controller stores data in a RAID
Grid (200). FIG. 2A shows the conceptual portions of a RAID grid in accordance with
one or more embodiments of the invention. The RAID grid (200) includes a number of
RAID grid locations, where data associated each RAID grid location is ultimately written
to two (or more) unique physical locations in the storage array (see FIG. 2B). The RAID
grid (200) includes (i) a data grid (202), which includes RAID grid locations that store

data received from the client (i.e., data that the client has instructed the RAID controller
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to write to the storage array); (ii) a row P parity group (204), which includes the RAID
grid 1oéations that store the P parity values calculated using data in RAID grid locations
“in a virtual stripe along a row dimension (see FIG. 2A, 214 and FIG. 6A, 602); (iii) a row
Q parity group (206), which includes the RAID grid locations that store the Q parity
values calculated using data in RAID grid locations in a virtual stripe along a row
dimension (see FIG. 2A, 214 and FIG. 6A, 602); (iv) a column P parity group (208),
which includes the RAID grid locations that store the P parity values calculated using
data in RAID grid locations in a virtual stripe along a column dimension (see FIG. 2A,
214 and FIG. 6A, 604); (v) a column Q parity group (210), which includes the RAID grid
locations that store the Q parity values calculated using data in RAID grid locations in a
virtual stripe along a column dimension (see FIG. 2A, 214 and FIG. 6A, 602); and (vi) an
intersection parity group (212), which includes parity values calculated using (a) data
from RAID grid locations in row P parity group (204), (b) data from RAID grid locations
in row Q parity group (206), (c) data from RAID grid locations in column P parity group
(208), and (d) data from RAID grid locations in column Q parity group (210) (described
below).

[0027] Referring to row (214), in one embodiment of the invention, the data stored in
RAID grid location denoted as Py, in row (214) is calculated by applying a P parity
function to all RAID grid locations in the row (214) that includes data (e.g., P =fp (D1,
D,, D3, D4). Similarly, in one embodiment of the invention, the data stored in RAID grid
location denoted as Q,, in row (214) is calculated by applying a Q parity function to all
RAID grid locations in the row (214) that includes data (e.g., Q2 = fq (D1, D2, D3, Dy).

[0028] Referring to column (216), in one embodiment of the invention, data stored in the
RAID grid location denoted as Pe in column (216) is calculated by applying a P parity
function to all RAID grid locations in the column (216) that includes data (e.g., Pce =/fp
(Ds, Ds, Dg, D;). Similarly, in one embodiment of the invention, data stored in the RAID
grid location denotes by Qcs in column (216) is calculated by applying a Q parity
function to all RAID grid locations in the column (216) that includes data (e.g., Qcs = fq
(Ds, D, Ds, D7) .
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[0029] Referring to the intersection parity group (212), in one embodiment of the
invention, the data stored in the RAID grid location denoted as I,; may be calculated by
applying a P parity function to all RAID grid locations in the row P Parity Group (204) or
by applying a P parity function to all RAID grid locations in the column P Parity Group
(208). For example, I;;=/fp (P;1, P, Pr3, Pra) or Iry =fp (Pcs, Pes, Per, Pes).

[0030] In one embodiment of the invention, the data stored in the RAID grid location
denoted as I, may be calculated by applying a P parity function to all RAID grid
locations in the row Q Parity Group (204) or by applying a Q parity function to all RAID
grid locations in the column P Parity Group (208). For example, 1= fp (Qr1, Qr, Qm,
Qu) or Iz = fq (Pes, Pes, Per, Pes).

[0031] In one embodiment of the invention, the data stored in the RAID grid location
denoted as I3 may be calculated by applying a P parity function to all RAID grid
locations in the column Q Parity Group (210) or by applying a Q parity function to all
RAID grid locations in the row P Parity Group (204). For example, 1= fp (Qcs, Qess Qs
Qcs) or L3 =fo (Pe1, Pea, Pe3, Pea).

[0032] In one embodiment of the invention, the data stored in the RAID grid location
denoted as I4 may be calculated by applying a Q parity function to all RAID grid
locations in the column Q Parity Group (210) or by applying a Q parity function to all
RAID grid locations in the row Q Parity Group (206). For example, L4 = Ja (Qcrs Qs

Qc3, Qc4) or Ir4=fQ (Q05> Qc6a Qc7: QCS)‘

[0033] In one embodiment of the invention, the P and Q parity functions used to
calculate the values for all of parity groups may correspond to any P and Q parity

functions used to implement RAID 6.

[0034] As discussed above, the RAID grid (200) shown in FIG. 2A represents the
conceptual layout of a RAID grid. However, the relative location of the various RAID
grid locations may vary across a row and or a column. For example, referring to row
(214), the relative location of RAID grid locations that include data (denoted by “D”) and
the RAID grid locations that include parity data (i.e., the RAID grid locations denoted as
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“P.” and “Q,”) may be as follows: <D, Da, Py, D3, Qr, Ds>, <Pn, Qn, Dy, Dy D3 Ds>,
or any other arrangement within row (214). Similarly, referring to column (216), the
relative location of RAID grid locations that include data (denoted by “D”) and the RAID
grid locations that include parity data (i.e., the RAID grid locations denoted as “P.” and
“Q.”) may be as follows: <Ds, Dj, Ds, Pes, Ds, Qes™>, <Pes, Ds, D2, Qcs, D¢, D7>, or any

other arrangement within column (216).

[0035] The RAID controller (or another entity in the system) may determine to which
physical addresses in the storage array each of the RAID grid locations is written. This
determination may be made prior to receiving any of the data (denoted as “D”) for a
particular RAID grid from the client. Alternatively, the determination may be made prior

to writing the data in the RAID grid locations to the storage array.

[0036] Those skilled in the art will appreciate that while FIG. 2A shows a RAID grid that
is 6x6, the RAID grid may be implemented using any other dimensions without departing

from the invention.

[0037] In one embodiment of the invention, the P parity value is a Reed-Solomon
syndrome and, as such, the P Parity function may correspond to any function that can
generate a Reed-Solomon syndrome. In one embodiment of the invention, the P parity

function is an XOR function.

[0038] In one embodiment of the invention, the Q parity value is a Reed-Solomon
syndrome and, as such, the Q Parity function may correspond to any function that can
generate a Reed-Solomon syndrome. In one embodiment of the invention, a Q parity
value is a Reed-Solomon code. In one embodiment of the invention, Q = g° - Do + g Dy
+ g2 Doy 4 g”'1 - Dy.1, where Q corresponds any one of the Q parity values defined with
respect to FIG. 2A, g is a generator of the field, and the value of D corresponds to the
data (which may include both values from the data grid and/or values from one or more

rows or columns that include P or Q parity values).

[0039] Those skilled in the art will appreciate that while the RAID grid in FIG. 2A

includes P and Q parity for each row and column, embodiments of the invention may be



WO 2014/113175 PCT/US2013/076073

implemented using greater or fewer parity values without departing from the invention.
For example, each row and column may only include a P parity value. In another
example, each row and column may include three parity values. The aforementioned
examples are not intended to limit the invention. In one embodiment of the invention,
regardless of the number of parity values used in the implementation of the invention,

each of the parity values is a Reed-Solomon syndrome.

[0040] FIG. 2B shows virtual and physical stripes in accordance with one embodiment of
the invention. In one embodiment of the invention, each RAID grid location (e.g., 222) is
associated with two physical locations in persistent storage (218, 220). For purposes of
this description, the two physical locations may be referred to as physical location left
(PLy) and physical location right (PLg). The aforementioned labels are included solely

for the purpose of describing the invention but are not intended to limit the invention.

[0041] Each of the aforementioned physical locations (PL (218), PLgr (220))
corresponds to a distinct physical location in the persistent storage. In one embodiment
of the invention, the physical locations may be on the same storage module but on
different NAND chips (on the same NAND die) in the storage module. Alternatively,

each of the physical locations may be located on separate storage modules.

[0042] Returning to FIG. 2B, each row and column in the RAID grid shown in FIG. 2A
may be referred to as a virtual stripe. For example, as shown in FIG. 2B, one virtual
stripe is row (214), where row (214) is made up of RAID grid locations (denoted as Di,
D,, D3, P, Qu, D4). As discussed above, each of the RAID grid location is associated
with two physical locations in persistent storage. From this it follows that each virtual
stripe is associated with two physical stripes (214L, 214R) denoted as physical stripe left
(PSL) and physical stripe right (PSR). The aforementioned labels are included solely for
the purpose of describing the invention but are not intended to limit the invention. PSL
(214L) includes all PLys associated with the RAID grid locations for row (214) and PSR
(214R) includes all PLgs associated with the RAID grid locations for row (214). As is
discussed below, the parity values in each of PSL and PSR are calculated using the data

values in the PSL and PSR. If the virtual stripe is operating in mirrored mode then the

10
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parity values in a PSL and a PSR for a given virtual stripe are identical. Alternatively, if
the virtual stripe is operating in non-mirrored mode then the parity values in a PSL and a

PSR for a given virtual stripe may be different.

[0043] Referring to FIG. 2B, the value of PLs;, is determined by applying a P parity
function to PLys that include data (as opposed to parity values) in the PSL (e.g., PLs. =
fp (PLyL, PLyr, PLsp, PLy). Similarly, the value of PL4 is determined by applying a Q
parity function to PL_s that include data (as opposed to parity values) in the PSL (e.g.,
PLs. = fo (PLi1, PLor, PL3y, PLa). The location of data values and parity values in a
given PSL and PSR correspond to the location of data values and parity values in the
corresponding virtual stripe. For example, n FIG. 2B, the virtual stripe (214) P parity
values are associated with RAID grid location Por . Accordingly, PLs;, and PLsg include

P parity values.

[0044] FIG. 2C shows a storage module in accordance with one embodiment of the
invention. As shown in FIG. 2C, values (data or parity) associated with a given RAID
grid location may be written to the same storage module (224) but to different chips (226,
228) in the storage module. In one embodiment of the invention, the physical address
corresponding to the physical location in the storage module may be represented using
the following n-tuple: <storage module, channel, chip, plane, block, page, byte>. In such
embodiments and with reference to FIG. 2C, the physical locations for PL; and PLr may
be associated with the following physical addresses: PLi:<storage module, channel,
chip0, plane, block, page, byte> and PLg:<storage module, channel, chipl, plane, block,
page, byte>. Those skilled in the art will appreciate that the physical address in the
storage module may be represented using other n-tuples without departing from the

invention.

[0045] FIG. 3A shows a RAID cube and various views of the RAID cube in accordance
with one embodiment of the invention. As shown in FIG. 3A, a RAID cube (300)
corresponds to a conceptual stack of RAID grids (for clarity only RAID grid (304) is
shown within the RAID cube (300)). As discussed above, the RAID controller (or

another entity in the system) selects the physical addresses within the storage array in

11
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which to store the data for each of the RAID grid locations. In one embodiment of the
invention, the selection of the physical addresses may be determined in accordance with
the IFDs for which the RAID grid (or RAID cube) is designed to protect against. Said
another way, the physical addresses may be selected in a manner to protect against
failures in one or more IFDs. For example, as shown in FIG. 3A, each RAID grid
location (not shown) for a given RAID grid (304) is written to a physical address (or will
be written to a physical address) in the storage array (not shown) that is selected using a
unique pair of values from IFD 1 and IFD 2, but has the same value for IFD 3. For
example, if the data in the storage array is stored in NAND flash, where the NAND flash
is part of a storage module (which includes multiple NAND dies), then the IFDs may be
as follows: (i) IFD 1 = storage module, (ii) IFD 2 = channel, and (iii) IFD 3 = NAND die.
Accordingly, in a given RAID grid, the data in each RAID grid location is written to a
unique combination of storage module (IFD 1) and channel (IFD 2) but is written to the
same NAND die (on each of the storage modules). Those skilled in the art will
appreciate that the invention is not limited to the three independent fault domains
described abéve. Further, those skilled in the art will appreciate that the invention is not

limited to a storage array that includes NAND flash.

[0046] Continuing with FIG. 3A, as discussed above, the RAID cube (300) is conceptual
stack of RAID grids. More specifically, in one embodiment of the invention, the RAID
cube (300) may include (i) a data portion (314), which includes two or more RAID grids
(304, 306, 308) (see FIG. 2A) and a parity portion (316) that includes a P parity RAID
grid (310) and a Q parity RAID grid (312).

[0047] In one embodiment of the invention, the RAID grids (304, 306, 308) in the data
portion (314) include parity data (see FIG. 2A), which allows data within the RAID grid
to be recovered using only data (including parity data) within the RAID grid. In one
embodiment of the invention, the RAID cube is arranged such that data for a given RAID
grid location in a given RAID grid (304, 306, 308) may be recovered using data
(including parity data) from other RAID grids (in both the data portion (314) and the

12
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parity portion (316)). In one embodiment of the invention, the parity portion (316) of the

RAID cube enables such a recovery mechanism.

[0048] In one embodiment of the invention, the P parity RAID grid (310) is the same
dimension as the underlying RAID grids (304, 306, 308), where the data in every RAID
grid location within the P Parity RAID grid is calculated by applying a P parity function
(e.g., an XOR function) to data (including parity data) from the RAID grids in the data
portion (316) (see FIGS. 3B-3C) Similarly, the Q parity RAID grid (316) is the same
dimension as the underlying RAID grids (304, 306, 308), where the data in every RAID
grid location within the Q Parity RAID grid is calculated by applying a Q parity function
to data (including parity data) from the RAID grids in the data portion (316) (see FIGS.
3B-3C).

[0049] FIGS. 3B-3C show an example of populating a RAID cube in accordance with
one or more embodiments of the invention. The example is not intended to limit the

scope of the invention.

[0050] Consider the RAID cube depicted in FIG. 3A, which includes RAID grid 1 (304)
RAID grid 2 (306), RAID grid 3 (308), P parity RAID grid (310), and Q parity RAID
grid (312). Further, each RAID grid (304, 306, 308) in the RAID cube includes RAID
grid locations that are written across IFD 1 and IFD 2 but have a constant value of IFD 3.
Accordingly, in one embodiment of the invention, the value of a RAID grid location (the
“target RAID grid location”) in a RAID grid may be recovered using (i) only values of
RAID grid locations in the row or column in which the target RAID grid location is
located; (ii) using values of any RAID grid location within the RAID grid in which the
target RAID grid location is located; or (iii) using values of any RAID grid location
within the RAID cube in which the target RAID grid location is located. Said another
way, in one embodiment of the invention, the arrangement of the data and parity values
within the RAID grid and/or RAID cube allows the value in a target RAID grid location
to be recovered when there are more than two errors in each of the row and column in

which the target RAID grid location is located.
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[0051] Referring to FIG. 3B, FIG. 3B includes three RAID grids (304, 306, 308), which
make up the data portion (314) of the RAID cube (300). Each of the RAID grid location
in each of the RAID grids (304, 306, 308) includes a 3-tuple defining the physical
location in the storage array in which the data in the RAID grid location is written. In
this example, the elements in the 3-tuple correspond to IFDs as follow: <IFDI, IFD2,
IFD3>. The 3-tuples illustrate how the physical locations in the storage array are selected
across the various IFDs. In particular, each of the RAID grid location in RAID grid 1
includes a unique combination of IFD1 and IFD2, but the same value for IFD3. For
example, if [FD1 is a storage module, IFD2 is a channel, and IFD3 is a NAND die, then
3-tuple <4,2,1> indicates that the data in the particular RAID grid location will be written
to a physical address(es) corresponding to a physical location(s) in NAND die 1 in
Storage module 4 using Channel 2. Similarly, the 3-tuple <2,3,1> indicates that the data
in the particular RAID grid location will be written to a physical address(es)
corresponding to a physical location(s) in NAND 1 in Storage module 2 using Channel 3.

[0052] RAID grid 2 (306) and RAID grid 3 (308) are arranged in a similar manner to
RAID grid 1 (304). However, the value for IFD3 in the 3-tuples for RAID grid locations
in RAID grid 2 (306) is different than the value of IFD3 in the 3-tuples for RAID grid
locations for RAID grid 1 (304). Further, the value for IFD3 in the 3-tuples for RAID
grid locations for RAID grid 3 (308) is different than the value of IFD3 in the 3-tuples for
RAID grid locations for RAID grid 1 (304) and for RAID grid 2 (306).

[0053] Referring to FIG. 3C, data in each of the RAID grid locations in P Parity RAID
grid (310) are arranged in a similar manner to RAID grid 1 (304), RAID grid 2 (306), and
RAID grid 3 (308). Further, as described above, the value of the data in each of the
RAID grid locations in P Parity RAID grid (310) is calculated using data from one RAID
grid location in each of the data grids in the RAID cube (i.e., RAID grid 1 (304), RAID
grid 2 (306), and RAID grid 3 (308)). For example, the value of the data at RAID grid
location <1, 1, 4> in the P Parity RAID grid (310) is determined by applying a P parity
function (e.g., an XOR function) to data from the following RAID grid locations: (i) data
from RAID grid 1 (304) <1,1,1>, (ii) data from RAID grid 2 (306) <1,1,2>, and (iii) data
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from RAID grid 3 (308) <1,1,3>. The values for data in the other RAID grid locations in
P Parity RAID grid (310) are calculated in a similar manner.

[0054] Further, data in each of the RAID grid locations in Q Parity RAID grid (312) are
arranged in a similar manner to RAID grid 1 (304), RAID grid 2 (306), and RAID grid 3
(308). Further, as described above, the value of the data in each of the RAID grid
locations in Q Parity RAID grid (312) is calculated using data from one RAID grid
location in each of the data grids in the RAID cube (i.e., RAID grid 1 (304), RAID grid 2
(306), and RAID grid 3 (308)). For example, the value of the data at RAID grid location
<1, 1, 5> in the Q Parity RAID grid (312) is determined by applying a Q parity function
(as described above) to data from the following RAID grid locations: (i) data from RAID
grid 1 (304) <1,1,1>, (ii) data from RAID grid 2 (306) <1,1,2>, and (iii) data from RAID
grid 3 (308) <1,1,3>. The values for data in the other RAID grid locations in Q Parity

RAID grid (312) are calculated in a similar manner.

[0055] FIGS. 4A-4B show relationships between the various components in the system
in accordance with one or more embodiments of the invention. In one embodiment of the
invention, the RAID controller includes one or more data structures to track the
relationships shown in FIGS. 4A-4B. The RAID controller may track one or more of the
following relationships without departing from the invention. Said another way, the
RAID controller may implement the invention without tracking all of the relationships
shown in FIGS. 4A-4B.

[0056] In one embodiment of the invention, each RAID cube (400) is associated with two
or more RAID grids (402A, 402N). If the RAID controller does not implement RAID
grids then the relationship between RAID cubes and RAID grids is not tracked.

[0057] Each RAID grid (402) is associated with two or more grid locations (also referred
to as RAID grid locations) (404A, 404N). The number of grid locations associated with
each RAID grid may vary based on the implementation of the RAID grid.

[0058] As shown in FIG. 2B, each grid location (404) is associated with at least two
physical locations (406A, 406B). If there are two physical locations associated with the
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grid location, then the physical locations may be referred to as physical location left
(406A) and physical location right (406B). In one embodiment of the invention, all grid
locations associated with a particular RAID grid are associated with the same number of
physical locations. However, grid locations associated with other RAID grids
implemented by the RAID controller may be associated with a different number of

physical locations.

[0059] As discussed above, each RAID grid (402) is associated with one or more virtual
stripes (408A, 408N) (see FIG. 2B), where each of the virtual stripes (408) is made up of
sets of grid locations (404A, 404N) associated with the RAID grid (402). A given grid
location (404A, 404N) may be associated with multiple virtual stripes (408).

[0060] As shown in, e.g., in FIG. 2B, each virtual stripe (408) is associated with at least
two physical stripes (401A, 410B). If there are two physical stripes associated with the
virtual stripe, then the physical stripes may be referred to as physical stripe left (410A)
and physical stripe right (410B). In one embodiment of the invention, all virtual stripes
associated with a particular RAID grid are associated with the same number of physical
stripes. However, virtual stripes associated with other RAID grids implemented by the

RAID controller may be associated with a different number of physical stripes.

[0061] Each virtual stripe (408) is associated with a storage mode (412). The storage
mode may be mirrored mode or non-mirrored mode. In mirrored mode, the physical
stripes associated with the virtual stripe include the same data (including parity data). In
non-mirrored mode the physical stripes associated with the virtual stripe may include
different data (including parity data). In one embodiment of the invention, a given RAID
grid may include virtual stripes that are in mirrored mode and virtual stripes that are in
non-mirrored mode. In an alternate embodiment of the invention, the storage mode may
be specified on a per grid location basis as opposed to a per virtual stripe basis. In such
embodiments, a given virtual stripe may include grid locations implementing both

mirroring and non-mitroring mode.

[0062] Each physical location is associated with a state (414). The state (414) may be set
as filled (denoting that data (or parity data) has been written to the physical location) or
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empty (denoting that no data (or parity data) has been written to the location). The state
of the physical location may also be set to filled if the RAID controller has identified data
in the RAID controller to write to the physical location (see e.g., FIG. 5SA, Step 516).

The RAID controller may initialize the state of each physical location to empty.

[0063] Each physical location (406) is associated with a physical address (416), which
defines the physical location within the persistent storagé. The physical address may be
specified using the following n-tuple: <storage module, channel, chip, plane, block, page,
byte>. Other n-tuples may be used to represent the physical address without departing
from the invention. Further, other forms of physical addresses may be used without

departing from the invention.

[0064] Each physical address (406) is also associated with a logical address (418), e.g.,
<object, offset> (400), which identifies the data from the perspective of the client. Any
form of logical address may be used without departing the invention. The RAID
controller may provide a mechanism for translating or otherwise associating a particular

logical address with a particular physical address.

[0065] Though not shown in FIGS. 4A-4B, the RAID controller may also maintain
information about the RAID grid geometry. The RAID grid geometry may include, but is
not limited to, the size of RAID grid, the IFD associated with each dimension of the
RAID grid, the size of the RAID cube, the IFD associated with each dimension of the
RAID cube, and the location of each P and Q parity value (including parity values within
the intersection parity group (see FIG. 2A)) within each row and/or column within each

RAID grid.

[0066] FIGS. 5A-5C show flowcharts in accordance with one or more embodiments of
the invention. More specifically, FIGS. SA-5C show a method for storing data in a
storage array in accordance with one or more embodiments of the invention. While the
various steps in the flowchart are presented and described sequentially, one of ordinary
skill will appreciate that some or all of the steps may be executed in different orders, may

be combined or omitted, and some or all of the steps may be executed in parallel. In one
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embodiment of the invention, the methods shown in FIGS. 5A, 5B, and 5C may be

performed in parallel.

[0067] Referring to FIG. SA, in step 500, a request to write data is received from the
client. In one embodiment of the invention, the request includes the logical address of
the data that the client is requesting to be written to the storage array. In step 502, the
storage mode (e.g., mirrored or non-mirrored) is determined. In one embodiment of the
invention, the storage mode is determined based on information in the request from the
client or based on information communicated to the client in a separate request or by
another communication mechanisms. In other embodiments of the invention, the storage
mode is determined by the RAID controller (or another process or component in the
system). In such embodiments the RAID controller (or another process or component in
the system) determines the storage mode based on, for example, policy settings,
information about the client that issued the write request, QoS guarantees, and/or

information about the data (e.g., size, type, etc.).

[0068] In Step 504, a determination is made about whether there is an available grid
location(s) that implements the storage mode determined in Step 502. In one
embodiment of the invention, the determination is step 504 involves searching for
available grid locations in the currently active RAID grids (i.e., RAID grids in which the
data grid portion, 202 in FIG. 2A, is not filled) using, for example, the data structures that
store information as described in FIGS. 4A-4B. If there is an available grid location(s),
the grid location(s) is identified and the process proceeds to Step 512; otherwise, the

process proceeds step 506.

[0069] In Step 506, a new RAID grid is allocated. In Step 508, a virtual stripe is selected
from the new RAID grid. In Step 510, the storage mode for the selected virtual stripe has

a storage mode corresponding to the storage mode determined in Step 502.

[0070] In Step 512, a grid location is selected. In one embodiment of the invention, the
grid location is either selected from the grid locations identified in step 504 or from the

grid locations in the new virtual stripe selected in step 508.
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[0071] In one embodiment of the invention, if the storage mode is determined on a per
grid location basis instead of a per virtual stripe basis, then the steps 508 and 510 may be

performed a particular grid location as opposed to a virtual stripe.

[0072] Continuing with FIG. 5A, in Step 514, the physical location(s) associated with the
grid location is determined. In one embodiment of the invention, the number of physical
locations identified depends on the storage mode determined in Step 502. For example, if
the storage mode is non-mirrored then only one physical location associated with the grid
location is identified. Alternatively, if the storage mode is mirrored, then at least two

physical locations associated with the grid location are identified.

[0073] In Step 516, the RAID controller updates one or more of the data structures to
reflect that data is to be written to the physical location(s) (see FIGS. 4A-4B). The steps

shown in FIG. SA may be preformed each time data is to be written to the storage array.

[0074] Referring to FIG. 5B, FIG. 5B shows a method for writing a RAID grid to the
storage array in accordance with one or more embodiments of the invention. Referring to
FIG. 5B, in step 520, a determination is made about whether a data grid within a given
RAID grid (e.g., 202 in FIG. 2A) is filled. In one embodiment of the invention, the data
grid is “filled” when all the state of all physical locations associated with the grid
locations in the data grid are set to filled. In one embodiment of the invention, this
determination is made using one or more of the data structures described with respect to
FIGS. 4A and 4B, If the data grid within a given RAID grid is filled, the process proceeds

to step 522; otherwise, the process ends.

[0075] In step 522, the P parity is calculated for each physical location corresponding to
a RAID grid location in the Row P parity group (e.g., 204 in FIG. 2A) using the
appropriate values from the corresponding physical locations (see e.g., F1G. 2B discussed
above). In step 524, the Q parity is calculated for each physical location corresponding to
a RAID grid location in the Row Q parity group (e.g., 206 in FIG. 2A) using the
appropriate values from the corresponding physical locations (see e.g., FIG. 2B discussed
above). In step 526, the P parity is calculated for each physical location corresponding to

a RAID grid location in the Column P parity group (e.g., 208 in FIG. 2A) using the
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appropriate values from the corresponding physical locations (see e.g., FIG. 2B discussed
above). In step 528, the Q parity is calculated for each physical location corresponding to
a RAID grid location in the Column Q parity group (e.g., 210 in FIG. 2A) using the
appropriate values from the corresponding physical locations (see e.g., FIG. 2B discussed

above).

[0076] In step 530, the parity values for each physical location corresponding to a RAID
grid locations in the intersection parity group (e.g., 212 in FIG. 2A) are calculated using
the appropriate values from the physical locations corresponding to RAID grid locations
in one or more of the Row P parity group (e.g., 204 in FIG. 2A), Row Q parity group
(e.g., 206 in FIG. 2A), Row Q parity group (e.g., 206 in FIG. 2A), and Column Q parity
group (e.g., 210 in FIG. 24).

[0077] In step 532, the data associated with each physical location corresponding to a
RAID grid location for the RAID grid is written to the appropriate physical address in the
storage array. In one embodiment of the invention, the data (including parity data) is
written to the storage array in two phases. In the first phase data or parity data associated
with each physical location associated with the left portions of grid locations in the RAID
grid is written, in parallel, to an appropriate storage module. In the second phase, data or
parity data associated with each physical location associated with the right portions of
grid locations in the RAID grid is written, in parallel, to an appropriate storage module.
An example of the two phase write is described below in FIGS. 6A-6C. In one
embodiment of the invention, the physical address in which to write data for each of the
RAID grid locations is obtained from the one or more of the data structures described
with respect to FIGS. 4A-4B. In step 534, one or more data structures described with
respect to FIGS. 4A-4B are updated to reflect that the RAID grid has been written to the

storage array.

[0078] While the above embodiment describes writing all data (including parity data) for
a RAID grid in parallel, the writing of the data (including parity data) may be staged
without departing from the invention. For example, the data (excluding the parity data)

may be written to the storage array in parallel while the parity data may be written to the
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storage array at a later time. The writes may be staged in other ways without departing

from the invention.

[6079] In one embodiment of the invention, if the RAID controller is implementing a 3D
RAID scheme, then the RAID controller may perform the method shown in FIG. 5C.
Referring to FIG. 5C, in step 536, a determination is made about whether a data portion
of the RAID cube is filled. In one embodiment of the invention, the data portion of
RAID cube is filled when the state of all physical locations corresponding to grid
locations in the data portion of the RAID cube are set to filled. If the data portion of the
RAID cube is filled, the process proceeds to Step 538; otherwise the process ends. In one
embodiment of the invention, this determination is made using one or more of the data

structures described with respect to FIGS. 4A-4B.

[0080] In step 538, the P parity values for each physical location corresponding to a
RAID grid location in the P parity RAID grid (e.g., 310 in FIG. 3A) is calculated. In one
embodiment of the invention, the values for each of the RAID grid locations is calculated
using one value obtained from each of the RAID grids in the data portion (e.g., 314 in
FIG. 3A) of the RAID cube.

[0081] In step 540, the Q parity values for each physical location corresponding to a
RAID grid location in the Q parity RAID grid (e.g., 312 in FIG. 3A) is calculated. In one
embodiment of the invention, the values for each of the RAID grid locations is calculated
using one value obtained from each of the RAID grids in the data portion (e.g., 314 in
FIG. 3A) of the RAID cube.

[0082] In step 542, the data associated with each physical location corresponding to a
RAID grid location in the Parity RAID grids (e.g., P Parity RAID Grid and Q Parity
RAID Grid) is written to the appropriate physical address in the storage array. In one
embodiment of the invention, the physical address in which to write data for each of the
RAID grid locations is obtained from the one or more of the data structures described
with respect to FIGS. 4A-4B. In step 544, one or more data structures described with
respect to FIGS. 4A-4B are updated to reflect that the RAID cube has been written to the

storage array.
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[0083] FIGS. 6A-6C show an example in accordance with one or more embodiments of

the invention. The example is not intended to limit the scope of the invention.

[0084] Referring to FIG. 6A, shows a RAID grid (600) that includes 36 grid locations
(GL). Further, the physical locations corresponding to the aforementioned GL are —
distributed across storage modules and channels as shown in FIG. 6A. Consider the
scenario in which four portions of data (D;a-Dsa) are written to be written to physical
locations corresponding to GL;, GL,, GL3;, GL4 in virtual stripe (602). Further, for
purposes of this example, assume that the virtual stripe is implementing mirrored mode
and that GLs includes the P parity values and GL¢ includes the Q parity values for the
virtual stripe (602). The following table summarizes the data stored in each of the
corresponding physical locations with the virtual stripe (602) when the virtual stripe is

implementing mirrored mode.

Table 1: Mirrored Mode

Grid Location Physical Location Data Stored in Physical Location
GL, PLy, Dia
GL, Pl Dja
GL, PL., Dia
GL, Pl Dya
GL, PLi;5 Dsa
GL, Plgs Dsa
GL, PLy, Dya
Gl PLrs Daa
GLs PL;s P-parity = fp(D1a, Dya, Dia, Dan)
GL;s PLgs P-parity = fp(D1a, Doa, D3s, Dan)
GLg PLis Q-parity = fo(Dia, Dya, Dsa, Daa)
GL, PLgs Q-parity = fo(D), D4, Dia, Dya)

[0085] Consider an alternate scenario in which eight portions of data (D;a-Dsa and Dip-

Dyg) are written to be written to physical locations corresponding to GL;, GL,, GL3, GL4
in virtual stripe (602). Further, for purposes of this example, assume that the virtual
stripe is implementing non-mirrored mode and that GLs includes the P parity values and
GLg includes the Q parity values for the virtual stripe (602). The following table
summarizes the data stored in each of the corresponding physical locations with the

virtual stripe (602) when the virtual stripe is implementing non-mirrored mode.
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Table 2: Non-Mirrored Mode Example

Grid Location Physical Location Data Stored in Physical Location
GL, PLy, Dia
GL, PLp Dip
GL, PL;, Dsa
GL, PLyg, Dop
GL, PLis Dia
GL, PLgs Dsp
GL4 PLL4 D4A
GL, PLg4 Dyg
GL; PL;s P-parity = fp(Di, Daa, D3a, Daa)
GLs PLgs P-parity = fp(Dg1, Dpa, Dg3, Dg4)
GLg PLis Q-parity = fo(Dia, Daa, D3, Daa)
GLg Plgs Q-parity = f5(D), Dyg, D3p, Dup)

[0086] Referring to FIG. 6A, virtual stripe (604) may be populated in the same manner as

described above with respect to virtual stripe (602).

[0087] In one embodiment of the invention, once each physical location in the RAID grid
is associated with data from the client or parity data (i.e., P or Q parity data), the RAID
grid is ready to be written to the storage modules. The writing process is divided into two
phases. In the first phase, data or parity data associated with each physical location
associated with the left portions of grid location is written, in parallel, to an appropriate
location in the storage array. In the second phase, data or parity data associated with each
physical location associated with the right portions of grid location is written, in parallel,

to an appropriate location in the storage array.

[0088] The following is an example of writing data (denoted as D) to the storage array in
accordance with the mirrored mode. In this example assume that data (Djs-Dsa) (as
described above) is to be written to the storage array. When the RAID grid (that includes
the virtual stripe (602)) is ready to be written to the storage array, the RAID controller
(not shown) issues, in parallel, thirty—siX write commands in phase 1 of the write process.
Specifically, six write commands are issued to each storage module, where each write
command for a given storage module targets a different chip on the storage module.
Table 3 shows a subset of write commands corresponding to the “Left Portion” of the

virtual stripe (602) issued during phase 1 of the write process.
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Table 3: Phase 1 Write Commands for “Left Portion” of Grid Locations

Write Physical Physical Address

Commands Location

Command 1 PL;, <flash module 1, channel 1, chip 0, plane 1, block 1, page 1, byte 1>
Command 2 PL., <flash module 2, channel 1, chip 0, plane 1, block 1, page 1, byte 1>
Command 3 PLi; <flash module 3, channel 1, chip 0, plane 1, block 1, page 1, byte 1>
Command 4 PLis <flash module 4, channel 1, chip 0, plane 1, block 1, page 1, byte 1>
Command 3 PLs : <flash module 5, channel 1, chip 0, plane 1, block 1, page 1, byte 1>
Command 6 PLig <flash module 6, channel 1, chip 0, plane 1, block 1, page 1, byte 1>

[0089] Following phase 1 of the write process, the RAID controller issues, in parallel,

thirty-six write commands in phase 2 of the write process. Specifically, six write
commands are issued to each storage module, where each write command for a given
storage module targets a different chip on the storage module. Table 4 shows a subset of
write commands corresponding the “Right Portion” of the virtual stripe (602) issued

during phase 2 of the write process.

Table 4: Phase 2 Write Commands for “Right Portion” of Grid Locations

Write Physical Target Location
Commands | Location
Command 7 PLg, <flash module 1, channel 1, chip 1, plane 1, block 1, page 1, byte 1>
Command 8 PLy, <flash module 2, channel 1, chip 1, plane 1, block 1, page 1, byte 1>
Command 9 PLgs <flash module 3, channel 1, chip 1, plane 1, block 1, page 1, byte 1>
Command 10 PLgs <flash module 4, channel 1, chip 1, plane 1, block 1, page 1, byte 1>
Command 11 Plys <flash module 5, channel 1, chip 1, plane 1, block 1, page 1, byte 1>
Command 12 PLgs <flash module 6, channel 1, chip 1, plane 1, block 1, page 1, byte 1>
[0090] FIG. 6B shows which chips in each of the flash modules are actively writing (W)

or available to service a read request (R) during each of the aforementioned write phases.
FIG. 6C shows the state of the 12 chips in the storage modules after the commands in

Tables 3 and 4 have been issued.

[0091] FIGS. 7A-7B show flowcharts in accordance with one or more embodiments of
the invention. More specifically, FIGS. 7A-7B show a method for obtain data from the
storage array in accordance with one or more embodiments of the invention. While the
various steps in the flowchart are presented and described sequentially, one of ordinary

skill will appreciate that some or all of the steps may be executed in different orders, may
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be combined or omitted, and some or all of the steps may be executed in parallel. In one
embodiment of the invention, the methods shown in FIGS. 7A and 7B may be performed

in parallel.

[0092] In Step 700, a request to obtain data from the persistent storage is received. In
one embodiment of the invention, the request may be a read request issued by a client. In
one embodiment of the invention, the request may specify a logical address associated

with the data.

[0093] In Step 702, the physical address(es) associated with the requested data are
obtained. In one embodiment of the invention, the aforementioned physical addresses

may be determined using the data structures described above with respect to FIGS. 4A-
4B.

[0094] In Step 704, a determination is made about whether the data is mirrored. In one
embodiment of the invention, this determination may include (i) determining the grid
location with which the physical address is associated, (ii) determining the virtual stripe
with which the grid location is associated, and (iii) determining the storage mode
associated with the virtual stripe identified in (ii). If the storage mode is set on a per grid
level basis, then the determination in Step 704 may be performed by (i) determining the
grid location with which the physical address is associated and (ii) determining the
storage mode associated with the grid location identified in (i). If the virtual storage is
implementing mirrored mode, then the data is mirrored and the process proceeds to Step

706; otherwise the process proceeds to Step 708.

[0095] When the data is mirrored, the data may be obtained from at least two different
physical locations. In such cases, in Step 706, a determination is made about whether any
of the physical locations in which the data is located is non-busy (i.e., the chip on which
the data is location is not currently servicing a write or erase request). If any of the
physical locations in which the data is located is non-busy, the process proceeds to step

710; otherwise the process proceeds to step 708.
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[0096] In Step 708, a read request is issued to the persistent storage using a physical
address obtained in step 702. In Step 710, a read request is issued to the persistent
storage using a physical address (obtained in step 702) corresponding to the non-busy
physical location. In Step 712, data is obtained (via St/ep 708 or 710) from the physical

location corresponding to physical address in the request.

[0097] Referring to FIG. 7B, in step 714, a determination is made about whether the data
obtained in step 712 is corrupted. In one embodiment of the invention, the RAID
controller may implement any known method (e.g., checksums) for determining whether
the data is corrupted. If the data is not corrupted the process proceeds to step 716;
otherwise the process proceeds to step 718. In step 716, the data is returned to the client
and the process ends. In another in embodiment of the invention, if the data is unable to
be obtained — for example, because the persistent storage is damaged or unplugged, or

the read command fails, then process may proceed to Step 718.

[0098] In step 718, the RAID controller determines from which RAID grid the data was
obtained. In step 720, the RAID controller attempts to reconstruct the data using, if
available, a mirrored copy of the data (see FIG. 2A), and/or using physical locations
corresponding to the other RAID grid locations within the row and/or column in which

the physical location that included the data is located.

[0099] In step 722, a determination is made about whether the reconstruction attempt in
step 720 was successful. In one embodiment of the invention, the RAID controller may
implement any known method (e.g, checksums) for determining whether the
reconstruction attempt was successful. If the reconstruction attempt in step 722 was
successful, the process proceeds to step 724; otherwise the process proceeds to step 727.

In step 724, the reconstructed data is returned to the client and the process ends.

[00100] In step 726, the RAID controller attempts to reconstruct the data using physical
locations corresponding to the other RAID grid locations in other rows and/or columns
the RAID grid. In step 727, a determination is made about whether the reconstruction
attempt in step 726 was successful. In one embodiment of the invention, the RAID

controller may implement any known method (e.g., checksums) for determining whether
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the reconstruction attempt was successful. If the reconstruction attempt in step 726 was

successful, the process proceeds to step 724; otherwise the process proceeds to step 730.

[00101) In step 730, the RAID controller attempts to reconstruct the data using physical
locations corresponding to the other RAID grids in the RAID cube. In step 732, a
determination is made about whether the reconstruction attempt in step 730 was
successful. In one embodiment of the invention, the RAID controller may implement any
known method (e.g., checksums) for determining whether the reconstruction attempt was
successful. If the reconstruction attempt in step 730 was successful, the process proceeds
to step 734; otherwise the process proceeds to step 736. In step 734, the reconstructed
data is returned to the client and the process ends. In step 736, the RAID controller
returns an error to the client, which indicates that the requested data cannot be retrieved

from the storage array by the RAID controller.

[00102] Those skilled in the art will appreciate that reconstructing the data using the other
RAID grids in the RAID cube only occurs in the event that the RAID controller is
implementing a 3D RAID scheme.

[00103] FIGS. 8A-8E show an example in accordance with one or more embodiments of
the invention. The example is not intended to limit the scope of the invention. Referring
to FIG. 8A, consider a scenario in which the system includes a RAID grid (800) that
includes a set of grid locations (see e.g., 2A). Further, the grid locations (not shown) are
associated with a set of virtual stripes (not shown) all implementing mirrored mode.
Finally, as shown in FIG. 8A, each of the grid locations (not shown) is associated with a
two physical locations (see e.g., 2B). As result, the RAID grid (800) is associated with
two sets of physical locations — physical locations left (800L) and physical locations right
(800R).

[00104] Referring to FIG. 8B, consider a scenario in which a client requested data that is
located at PLy; in physical locations left (800L) and in PLg,; in physical locations right
(800R). However, the data in PLy; and PLg, is corrupted (as denoted by the shading).
The RAID controller first attempts (per step 720 in FIG. 7B) to reconstruct the data in

PL1; using data from physical locations in row (804) and/or column (802). However,
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because row (804) and column (802) each include three physical locations that include
corrupted data, the data in PL;; cannot be recovered using only data from row (804)
and/or column (802).

[00105] Referring to FIG, 8C, the RAID controller attempts (per step 726 in FIG. 7B) to
reconstruct the data in PLy,; using data from other physical locations in physical locations
left (800L). In this example, there are no rows or columns in physical locations left
(800L) that can be used to ultimately reconstruct PLy;. However, the RAID controller
can use data from PLg, (see FIG. 8B) in physical locations right (800R) in combination
with data in the remaining physical locations in row (806) in physical locations left
(800L) to reconstruct all corrupted data in row (806). Referring to FIG. 8D, based on the
reconstruction of the corrupted data in row (806), the RAID controller is able to
reconstruct all corrupted data in column (808). Finally, referring to FIG. 8E, based on the
reconstruction of the corrupted data in column (808), the RAID controller is able to
reconstruct the data in PLy; using the other non-corrupted data in row (810). In one

embodiment of the invention, the reconstruction of the various corrupted data as shown in

FIGS. 8B-8E are performed as part of step 720 and 726 in FIG. 7B.

[00106] Though not shown in FIGS. 8A-8E, if the data in PL;, could not be reconstructed
| using only the data in the RAID grid, the RAID controller would attempt to reconstruct
the data in PLy; (per Step 7300 in FIG. 7B) using data in other RAID grids within a

RAID cube (not shown) if the RAID controller was implementing a 3D RAID scheme.

[00107] Those skilled in the art will appreciate that while various examples of the
' invention has been described with respect to storing data in a storage array along IFDs
and/or storing data in NAND flash, embodiments of the invention may be implemented

on any multi-dimensional storage device array without departing from the invention. For
example, one or more embodiments of the invention may be implemented using a two
dimensional array of storage devices (magnetic, optical, solid state, or any other type of
storage device), where data for each RAID grid location in a RAID grid is stored on a

separate storage device.
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[00108] Further, in one embodiment of the invention, in the event that the RAID controller
is implementing a 3D RAID scheme using a two dimensional array of storage devices,
the RAID controller may store data for each of the RAID grid locations using the
following n-tuple: <storage device X, storage devices y, logical block address (LBA) z>,
where x and y are the dimensions of the storage device array. Further, for a given RAID
grid the LBA is constant for each RAID grid location for a single RAID grid; however,
the LBA is different across the RAID grids in the RAID cube.

[00109] The above examples for implementing embodiments of the invention using a two-

dimensional storage device array are not intended to limit the scope of the invention.

[00110] Those skilled in the art will appreciate that while the invention has been described
with respect to a 2D RAID scheme and a 3D RAID scheme, embodiments of the

invention, may be extended to any multi-dimensional RAID scheme.

[00111] One or more embodiments of the invention may be implemented using
instructions executed by one or more processors in the system. Further, such instructions
may corresponds to computer readable instructions that are stored on one or more non-

transitory computer readable mediums.

[00112] While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate
that other embodiments can be devised which do not depart from the scope of the
invention as disclosed herein. Accordingly, the scope of the invention should be limited

only by the attached claims.
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CLAIMS

What is claimed is:

1. A non-transitory computer readable medium comprising instructions, which when executed
by a processor perform a method, the method for storing data comprising:
receiving a request to write data;,
determining a storage mode for the data, wherein the storage mode for the data is
mirrored mode;
selecting a Redundant Array of Independent Devices (RAID) grid location in a RAID
grid to write the data based on the storage mode;
writing the data to memory, wherein the data is temporarily stored in the memory;
updating a data structure to indicate that the RAID grid location is filled;
determining, using the data structure, whether a data grid in the RAID grid is filled,
wherein the RAID grid location is in the data grid;
based on a determination that the data grid is filled:
calculating parity values for the RAID grid using the data;
determining a first physical address in persistent storage corresponding to the
RAID grid location;
determining a second physical address in the persistent storage corresponding to
the RAID grid location;
writing the data to a first physical location in the persistent storage corresponding
to the first physical address;
writing the data to a second physical location in the persistent storage
corresponding to the second physical address; and

writing the parity values associated with data grid to the persistent storage.

2. The non-transitory computer readable medium of claim 1, the method further comprising:

receiving a second request to write second data;
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determining a second storage mode for the second data, wherein the storage mode for the
second data is non-mirrored mode;
selecting, a second RAID grid location in the RAID grid to write the data based on the
second storage mode;
writing the second data to the memory, wherein the second data is temporarily stored in
the memory;
updating the data structure to indicate that the second RAID grid location is partially
filled;
receiving a third request to write third data;
determining a third storage mode for the third data, wherein the third storage mode for
the third data is the non-mirrored mode;
selecting, the second RAID grid location in the RAID grid to write the data using the
third storage mode;
writing the third data to the memory, wherein the third data is temporarily stored in the
memory;
updating the data structure to indicate that the second RAID grid location is filled;
based on the determination that the data grid is filled:
determining a third physical address in the persistent storage corresponding to the
second RAID grid location;
determining a fourth physical address in the persistent storage corresponding to
the second RAID grid location;
writing the second data to a third physical location in the persistent storage
corresponding to the third physical address; and
writing the third data to a fourth physical location in the persistent storage

corresponding to the fourth physical address.
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The non-transitory computer readable medium of 2, wherein the RAID grid location is
associated with a virtual stripe, wherein the virtual stripe is associated with a first physical
stripe and a second physical stripe, wherein the first physical location is part of the first
physical stripe and the second physical location is part of the second physical stripe, wherein
the second RAID grid location is associated with a second virtual stripe, wherein the second
virtual stripe is associated with a third physical stripe and a fourth physical stripe, wherein
the third physical location is part of the third physical stripe, and wherein the parity values
stored in the third physical stripe are different than the parity values stored in the forth
physical stripe.

The non-transitory computer readable medium of claim 1, wherein the RAID grid location is
associated with a virtual stripe, wherein the virtual stripe is associated with a first physical
stripe and a second physical stripe, wherein the first physical location is part of the first

physical stripe and the second physical location is part of the second physical stripe.

The non-transitory computer readable medium of claim 1, wherein the RAID grid location is

associated with a virtual stripe, and a second virtual stripe.

The non-transitory computer readable medium of claim 4, wherein the parity values stored in

the first physical stripe are equal to the parity values stored in the second physical stripe.

The non-transitory computer readable medium of claim 1, wherein the first physical location
is specified using an n-tuple comprising a storage module, a channel, and a chip, wherein the
second physical location is specified using the storage module, the channel, and a second

chip.

The non-transitory computer readable medium of 1, wherein the data is written to the first
physical location in persistent storage prior to writing the data to the second physical

location.
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The non-transitory computer readable medium of claim 8, wherein the persistent storage
comprises a plurality of storage modules, wherein each of the plurality of storage modules

comprises solid state memory.

The non-transitory computer readable medium of claim 1, wherein the parity values comprise
at least one selected from a group consisting of P parity values, Q parity values, and

intersection parity values.

The non-transitory computer readable medium of claim 1, wherein the RAID grid comprises
a Row Q Parity Group, a Row P Parity Group, a Column Q Parity Group, a Column P Parity
Group, and an Intersection Parity Group, wherein each of the parity values is associated with
one selected from a group consisting of the Row Q Parity Group, the Row P Parity Group,
the Column Q Parity Group, the Column P Parity Group, and the Intersection Parity Group.

The non-transitory computer readable medium of claim 11, wherein the parity values
associated with the Intersection Parity Group are calculated using the parity values for at
least one selected from a group consisting of the Row Q Parity Group, the Row P Parity

Group, the Column Q Parity Group, and the Column P Parity Group.

A non-transitory computer readable medium comprising instructions, which when executed
by a processor perform a method, the method for obtaining reconstructing data, comprising:
receiving a first request for data;
identifying a grid location in a Redundant Array of Independent Devices (RAID) grid
associated with the data, wherein the grid location is associated with a first
physical location and a second physical location;
making a first determination that a storage mode for the grid location is mirrored mode;
based on the first determination, making a second determination that the first physical
location is busy;
based on the second determination, issuing a second request for the data to the second
physical location; and
in response to the second request, receiving the data from the second physical location,

wherein the grid location is associated with a virtual stripe,
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wherein the virtual stripe is associated with a first physical stripe and a second physical
stripe,
wherein the first physical location is part of the first physical stripe and the second

physical location is part of the second physical stripe.

14. The non-transitory computer readable medium of claim 13, further comprising:
making a third determination that the data obtained from the second physical location is
corrupted;
based on the third determination, issuing a third request for the data to the first physical

location.

15. The non-transitory computer readable medium of claim 14, the method further comprising:
making a fourth determination that the data obtained from the second physical location is
corrupted; and
based on the fourth determination, attempting to reconstruct the data using at least one
selected from a group consisting of the first physical stripe and the second

physical stripe.

16. The non-transitory computer readable medium of claim 14, the method further comprising:
making a fourth determination that the data obtained from the second physical location is |
corrupted; and
based on the fourth determination, attempting to reconstruct the data using the first

physical stripe.

17. The non-transitory computer readable medium of claim 16, the method further comprising:
making a fifth determination that the attempt to reconstruct the data using the first
physical stripe failed; and
based on the fifth determination, attempting to reconstruct the data using the second

physical stripe.

18. The non-transitory computer readable medium of claim 13, wherein the first physical

location is on a first chip in persistent storage and the second physical location is on a second
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chip in the persistent storage, and wherein the first chip and the second chip may perform

Input/Output (I/O) operations in parallel.

19. The non-transitory computer readable medium of claim 18, wherein the /O operations
comprise at least one selected from a group consisting of a read operation, a write operation,

and an erase operation.
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