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SYSTEM AND METHOD FOR RAID
MANAGEMENT, REALLOCATION, AND
RESTRIPPING

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] This application claims priority to U.S. provisional
patent application Ser. No. 60/808,045, filed May 24, 2006,
which is incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates generally to disk drive
systems and methods, and more particularly to disk drive
systems and methods having a dynamic block architecture
RAID Device Management, Reallocation, and Restriping for
optimizing RAID Device layout when changes to RAID
parameters or disk configuration occur.

BACKGROUND OF THE INVENTION

[0003] Existing disk drive systems have been designed in
such a way that a Virtual Volume is distributed (or mapped)
across the physical disks in a manner which is determined at
volume creation time and remains static throughout the life-
time of the Virtual Volume. That is, the disk drive systems
statically allocate data based on the specific location and size
of'the virtual volume of data storage space. Should the Virtual
Volume prove inadequate for the desired data storage pur-
poses, the existent systems require the creation of a new
Virtual Volume and the concomitant copying of previously
stored data from the old Virtual Volume to the new in order to
change volume characteristics. This procedure is time con-
suming and expensive since it requires duplicate physical
disk drive space.

[0004] These prior art disk drive systems need to know,
monitor, and control the exact location and size of the Virtual
Volume of data storage space in order to store data. In addi-
tion, the systems often need larger data storage space,
whereby more RAID Devices are added. As a result, emptied
data storage space is not used, and extra data storage devices,
e.g. RAID Devices, are acquired in advance for storing, read-
ing/writing, and/or recovering data in the system. Additional
RAID Devices are expensive and not required until extra data
storage space is actually needed.

[0005] Therefore, there is a need for improved disk drive
systems and methods, and more particularly a need for effi-
cient, dynamic RAID space and time management systems.
There is a further need for improved disk drive systems and
methods for allowing RAID management, reallocation, and
restriping to occur without loss of server or host data access or
compromised resiliency.

BRIEF SUMMARY OF THE INVENTION

[0006] The present invention, in one embodiment, is a
method of RAID Restriping in a disk drive system. The
method includes selecting an initial RAID device for migra-
tion based on at least one score, creating an alternate RAID
device, moving data stored at the initial RAID device to the
alternate RAID device; and removing the initial RAID
device. The scores may include an initial score, areplacement
score, and an overlay score. Furthermore, the method may be
performed automatically by the system or manually, such as
by a system administrator. The method may be performed
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periodically, continuously, after every RAID device migra-
tion, upon addition of disk drives, and/or before removal of
disk drives.

[0007] The present invention, in another embodiment, is a
disk drive system having a RAID subsystem and a disk man-
ager. The disk manager is configured to automatically calcu-
late a score for each RAID device of the RAID subsystem,
select a RAID device from the subsystem based on the rela-
tive scores of the RAID devices, create an alternate RAID
device, move a portion of the data stored at the selected RAID
device to the alternate RAID device, and remove the selected
RAID device.

[0008] The present invention, in yet another embodiment,
is a disk drive system including means for selecting a RAID
device for migration based on at least one score calculated for
each RAID device, means for creating at least one alternate
RAID device, means for moving data stored at the selected
RAID device to the at least one alternate RAID device, and
means for removing the selected RAID device.

[0009] While multiple embodiments are disclosed, still
other embodiments of the present invention will become
apparent to those skilled in the art from the following detailed
description, which shows and describes illustrative embodi-
ments of the invention. As will be realized, the invention is
capable of modifications in various obvious aspects, all with-
out departing from the spirit and scope of the present inven-
tion. Accordingly, the drawings and detailed description are
to be regarded as illustrative in nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] While the specification concludes with claims par-
ticularly pointing out and distinctly claiming the subject mat-
ter that is regarded as forming the present invention, it is
believed that the invention will be better understood from the
following description taken in conjunction with the accom-
panying Figures, in which:

[0011] FIG.1Aisadisk array having a RAID configuration
in accordance with one embodiment of the present invention.
[0012] FIG. 1B is the disk array of FIG. 1A having an
additional RAID Device.

[0013] FIG. 1C is the disk array of FIG. 1B after removing
a RAID Device.

[0014] FIG. 2Ais adisk array having a RAID configuration
in accordance with another embodiment of the present inven-
tion.

[0015] FIG. 2B is the disk array of FIG. 2A having an
additional RAID Device.

[0016] FIG. 2C is the disk array of FIG. 2B after removing
a RAID Device and adding another RAID Device.

[0017] FIG. 2D is the disk array of FIG. 2C after removing
yet another RAID device.

[0018] FIG.3Aisadisk array having a RAID configuration
in accordance with a further embodiment of the present
invention.

[0019] FIG. 3B is the disk array of FIG. 3A illustrating
migration of a RAID Device.

[0020] FIG. 3C is the disk array of FIG. 3B illustrating
further migration of multiple RAID Devices.

[0021] FIG. 3D is the disk array of FIG. 3C illustrating yet
further migration of multiple RAID Devices.

[0022] FIG. 3E is the disk array of FIG. 3A in a new RAID
configuration.
[0023] FIG. 4 is a flow chart of a process of Restriping in

accordance with one embodiment of the present invention.
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[0024] FIG. 5 is a disk array having a RAID configuration
with different-sized RAID Devices in accordance with one
embodiment of the present invention.

DETAILED DESCRIPTION

[0025] Various embodiments of the present invention relate
generally to disk drive systems and methods, and more par-
ticularly to disk drive systems and methods which implement
one or more Virtual Volumes spread across one or more RAID
Devices, which in turn are constructed upon a set of disk
drives. RAID Device Management, Reallocation, and
Restriping (“Restriping”) provides a system and method for
changing the various properties associated with a Virtual
Volume such as size, data protection level, relative cost,
access speed, etc. This system and method may be initiated by
administration action or automatically when changes to the
disk configuration occur.

[0026] The various embodiments of the present disclosure
provide improved disk drive systems having a dynamic block
architecture RAID Device Restriping that may optimize
RAID Device layout when changes to RAID parameters or
disk configuration occur. In one embodiment, the layout of
RAID Devices may be primarily rebalanced when disks are
added to the system. By rebalancing, virtualization perfor-
mance may be improved within the system by using the
maximum available disk configuration. Restriping also may
provide the capability to migrate data away from a group of
disks, allowing those disks to be removed from the system
without loss of uptime or data protection. Further, Restriping
may provide the capability to change RAID parameters giv-
ing the user the ability to tune the performance and/or storage
capacity even after the data has been written. Restriping addi-
tionally may provide an improved disk drive system and
method for allowing Restriping to occur without loss of
server or host data access or compromised resiliency.

[0027] Various embodiments described herein improve on
the existent disk drive systems in multiple ways. In one
embodiment, the mapping between a Virtual Volume and the
physical disk drive space may be mutable on a fine scale. In
another embodiment, previously stored data may be migrated
automatically in small units, and the appropriate mappings
may be updated without the need for an entire duplication of
physical resources. In a further embodiment, portions of a
Virtual Volume which are already mapped to appropriate
resources need not be migrated, reducing the time needed for
reconfiguration of a Volume. In yet another embodiment, the
storage system can automatically reconfigure entire groups of
Virtual Volumes in parallel. Additionally, the storage system
may automatically reconfigure Virtual Volumes when
changes to the physical resources occur. Other advantages
over prior disk drive systems will be recognized by those
skilled in the art and are not limited to those listed.

[0028] Furthermore, Restriping and disk categorization
may be powerful tools for administrative control of the stor-
age system. Disk drives which, for example, are found to be
from a defective manufacturing lot, may be recategorized so
that migration away from these disk drives occurs. Similarly,
a set of drives may be held in a “reserve” category, and later
recategorized to become part of a larger in-use group. Restrip-
ing to widen the RAID Devices may gradually incorporate
these additional reserve units. It is noted that several benefits
may be recognized by the embodiments described herein, and
the previous list of examples is not exhaustive and not limit-
ing.
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[0029] For the purposes of describing the various embodi-
ments herein, a “Volume” may include an externally acces-
sible container for storing computer data. In one embodiment,
a container may be presented via the interconnect protocol as
a contiguous array of blocks. In a further embodiment, each
block may have a fixed size—traditionally 512 bytes.
Although, other sized blocks may be used, such as 256, 1,024,
etc. bytes. Typically, supported operations performed on data
at any given location may include ‘write’ (store) and ‘read’
(retrieve). Although, other operations, such as ‘verify’ may
also be supported. The interconnect protocol used to access
Volumes may be the same as that used to access disk drives.
Thus, in some embodiments, a Volume may appear and func-
tion generally identical to that of a disk drive. Volumes tradi-
tionally may be implemented as partitions of a disk drive or
simple concatenations of disk drives within an array.

[0030] A “Virtual Volume,” as used herein, may include an
externally accessible container for storing data which is con-
structed from a variety of hardware and software resources
and generally may mimic the behavior of a traditional Vol-
ume. In particular, a system containing a disk drive array may
present multiple Virtual Volumes which utilize non-intersect-
ing portions of the disk array. In this type of system, the
storage resources of the individual disk drives may be aggre-
gated in an array, and subsequently partitioned into individual
Volumes for use by external computers. In some embodi-
ments, the external computers may be servers, hosts, etc.
[0031] A “RAID Device,” as used herein, may include an
aggregation of disk partitions which provides concatenation
and resiliency to disk drive failure. The RAID algorithms for
concatenation and resiliency are well known and include such
RAID levels as RAID 0, RAID 1, RAID 0+1, RAID 5, RAID
10, etc. In a given disk array, multiple RAID Devices may
reside on any given set of disks. Each of these RAID Devices
may employ a different RAID level, have different param-
eters, such as stripe size, may be spread across the individual
disk drives in a different order, may occupy a different subset
of the disk drives, etc. A RAID Device may be an internally
accessible Virtual Volume. It may provide a contiguous array
of data storage locations of a fixed size. The particular RAID
parameters determine the mapping between RAID Device
addresses and the data storage addresses on the disk drives. In
the present disclosure, systems and methods for constructing
and moditying externally accessible Virtual Volumes from
RAID Devices are described that provide the improved func-
tionality.

[0032] Virtual Volume Construction

[0033] A storage system which utilizes the present disclo-
sure may initially construct a set of RAID Devices having
various characteristics on a disk array. The RAID Devices
may be logically divided into units referred to herein as
“pages,” which may be many blocks in size. A typical page
size may be 4,096 blocks. Although, in principle any page
size from 1 block onwards could be used. However, page sizes
generally comprise block numbers in the power of 2. These
pages may be managed by Virtual Volume management soft-
ware. Initially, all the pages from each RAID Device may be
marked as free. Pages may be dynamically allocated to Vir-
tual Volumes on an as-needed basis. That is, pages may be
allocated when it is determined that a given address is first
written. Addresses that are read before being written can be
given a default data value. The Virtual Volume management
software may maintain the mapping between Virtual Volume
addresses and pages within the RAID Devices. It is noted that
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a given Virtual Volume may be constructed of pages from
multiple RAID Devices, which may further have differing
properties.

[0034] Extending the size of a Virtual Volume constructed
in this manner may be accomplished by increasing the range
of addresses presented to the server. The address-to-page
mapping may continue with the same allocate-on-write strat-
egy in both the previously available and extended address
ranges.

[0035] The performance and resiliency properties of a
given Virtual Volume may be determined in large part by the
aggregate behavior of the pages allocated to that Virtual Vol-
ume. The pages inherit their properties from the RAID Device
and physical disk drives on which they are constructed. Thus,
in one embodiment, page migration between RAID Devices
may occur in order to modify properties of a Virtual Volume,
other than size. “Migration,” as used herein, may include
allocating a new page, copying the previously written data
from the old page to the new, updating the Virtual Volume
mapping, and marking the old page as free. Traditionally, it
may not be possible to convert the RAID Device properties
(i.e., remap to a new RAID level, stripe size, etc.) and simul-
taneously leave the data in place.

[0036] There are several independent parameters which
may be modified to produce different Virtual Volume proper-
ties. Several of the scenarios are outlined in detail herein.
However, the scenarios described in detail herein are exem-
plary of various embodiments of the present disclosure and
are not limiting. The present disclosure, in some embodi-
ments, may include simultaneous modification of any or all of
these parameters.

[0037] RAID Parameter Modification

[0038] For purposes of illustration, a disk array 100 con-
taining five disks 102,104,106, 108, 110 is shown in FIG. 1A.
It is recognized that any number of disks may be used in
accordance with the various embodiments disclosed herein,
and an exemplary five disk system has been randomly chosen
for purposes of describing one embodiment. Initially, two
RAID Devices, e.g., RAID Devices A 112 and B 114, may be
constructed upon a disk array. The remaining space, if any,
may be unallocated and unused. Again, it is recognized that
any number of RAID Devices may be used in accordance
with the various embodiments disclosed herein, and an exem-
plary two RAID Devices have been randomly chosen for
purposes of describing one embodiment. Multiple Virtual
Volumes may be constructed from the pages contained in the
RAID Devices. If it is desired that the properties of a given
Virtual Volume be modified, additional RAID Devices may
be constructed in the remaining space and the appropriate
pages migrated, as described previously.

[0039] FIG. 1B depicts an embodiment of a RAID configu-
ration after creating a new RAID Device, e.g., RAID Device
C 116, and shows the migration of data from RAID Device A
112. RAID Device C 116 may differ from RAID Device A
112 in RAID level, stripe size, or other RAID parameter, etc.
In some embodiments, there may be potential for improved
performance by simply relocating to a RAID Device with the
same parameters but a different location on the disk drives.
For example, the performance of a disk drive may vary from
the inside to the outside of the physical platter, and the time
for head seeking may be reduced if all data is densely located.
[0040] When the migration is complete, RAID Device A
112 may be deleted, leaving the example RAID configuration
shown in FIG. 1C.
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[0041] The exemplary RAID reconfiguration from that of
FIG. 1A to that of FIG. 1C also demonstrates the ability to
move portions of Virtual Volumes. That is, in one embodi-
ment, rather than moving an entire Volume, portions of one or
more Virtual Volumes may be migrated. This may be accom-
plished because a single Virtual Volume may be allocated
across a plurality of RAID Devices. Similarly, the example
configuration demonstrates the ability to move groups of
Virtual Volumes since pages migrated from one RAID Device
to another RAID Device may be allocated to a plurality of
Virtual Volumes.

[0042] Adding Disk Drives

[0043] Another embodiment having a disk array 200 con-
taining five disks 202,204,206, 208, 210 is illustrated in FI1G.
2A, where two additional disk drives 212, 214 have been
added to an existing configuration. It is recognized that any
number of disks may be used in accordance with the various
embodiments disclosed herein, and an exemplary five disk
system has been randomly chosen for purposes of describing
one embodiment. Similarly, it is recognized that any number
of'disks may be added in accordance with the various embodi-
ments disclosed herein, and an exemplary two additional
disks have been randomly chosen for purposes of describing
one embodiment. In some embodiments, it may be desirable
to reconfigure the system and spread the RAID Devices
across all seven disks. However, it is recognized that the
reconfigured RAID Devices do not need to be spread across
all available disks. In an embodiment where the RAID
Devices are spread across a plurality of disks, the total
throughput of the system can be increased by utilizing more
hardware in parallel. Additionally, RAID Device layout con-
straints may result in more efficient use of the additional
disks. In particular, RAID 5 typically may require a minimum
number of independent disks in order to provide resiliency.
Commonly encountered RAID 5 implementations may
require a minimum of five disks. Thus, it may be desirable to
migrate the pages from both RAID Devices A 216 and B 218,
for example, to suitable replacements that span all seven
disks. A possible sequence for reconfiguration is shown in
FIGS. 2B-D.

[0044] Inthis sequence, the wider RAID Device C 220 may
be created and data from RAID Device A 216 may be
migrated to RAID Device C 220. RAID Device A 216 may
then be deleted, and RAID Device D 222 may be created.
RAID Device D 222 may be used to relocate the data previ-
ously contained in RAID Device B 218.

[0045] In doing so, the only extra space needed on the
original disk drives may be that required to create RAID
Device C 220. In one embodiment of the example illustration,
in the case wherein no other RAID parameter changes, each
extent of RAID Device C 220 may be 5/7 the size of the extent
size (i.e., RAID Device C is spread among 5 initial drives+2
additional drives) used in constructing RAID Device A 216.
[0046] Itisnoted thatthe process may be entirely reversible
and can be used to remove one or more disk drives from a
system, such as, for example, if it was desired that disks 212
and 214 be removed from the example configuration of FIG.
2D. Similarly, multiple initial RAID Devices may be
migrated to a single RAID Device, or a fewer number of
RAID Devices (see e.g., FIG. 3C). Furthermore, a single
initial RAID Device may be migrated to a plurality of new
RAID Devices (see e.g., FIG. 3B).

[0047] The previous example of one embodiment
described with reference to FIGS. 2A-D demonstrates the
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ability to migrate data across additional disks when unused
space exists on the original disk set. In some embodiments,
however, there may be insufficient disk space to migrate,
remove, etc. a RAID Device. Nonetheless, it may be possible
to migrate data to additional disks. In such a case, disk space
may be reallocated to provide the extra space needed to per-
form the move. If the Replacement Score, described in detail
below, of a RAID Device is higher than the initial Score, a
permanent RAID Device of equal size may be allocated. No
additional decisions may be required. If the Overlay Score,
described in detail below, of a RAID Device is higher than the
initial Score, temporary space may be used. This process is
detailed for one embodiment having a disk array 300 contain-
ing four disks 302, 304, 306, 308 with reference to FIGS.
3A-E, where a multi-step migration is used. Three disks 310,
312, 314 have been added to the disk array 300. It is recog-
nized that any number of disks may be used in accordance
with the various embodiments disclosed herein, and an exem-
plary four disk system has been randomly chosen for pur-
poses of describing one embodiment. Similarly, it is recog-
nized that any number of disks may be added in accordance
with the various embodiments disclosed herein, and an exem-
plary three additional disks have been randomly chosen for
purposes of describing one embodiment.

[0048] The strategy for reconfiguring the system shown in
FIG. 3A to make use of all the available disk drives in the
array may include creating a temporary RAID Device or
temporary RAID Devices and migrating the data from RAID
Device C 320, for example, away from the original disk drives
to temporary RAID Devices D 322 and E 324, for example.
Temporary RAID Devices may be used in such cases where
the original disk set is at, or near, capacity. In alternate
embodiments, the temporary space may not need to be allo-
cated as RAID Devices and may be used in any manner
known in the art for suitably holding data. Similarly, although
two temporary RAID Devices D 322 and E 324 are illustrated,
it is recognized that a fewer or greater number of temporary
RAID Devices may be utilized.

[0049] Inone embodiment, a data progression process may
manage the movement of data between the initial RAID
Device and the temporary RAID Device(s), or in other cases,
new permanent RAID Device(s). In further embodiments,
Restriping may attempt to use the same RAID level, if avail-
able. In other embodiments, Restriping may move the data to
a different RAID level.

[0050] The size of a temporary RAID Device may depend
on the initial RAID Device size and available space within a
page pool. The size of the temporary RAID Device may
provide sufficient space, such that when the initial RAID
Device is deleted, the page pool may continue to operate
normally and not allocate more space. The page pool may
allocate more space at a configured threshold based on the
size of the page pool.

[0051] Once the data has been migrated away from RAID
Device C 320, it can be deleted, providing space for a new
RAID Device spanning all of the disk drives, e.g., RAID
Device X 326. Deleting RAID Device C 320 may return the
disk space RAID Device C 320 consumed to the free space on
the disk. At this point, a disk manager may combine adjacent
free space allocation into a single larger allocation to reduce
fragmentation. Deleting a RAID Device may create free
space across a larger number of disks than was previously
available. A RAID Device with a higher Score can be created
from this free space slice.
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[0052] After the initial RAID Device C 320 is deleted,
Restriping may create a replacement RAID Device X 326, as
shown in FIG. 3C. In one embodiment, replacement RAID
Device X 326 may use as many disks as possible to maximize
the benefits of virtualization. Restriping may attempt to allo-
cate a RAID Device larger than the initial RAID Device. In a
further embodiment, Restriping may do this using a calcula-
tion of the Replacement or Overlay Score divided by the
initial Score multiplied by the size of the initial RAID Device.
This may create a RAID Device that uses the same amount of
disk space per disk as before and may reduce fragmentation of
the disk.

[0053] By judiciously limiting the size of the initial RAID
Devices, e.g., RAID Devices A 316, B 318, and C 320, it may
be possible to create RAID Device X 326 such that it can hold
all the data from RAID Devices B 318 & E 324, for example,
allowing the process to continue until the final configuration
is achieved in FIG. 3E. That is, RAID Device Y 328 may be
created, RAID Devices A 316 and D 322 may be migrated to
RAID Device Y 328, and RAID Devices A 316 and D 322
may be deleted.

[0054] If a temporary RAID Device or temporary RAID
Devices, e.g., RAID Devices D 322 and E 324, were created
and marked as temporary, the RAID Devices may be marked
for removal, as shown in FIG. 3C-E. In an embodiment, as a
part of each cycle, the temporary RAID Devices may be
removed. As larger replacement RAID Devices are created,
the amount of temporary space needed may decline. It is
noted again that in some embodiments, a RAID Device
migration may not require the allocation of temporary space
to migrate or remove the data.

[0055] In one embodiment of Restriping, removal of the
temporary RAID Devices may use a subset of the steps used
for migration or removal of the initial RAID Device, such as
the movement of data and deletion of the temporary RAID
Devices.

[0056] In one embodiment, if the Score of a temporary
RAID Device exceeds the Score of the initial RAID Device,
the temporary RAID Device may be considered a permanent
RAID Device. That is, it may not be automatically deleted as
a part of the process to move a RAID Device. In further
embodiments, the temporary RAID Device may be kept only
if it has a sufficiently higher Score than the initial RAID
Device.

[0057] Restriping may involve a number of further steps to
remove an original low-scoring RAID Device and replace it
with a new higher-scoring RAID Device. For example,
Restriping may account for the possibility that the disks in the
system are full, and have no space for another RAID Device.
Restriping may trim excess space before attempting to
restripe a RAID Device. Trimming excess space may free up
additional disk space and increase the success rate of Restrip-
ing.

[0058] In some embodiments, Restriping may reach a
deadlock. For example, the size of the temporary space may
consume a portion of the space needed to move the initial
RAID Device. If it becomes impossible to remove a RAID
Device because all pages cannot be freed, the RAID Device
may be marked as failed, and Restriping may move on to the
next RAID Device that can or should be migrated.

[0059] With reference to FIG. 4, a flow chart of one
embodiment of a process 400 of Restriping is described. It is
recognized that FIG. 4 illustrates one embodiment, and vari-
ous alternative embodiments and processes may be used in
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accordance with the present disclosure. First, as shown in
steps 402 and 404, Restriping may determine whether there is
a RAID Device that should or can be migrated, removed, etc.
In one embodiment, Restriping may check all of the RAID
Devices within a system and select the smallest RAID Device
with the lowest relative Score. In other embodiments,
Restriping may select other RAID Devices, and Restriping, as
described herein, is not limited to selecting the smallest RAID
Device and/or the RAID Device with the lowest Score. Gen-
erally, however, if movement of the smallest RAID Device
fails, a larger RAID Device may likely not succeed either. In
an embodiment, the lowest scoring RAID Device may be
determined by dividing the Replacement or Overlay Score by
the initial Score. Other methods of determining the lowest
scoring RAID Device are in accordance with the present
disclosure, including using solely the initial Score of the
RAID Devices.

[0060] In addition to identifying RAID Devices for migra-
tion or removal, as shown in FIG. 4, RAID Device movement
may include a plurality of steps to optimize the RAID con-
figuration, such as, but not limited to, allocating temporary
space (step 406), moving data (step 408), deleting the original
RAID Device (step 410), allocating a new RAID Device (step
412), and/or deleting the temporary RAID Device (steps 414
and 416). The foregoing listing of additional steps is exem-
plary and RAID Device movement need not require each of
the listed steps, and in some embodiments, may include fur-
ther or different steps than those listed. For example, in some
embodiments, temporary space may not be used, and there-
fore, may not be allocated.

[0061] In some embodiments, Restriping may limit the
movements of RAID Devices. For example, to avoid thrash-
ing the system, Restriping may not need to absolutely maxi-
mize the Score of a RAID Device. Restriping may also mark
failed RAID Devices so as not to retry them.

[0062] Restriping may recognize new disks, create new
RAID devices which utilize the additional spaces, and move
the data accordingly. After the process is complete, user data
and free space may be distributed across the total disk drives,
including the initial disks and the additional disks. It is noted
that Restriping may replace RAID Devices rather than extend
them. It is appreciated that the positioning of free space and
user allocations on any given disk may be arbitrary, and the
arrangements shown in FIGS. 1-3, as well as the remaining
FIG. 5, are for illustration purposes.

[0063] Selection of RAID Device for Restriping

[0064] In one embodiment, as previously discussed,
Restriping may handle:

[0065] Adding Drives—When additional drives are
added to the disk drive system, Restriping may identify
RAID Devices that use a sub-optimal number of drives.
New RAID Devices may be created and the data may be
moved. The original RAID Devices may be eliminated.

[0066] Removing Drives—Restriping may detect when
disk drives have been marked for removal. RAID
Devices which reside on these drives may become can-
didates for removal, which may be accomplished in a
substantially similar manner as for Adding Drives.

[0067] RAID Parameter Changes—RAID Parameters,
such as RAID level, number of disks within a stripe, and
extent size, may be altered by the user to improve per-
formance. Restriping may compare the desired param-
eters against the initial parameters and select nonoptimal
RAID Devices for migration and/or removal.
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[0068] Insomeembodiments, including embodiments hav-
ing larger, more complicated systems, it may not be obvious
which set of migration operations should be used in order to
obtain the desired final configuration or if it is possible to get
from the initial configuration to the final desired configura-
tion within the existing resources. In one embodiment, a
scoring and optimization technique may be used to select the
particular RAID Device for removal and replacement. The
scoring function, in an exemplary embodiment, may employ
one or more of the following properties:

[0069] RAID Devices which span more disk drives may
be preferred.

[0070] RAID Devices which are constructed on a homo-
geneous set of disk drives may be preferred. Disk drives
may be categorized in order to support this function and
need not be identical to belong to the same category.

[0071] RAID Devices which match the parameters
(RAID level, stripe size, disk region, etc.) of the desired
final configuration may be preferred.

[0072] RAID Devices which place redundant data on
physically disparate disk drives may be preferred. An
example may include disk drives in separate enclosures,
on separate communication paths, or having indepen-
dent power sources.

[0073] Inanother embodiment, Restriping may be divided
into three components, such as scoring, examining, and mov-
ing. RAID Device scoring may be used to determine the
quality of a given RAID Device based on requested param-
eters and disk space available. In one embodiment, scoring
may generate three values. Restriping may provide a Score
for an initial RAID Device and the scores of two possible
alternative RAID Devices, referred to herein as the Replace-
ment and Overlay Scores. Details of each score for one
embodiment are described below:

[0074] Score—The score of the RAID Device in its
present state. In one possible embodiment, the Score
may be the number of disks used by the RAID Device
less fragmentation and parameter issues. See e.g., Table
1. In alternative embodiments, a Score may be calcu-
lated in any suitable manner.

[0075] Replacement Score—The maximum score of a
RAID Device that could be constructed from existing
free space. The Replacement Score may be higher than,
lower than, or equal to the Score of the RAID Device.

[0076] Overlay Score—The maximum score of a RAID
Device if the current RAID Device is removed. The
Overlay Score may be higher than, lower than, or equal
to the Score of the RAID Device. In some embodiments,
the Overlay Score may be desired, such as in disk full
conditions, to determine if a better RAID Device can be
created using the space that is already allocated by the
current RAID Device.

[0077] With respect to the Replacement and Overlay
Scores, the user accessible blocks for the RAID Device may
remain the same as the number of disks changes. The three
scores may provide the input parameters to develop a strategy
for migrating from lower to higher scoring RAID Devices. In
a particular embodiment, if the Replacement Score is higher
than the initial Score, a straightforward migration like that
described in FIGS. 1 and 2 may be possible. If the Overlay
Score is better than the initial Score, and if sufficient free
space is available for a temporary RAID Device or temporary
RAID Devices, then a migration strategy outlined in FIG. 3
may be possible.
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[0078] In one embodiment, factors used to determine the
Scores may include one or more of the following:

[0079] Disk Folder—If a RAID Device uses a disk out-
side of the specified folder, the score of the RAID Device
may be lowered. This situation may occur due to admin-
istrative action or during sparing, i.e., wherein spare
disks may be supplied.

[0080] Disk Type—IfaRAID Deviceresides onadisk of
the wrong type, the score of the RAID Device may be
lowered. This situation may occur if a disk fails and a
spare of the appropriate type is not available. In such a
case, redundancy may be maintained over ‘type purity,’
and a spare of another disk type may be used.

[0081] Number of Disks Used—1In general, wider RAID
Devices (e.g., RAID Devices spanning a relatively
larger number of disk drives) may be preferred, and the
RAID Devices may be given a higher score. In a further
embodiment, a maximum width may be considered in
order to establish more independent fault domains.

[0082] Number of Disks Available—This may beused to
determine the Replacement and Overlay Scores of the
RAID Device. In one embodiment, disks, excluding
spare disks, may be checked for sufficient space to allo-
cate a replacement RAID Device. In other embodi-
ments, spare disks may be included in the determination
of'the Scores. If space exists; the Replacement and Over-
lay Score may be increased.

[0083] Disk Fragmentation—If free disk space exists
around the RAID Device, the RAID Device score may
be lowered. This may be an indication to Restriping that
by migrating the RAID Device, disk fragmentation may
be reduced.

[0084] RAID Level—Whether the desired RAID level
matches the initial RAID level. This may include the
number of disks within a stripe.

[0085] RAID Extent Size—Whether the extent size of
the desired RAID Device, i.e., blocks per disk, matches
the extent size of the initial RAID Device. In one
embodiment, a determination based on RAID extent size
may only lower the score of the RAID Device.

[0086] Table 1 illustrates an example embodiment of scor-
ing factors that may be used. As illustrated in Table 1, the
variables may include Disks In Class, Disks In Folder, RAID
Level, RAID Repeat Factor, RAID Extent Size, and RAID
Drives in Stripe. Disks In Class, as used in the example
scoring factors, may be determined by the equation:

(DisksInClass—3*DisksOutOfClass)* DisksInClass-
Constant

where DisksInClass may be the number of disks used by the
RAID Device that are of the proper class, DisksOutOfClass
may be the number of disks used by the RAID Device that are
not of the proper class, and DisksInClassConstant may be a
multiplicative constant value. Disk classes may include, but
are not limited to, 15K FC, 10K FC, SATA, etc. For example,
if a RAID Device was supposed to use 10K FC disks, but
included two SATA disks, the value for DisksOutOfClass
would be two. Disks In Folder, as used in the example scoring
factors, may be determined by the equation:

(DisksInFolder-3*DisksOutOfFolder)* DisksIn-
FolderConstant

where DisksInFolder may be the number of disks used by the
RAID Device that are in the proper folder of disks, DisksOut-
OfFolder may be the number of disks used by the RAID
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Device that are not in the proper folder of disks, and DisksIn-
FolderConstant may be a multiplicative constant value. Disk
folders may organize which disks can be used by RAID
Devices. Disks may be moved into, and out of, folder objects
at any time to change their usage. RAID Level, as used in the
example scoring factors, may be zero if the disk is an undes-
ired RAID level. RAID Repeat Factor, RAID Extent Size, and
RAID Drives in Stripe may be a computed score of each
divided by a factor of two. It is recognized that Table 1
illustrates one embodiment of example scoring factors and
one embodiment of how the scoring factors are calculated and
used. The example illustrated in Table 1 is for illustration
purposes only and is not limiting. Any scoring factors, or
group of scoring factors, may be used with the various
embodiments disclosed herein. Furthermore, the scoring fac-
tors, or group of scoring factors, may be calculated or used in
any suitable manner.

TABLE 1

Example RAID Scoring Factors

Variable Score

Disk In Class (DisksInClass — 3 * DisksOutOfClass) *
DisksInClassContant

(DiskInFolder — 3 * DisksOutOfFolder) *
DisksInFolderConstant

Zero if wrong type

Computed Score divided by two
Computed Score divided by two
Computed Score divided by two

Disks In Folder

RAID Level

RAID Repeat Factor
RAID Extent Size
RAID Drives in Stripe

[0087] In a further embodiment, Restriping may examine
the Scores of the RAID Devices to determine which, if any,
RAID Devices may be moved. Restriping may move RAID
Devices with a score that is lower than either the Replacement
or Overlay Scores. That is, in one embodiment, if the
Replacement and/or Overlay Score is greater than the initial
RAID Device Score the RAID Device may be a candidate to
move. In other embodiments, the initial RAID Devices may
be selected for migration by any other means, including situ-
ations wherein the initial RAID Device Score is higher than
the Replacement and Overlay Scores or by manual selection
by a user, etc. Restriping may also determine that no RAID
Devices should be moved. In a further embodiment, Restrip-
ing may pick a single RAID Device from the available RAID
Devices to migrate.

[0088] If Restriping identifies a RAID Device to move,
migration of the RAID Device may occur. In one embodi-
ment, migration may include determining necessary tempo-
rary space, movement of data from the RAID Device, cleanup
of'the initial RAID Device, and elimination of the temporary
space. In another embodiment, a dynamic block architecture
page pool may use the RAID Devices and handle the move-
ment of data from lower scoring to higher scoring RAID
Devices.

[0089] In another embodiment, Restriping may further
reevaluate the scores of all RAID Devices after every RAID
Device migration since the reallocation of disk space may
change the Scores of other RAID Devices. In a further
embodiment, the scores of all the RAID Devices may be
periodically computed. In some embodiments, Restriping
may continually compute the Scores of the RAID Devices. In
yet another embodiment, the largest gain in score may be used
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to select a RAID Device for removal and replacement. A
hysteresis mechanism may be used to prevent the process
from becoming cyclic.

[0090] RAID Device scoring may also handle different-
sized disk drives. FIG. 5 illustrates an example configuration
500 with different-sized disks 502, 504, 506, 508. Table 2
illustrates an example RAID Device scoring, for the configu-
ration shown in FIG. 5, including the scoring information for
the RAID Devices 510, 512, 514, 516, 518 based on the
configuration 500. Relative numbers are used for simplicity.
Although Table 2 illustrates scores relating to RAID Device
candidates for migration, Table 2 is not limiting and any
scoring combination may result in marking a RAID Device
for migration or no migration.

TABLE 2

RAID Example Scoring

Device Score Replacement Overlay Restripe

P 510 4 0 4 No, at maximum

Q512 4 0 4 No, at maximum

R 514 2 2 4 Yes, 50% of
maximum

S 516 3 1 4 Yes, 75% of
maximum

T 518 2 2 2 No, at maximum
10 space on
smaller disks

[0091] From the above description and drawings, it will be

understood by those of ordinary skill in the art that the par-
ticular embodiments shown and described are for purposes of
illustration only and are not intended to limit the scope of the
present invention. Those of ordinary skill in the art will rec-
ognize that the present invention may be embodied in other
specific forms without departing from its spirit or essential
characteristics. References to details of particular embodi-
ments are not intended to limit the scope of the invention.
[0092] Although the present invention has been described
with reference to preferred embodiments, persons skilled in
the art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the
invention.

1. A method of data migration in a disk drive system,
comprising the steps of:

a. selecting a data storage device for migration based on at
least one score calculated for each of a plurality of data
storage devices;

b. creating at least one alternate data storage device;

c. moving data stored at the selected data storage device to
the at least one alternate data storage device; and

d. removing the selected data storage device.

2. The method of claim 1, wherein the at least one score
comprises an initial score and a replacement score, wherein
the initial score relates to the selected data storage device and
the replacement score relates to at least one first hypothetical
data storage device located in available disk space.

3. The method of claim 2, wherein the at least one score
further comprises an overlay score relating to at least one
second hypothetical data storage device located in a combi-
nation of available disk space and the disk space taken up by
the selected data storage device.

4. The method of claim 3, wherein the selected data storage
device and the at least one first hypothetical data storage
device are RAID devices, and wherein the initial score,
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replacement score, and overlay score are each calculated

based on at least one of factors comprising the RAID level,

RAID stripe size, RAID extent size, disk category, location on

disk, disk enclosure, disk enclosure power supply, and com-

munication path to the disk.

5. The method of claim 4, wherein the factors have varying
weights for use in the calculation.

6. The method of claim 5, wherein the initial score, replace-
ment score, and overlay score are each calculated using the
same factors.

7. The method of claim 4, wherein selecting a data storage
device for migration based on at least one score calculated for
each of a plurality of data storage devices comprises selecting
the data storage device if at least one of the replacement score
or overlay score is better than the initial score.

8. The method of claim 7, wherein the alternate data stor-
age device is based on one of the first and second hypothetical
data storage devices.

9. The method of claim 1, wherein the steps of selecting a
data storage device for migration, creating at least one alter-
nate data storage RAID device, moving data, and removing
the selected data storage device are done automatically with-
out manual intervention.

10. The method of claim 9, wherein the steps are performed
without loss of server data access to the disk drive system and
compromised resiliency of the data.

11. The method of claim 9, wherein the steps are performed
at least one of periodically, continuously, after every data
storage device migration, upon addition of disk drives, and
before removal of disk drives.

12. The method of claim 1, wherein the steps of selecting a
data storage device for migration, creating at least one alter-
nate data storage device, moving data, and removing the
selected data storage device are done manually.

13. The method of claim 1, wherein moving data stored at
the selected data storage device to the at least one alternate
data storage device further comprises creating at least one
temporary data storage device.

14. The method of claim 13, further comprising moving
data stored at the selected data storage device to the at least
one temporary data storage device and then from the tempo-
rary data storage device to the at least one alternate data
storage device.

15. A disk drive system, comprising:

a. a data storage subsystem; and

b. a disk manager having at least one disk storage system

controller configured to automatically:

.calculate at least one score for each data storage device of
a plurality of data storage devices of the data storage
subsystem;

d. select a data storage device from the plurality of data

storage devices based on the relative at least one scores
of the plurality of data storage devices.

create an alternate data storage RAID device;

move at least a portion of the data stored at the selected

data storage device to the alternate data storage device;

and

g. remove the selected data storage device.

16. The disk drive system of claim 15, wherein the at least
one score comprises an initial score for the data storage
device, a replacement score related to a first hypothetical data
storage device, and an overlay score related to a second hypo-
thetical data storage device.

o

o
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17. The disk drive system of claim 16, wherein the alternate
data storage device is based on one of the first and second
hypothetical data storage devices.

18. The disk drive system of claim 15, wherein the data
storage subsystem is a RAID subsystem, and wherein the disk
drive system comprises storage space from at least one of a
plurality of RAID levels including RAID-0, RAID-1, RAID-
5, and RAID-10.

19. The system of claim 18, further comprising RAID
levels including RAID-3, RAID-4, RAID-6, and RAID-7.

20. A disk drive system capable of data migration, com-
prising:

a. means for selecting a data storage device for migration

based on at least one score calculated for each of a
plurality of data storage devices;
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b. means for creating at least one alternate data storage
device;

c. means for moving data stored at the selected data storage
device to the at least one alternate data storage device;
and

d. means for removing the selected data storage device.

21. A method for reallocating data, comprising:

a. determining a score for a current position of data and a
score for an alternate position the data;

b. comparing the score for the current position of the data
and the score for the alternate position of the data; and

c. moving the data from the current position to the alternate
position when the score for the alternate position of the
datais better than the score for the current position ofthe
data.



