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A system and method for performing search optimization
operations. In order to optimize lookups for received data
requests, a storage controller attempts to collapse the medium
graph, thus reducing the number of mediums in which the
storage controller must look to find a given block. One tech-
nique for collapsing the medium graph involves promoting
individual mappings from a lower-level medium to a higher-
level medium. Another technique for collapsing the medium
graph involves pushing medium range pointers higher up in
the medium mapping table to reduce the number of mediums
that must be searched.
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OPTIMIZING SNAPSHOT LOOKUPS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/751,142, filed Jan. 10, 2013, the
entirety of which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] This invention relates to optimizing snapshot
lookup operations in a storage system.

[0004] 2. Description of the Related Art

[0005] As computer memory storage and data bandwidth
increase, so does the amount and complexity of data that
businesses daily manage. Large-scale distributed storage sys-
tems, such as data centers, typically run many business opera-
tions. A datacenter, which also may be referred to as a server
room, is a centralized repository, either physical or virtual, for
the storage, management, and dissemination of data pertain-
ing to one or more businesses. A distributed storage system
may be coupled to client computers interconnected by one or
more networks. If any portion of the distributed storage sys-
tem has poor performance, company operations may be
impaired. A distributed storage system therefore maintains
high standards for data availability and high-performance
functionality.

[0006] Many techniques have been employed by storage
systems to maintain high performance. For example, snap-
shots may be utilized to capture and store data at a particular
point in time. A snapshot may be taken of a logical volume,
and the snapshot may be stored to preserve the contents of the
volume. If the data associated with the volume is later lost or
corrupted, the volume can be restored from the snapshot.
[0007] As the amount of data corresponding to a snapshot
increases, and as the overall number of snapshots being taken
and stored increases, the storage utilization and processing
overhead of the storage system likewise increases. The pro-
liferation of snapshots in a storage system results in more
processing overhead for the storage system as well as increas-
ing numbers of lookups through multiple snapshots for some
data requests. With time, the storage system may be required
to manage a large number of snapshots, some of which may
no longer be externally visible by clients.

[0008] Inview of the above, systems and methods for opti-
mizing snapshot lookup operations are desired.

SUMMARY OF THE INVENTION

[0009] Various embodiments of systems and methods for
optimizing medium lookup operations are contemplated.

[0010] A storage system may include a storage controller
and one or more storage devices. The storage system may be
coupled to one or more host client systems. In one embodi-
ment, the storage controller may utilize volumes and medi-
ums to track client data that is stored in the storage system. A
medium is defined as a logical grouping of data, and each
medium has an identifier with which to identify the logical
grouping of data. The storage controller may maintain a vol-
ume to medium mapping table to map each volume to a single
medium, and this medium is referred to as the volume’s
anchor medium. Each medium may be mapped to any number
of other mediums, and the storage controller may also main-
tain a medium mapping table to track relationships between
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anchor mediums and underlying mediums. The storage con-
troller may also maintain an address translation table and
corresponding indexes for mapping mediums and block num-
bers to physical storage locations.

[0011] In one embodiment, the storage controller may be
configured to perform medium lookup optimizing operations
on a periodic basis. The storage controller may search
through all of the mediums in the system to find mediums that
can be reduced or collapsed to make future searches of the
system more efficient. The storage controller may look for
active mediums in a read-write state which have one or more
levels of underlying mediums beneath them, with each under-
lying medium representing a snapshot. These active mediums
with one or more underlying mediums may be collapsed by
the storage controller. The storage controller may not make
changes that cause the result of a lookup of a block on a
volume to change, but may make changes in mediums that are
invisible from the point of view of all volumes on the storage
controller.

[0012] In one embodiment, the storage controller may
attempt to collapse the medium mapping table so as to reduce
the number of mediums in which the storage controller will
have to look to find data blocks for a given data request. The
storage controller may collapse the medium mapping table by
promoting individual mappings from lower-level mediums to
higher-level mediums. The storage controller may also col-
lapse the medium mapping table by pushing medium range
pointers higher up in the table so as to reduce the number of
mediums that need to be searched.

[0013] Inone embodiment, the storage controller may pro-
mote individual mappings from existing entries in the address
translation table into new entries for the destination medium.
For a given medium with multiple levels of underlying medi-
ums, all of the mappings for these levels of underlying medi-
ums may be merged, resulting in a new version of the given
medium. This process does not change the result of any indi-
vidual mapping but rather improves the performance of the
storage system by allowing the given medium to be converted
into a quiesced medium that refers to itself. After receiving a
data request targeting the given medium, the storage control-
ler will have access to all of its mappings by performing a
single lookup to the address translation table indexes for only
the given medium.

[0014] In one embodiment, another technique may be uti-
lized by the storage controller to reduce the number of look-
ups required by shortcutting the medium mapping table. In
order to shortcut the medium mapping table, the system may
collapse ranges of masked mediums together. A range of a
medium is considered unmasked if one or more address trans-
lation table entries exist in the range for that medium, which
indicates that the range has been previously written to. A
range of amedium is considered masked if there are no entries
in the range for that medium. If a first medium has multiple
levels of underlying mediums below it, and its immediate
underlying medium is masked, then a shortcut through the
medium mapping table may be created, bypassing the
medium directly below the first medium. In this case, a new
entry may be created and entered into the medium mapping
table, with the new entry mapping the first medium directly to
a medium at least two levels below the first medium in the
medium graph.

[0015] In another embodiment, another technique for col-
lapsing the medium graph may be utilized by the storage
controller. This technique may involve merging one or more
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mediums that cannot be referenced externally into the
medium directly above them in the medium graph. If a second
medium underlies a first medium and the second medium is
no longer externally visible, the storage controller may merge
the second medium with the first medium, combining the
entries of the second medium and the first medium and
renumbering the entries.

[0016] The combination of these techniques can dramati-
cally shrink the number of mediums in use by the storage
system, particularly in systems that take frequent checkpoints
and then delete the volumes which access the checkpoints.
Also, in systems with long chains of mediums, these tech-
niques can help reduce these chains and reduce the number of
medium lookups that are performed for received data
requests.

[0017] These and other embodiments will become apparent
upon consideration of the following description and accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a generalized block diagram illustrating
one embodiment of a storage system.

[0019] FIG. 2 is a generalized block diagram of one
embodiment of a directed acyclic graph (DAG) of mediums.

[0020] FIG. 3 illustrates one embodiment of a medium
mapping table.
[0021] FIG. 4 illustrates a block diagram of one embodi-

ment of an address translation table.

[0022] FIG. 5 is a generalized block diagram of one
embodiment of a search optimization operation.

[0023] FIG. 6 illustrates one embodiment of a portion of a
medium mapping table.

[0024] FIG.7is a generalized flow diagram illustrating one
embodiment of a method for shortcutting a medium mapping
table.

[0025] FIG. 8is a generalized flow diagram illustrating one
embodiment of a method for performing medium graph col-
lapsing operations.

[0026] While the invention is susceptible to various modi-
fications and alternative forms, specific embodiments are
shown by way of example in the drawings and are herein
described in detail. It should be understood, however, that
drawings and detailed description thereto are not intended to
limit the invention to the particular form disclosed, but on the
contrary, the invention is to cover all modifications, equiva-
lents and alternatives falling within the spirit and scope of the
present invention as defined by the appended claims.

DETAILED DESCRIPTION

[0027] In the following description, numerous specific
details are set forth to provide a thorough understanding of the
present invention. However, one having ordinary skill in the
art should recognize that the invention might be practiced
without these specific details. In some instances, well-known
circuits, structures, signals, computer program instruction,
and techniques have not been shown in detail to avoid obscur-
ing the present invention.

[0028] Referring now to FIG. 1, a generalized block dia-
gram of one embodiment of a storage system 100 is shown.
Storage system 100 may include storage controller 110 and
storage device groups 130 and 140, which are representative
of any number of storage device groups (or data storage
arrays). As shown, storage device group 130 includes storage
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devices 135A-N, which are representative of any number and
type of storage devices (e.g., solid-state drives (SSDs)). Stor-
age controller 110 may be coupled directly to client computer
system 125, and storage controller 110 may be coupled
remotely over network 120 to client computer system 115.
Clients 115 and 125 are representative of any number of
clients which may utilize storage controller 110 for storing
and accessing data in system 100. It is noted that some sys-
tems may include only a single client, connected directly or
remotely to storage controller 110.

[0029] Storage controller 110 may include software and/or
hardware configured to provide access to storage devices
135A-N. Although storage controller 110 is shown as being
separate from storage device groups 130 and 140, in some
embodiments, storage controller 110 may be located within
one or each of storage device groups 130 and 140. Storage
controller 110 may include or be coupled to a base operating
system (OS), a volume manager, and additional control logic
for implementing the various techniques disclosed herein.
[0030] Storage controller 110 may include and/or execute
on any number of processors and may include and/or execute
on a single host computing device or be spread across mul-
tiple host computing devices, depending on the embodiment.
In some embodiments, storage controller 110 may generally
include or execute on one or more file servers and/or block
servers. Storage controller 110 may use any of various tech-
niques for replicating data across devices 135A-N to prevent
loss of data due to the failure of a device or the failure of
storage locations within a device. Storage controller 110 may
alsoutilize any of various deduplication techniques for reduc-
ing the amount of data stored in devices 135A-N by dedupli-
cating common data.

[0031] Storage controller 110 may also be configured to
create and manage snapshots in system 100. A set of mediums
may be recorded and maintained by storage controller 110.
Most of the mediums may be read-only except for one or
more selected mediums such as the most recent medium in
use by a particular volume. Each medium logically comprises
all of the blocks in the medium. However, only the blocks that
were changed from the time the medium was created to the
time the medium was closed are saved and mappings to these
blocks may also be maintained with the medium.

[0032] In various embodiments, multiple mapping tables
may be maintained by storage controller 110. These mapping
tables may include a medium mapping table and a volume-
to-medium mapping table. These tables may be utilized to
record and maintain the mappings between mediums and
underlying mediums and the mappings between volumes and
mediums. Storage controller 110 may also include an address
translation table with a plurality of entries, wherein each entry
holds a virtual-to-physical mapping for a corresponding data
component. This mapping table may be used to map logical
read/write requests from each of the client computer systems
115 and 125 to physical locations in storage devices 135A-N.
A “physical” pointer value may be read from the mappings
associated with a given medium during a lookup operation
corresponding to a received read/write request. This physical
pointer value may then be used to locate a physical location
within the storage devices 135A-N. It is noted the physical
pointer value may be used to access another mapping table
within a given storage device of the storage devices 135A-N.
Consequently, one or more levels of indirection may exist
between the physical pointer value and a target storage loca-
tion.
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[0033] In various embodiments, the address translation
table may be accessed using a key comprising a medium 1D,
a logical or virtual address, a sector number, and so forth. A
received read/write storage access request may identify a
particular volume, sector, and length. The volume ID may be
mapped to a medium ID using the volume to medium map-
ping table. A sector may be a logical block of data stored in a
medium. Sectors may have different sizes on different medi-
ums. The address translation table may map a medium in
sector-size units. In other embodiments, other types of
address translation tables may be utilized.

[0034] In one embodiment, the address translation table
may map mediums to physical pointer values. For a given
storage access request, an access may be made to the “map-
pings” of the address translation table. The term “mappings”
is defined as the one or more entries of the address translation
table which convert a given medium ID and block number
into a physical pointer value. Depending on the embodiment,
aphysical pointer value may be a physical address or alogical
address which the storage device maps to a physical location
within the device. In one embodiment, an index may be
utilized to access the address translation table. The index may
identify locations of mappings within the address translation
table. The index may be queried with a key value generated
from a medium ID and sector number, and the index may be
searched for one or more entries which match, or otherwise
correspond to, the key value. Information from a matching
entry may then be used to locate and retrieve a mapping which
identifies a storage location which is the target of a received
read or write request. In one embodiment, a hit in the index
provides a corresponding virtual page ID identifying a page
within the storage devices of the storage system, wherein the
page stores both the key value and a corresponding physical
pointer value. The page may then be searched with the key
value to find the physical pointer value.

[0035] Itis noted that in alternative embodiments, the num-
ber and type of client computers, storage controllers, net-
works, storage device groups, and data storage devices is not
limited to those shown in FIG. 1. At various times one or more
clients may operate offline. In addition, during operation,
individual client computer connection types may change as
users connect, disconnect, and reconnect to system 100. Fur-
ther, the systems and methods described herein may be
applied to directly attached storage systems or network
attached storage systems and may include a host operating
system configured to perform one or more aspects of the
described methods. Numerous such alternatives are possible
and are contemplated.

[0036] Network 120 may utilize a variety of techniques
including wireless connection, direct local area network
(LAN) connections, wide area network (WAN) connections
such as the Internet, a router, storage area network, Ethernet,
and others. Network 120 may comprise one or more [LANs
that may also be wireless. Network 120 may further include
remote direct memory access (RDMA) hardware and/or soft-
ware, transmission control protocol/internet protocol (TCP/
IP) hardware and/or software, router, repeaters, switches,
grids, and/or others. Protocols such as Fibre Channel, Fibre
Channel over Ethernet (FCoE), iSCSI, and so forth may be
used in network 120. The network 120 may interface with a
set of communications protocols used for the Internet such as
the Transmission Control Protocol (TCP) and the Internet
Protocol (IP), or TCP/IP.
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[0037] Client computer systems 115 and 125 are represen-
tative of any number of stationary or mobile computers such
as desktop personal computers (PCs), servers, server farms,
workstations, laptops, handheld computers, servers, personal
digital assistants (PDAs), smart phones, and so forth. Gener-
ally speaking, client computer systems 115 and 125 include
one or more processors comprising one or more processor
cores. Each processor core includes circuitry for executing
instructions according to a predefined general-purpose
instruction set. For example, the x86 instruction set architec-
ture may be selected. Alternatively, the ARM®, Alpha®,
PowerPC®, SPARC®, or any other general-purpose instruc-
tion set architecture may be selected. The processor cores
may access cache memory subsystems for data and computer
program instructions. The cache subsystems may be coupled
to a memory hierarchy comprising random access memory
(RAM) and a storage device.

[0038] Referring now to FIG. 2, a block diagram illustrat-
ing a directed acyclic graph (DAG) 200 of mediums is shown.
Also shown is a volume to medium mapping table 205 which
shows which medium a volume maps to for each volume in
use by a storage system. Volumes may be considered pointers
into graph 200.

[0039] The term “medium” as is used herein is defined as a
logical grouping of data. A medium may have a correspond-
ing identifier with which to identify the logical grouping of
data. Each medium may also include or be associated with
mappings of logical block numbers to content location, dedu-
plication entries, and other information. In one embodiment,
medium identifiers may be used by the storage controller but
medium identifiers may not be user-visible. A user (or client)
may send a data request accompanied by a volume ID to
specify which data is targeted by the request, and the storage
controller may map the volume ID to a medium ID and then
use the medium ID when processing the request.

[0040] The term medium is not to be confused with the
terms “storage medium” or “computer readable storage
medium”. A storage medium is defined as an actual physical
device (e.g., SSD, HDD) that is utilized to store data. A
computer readable storage medium (or non-transitory com-
puter readable storage medium) is defined as a physical stor-
age medium configured to store program instructions which
are executable by a processor or other hardware device. Vari-
ous types of program instructions that implement the methods
and/or mechanisms described herein may be conveyed or
stored on a computer readable medium. Numerous types of
media which are configured to store program instructions are
available and include hard disks, floppy disks, CD-ROM,
DVD, flash memory, Programmable ROMs (PROM), random
access memory (RAM), and various other forms of volatile or
non-volatile storage.

[0041] It is also noted that the term “volume to medium
mapping table” may refer to multiple tables rather than just a
single table. Similarly, the term “medium mapping table”
may also refer to multiple tables rather than just a single table.
It is further noted that volume to medium mapping table 205
is only one example of a volume to medium mapping table.
Other volume to medium mapping tables may have other
numbers of entries for other numbers of volumes.

[0042] Each medium is depicted in graph 200 as three con-
joined boxes, with the leftmost box showing the medium ID,
the middle box showing the underlying medium, and the
rightmost box displaying the status of the medium (RO—
read-only) or (RW—read-write). Read-write mediums may
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be referred to as active mediums, while read-only mediums
may represent previously taken snapshots. Within graph 200,
a medium points to its underlying medium. For example,
medium 20 points to medium 12 to depict that medium 12 is
theunderlying medium of medium 20. Medium 12 also points
to medium 10, which in turn points to medium 5, which in
turn points to medium 1. Some mediums are the underlying
medium for more than one higher-level medium. For
example, three separate mediums (12, 17, 11) point to
medium 10, two separate mediums (18, 10) point to medium
5, and two separate mediums (6, 5) point to medium 1. Each
of'the mediums which is an underlying medium to at least one
higher-level medium has a status of read-only.

[0043] The set of mediums on the bottom left of graph 200
is an example of a linear set. As depicted in graph 200,
medium 3 was created first and then a snapshot was taken
resulting in medium 3 becoming stable (i.e., the result of a
lookup for a given block in medium 3 will always return the
same value after this point). Medium 7 was created with
medium 3 as its underlying medium. Any blocks written after
medium 3 became stable were labeled as being in medium 7.
Lookups to medium 7 return the value from medium 7 if one
is found, but will look in medium 3 if a block is not found in
medium 7. At a later time, a snapshot of medium 7 is taken,
medium 7 becomes stable, and medium 14 is created. Look-
ups for blocks in medium 14 would check medium 7 and then
medium 3 to find the targeted logical block. Eventually, a
snapshot of medium 14 is taken and medium 14 becomes
stable while medium 15 is created. At this point in graph 200,
medium 14 is stable with writes to volume 102 going to
medium 15.

[0044] Volume to medium mapping table 205 maps user-
visible volumes to mediums. Each volume may be mapped to
a single medium, also known as the anchor medium. This
anchor medium, as with all other mediums, may take care of
its own lookups. A medium on which multiple volumes
depend (such as medium 10) tracks its own blocks indepen-
dently of the volumes which depend on it. Each medium may
also be broken up into ranges of blocks, and each range may
be treated separately in medium DAG 200.

[0045] Referring now to FIG. 3, one embodiment of a
medium mapping table 300 is shown. Any portion of or the
entirety of medium mapping table 300 may be stored in
storage controller 110 and/or in one or more of storage
devices 135A-N. A volume identifier (ID) may be used to
access volume to medium mapping table 205 to determine a
medium ID corresponding to the volume ID. This medium ID
may then be used to access medium mapping table 300. It is
noted that table 300 is merely one example of a medium
mapping table, and that in other embodiments, other medium
mapping tables, with other numbers of entries, may be uti-
lized. In addition, in other embodiments, a medium mapping
table may include other attributes and be organized in a dif-
ferent manner than that shown in FIG. 3. It is also noted that
any suitable data structure may be used to store the mapping
table information in order to provide for efficient searches
(e.g., b-trees, binary trees, hash tables, etc.). All such data
structures are contemplated.

[0046] FEach medium may be identified by a medium ID, as
shown in the leftmost column of table 300. A range attribute
may also be included in each entry of table 300, and the range
may be in terms of data blocks. The size of a block of data
(e.g., 4 KB, 8 KB) may vary depending on the embodiment. A
medium may be broken up into multiple ranges, and each
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range of a medium may be treated as if it is an independent
medium with its own attributes and mappings. Throughout
this disclosure, there are various terms used to describe medi-
ums as well as various techniques described for operating or
performing actions on mediums. These terms and techniques
also apply to ranges of mediums. For example, medium 1D 2
has two separate ranges. Range 0-99 of medium ID 2 has a
separate entry in table 300 from the entry for range 100-999 of
medium 1D 2.

[0047] Although both of these ranges of medium ID 2 map
to underlying medium ID 1, it is possible for separate ranges
of the same source medium to map to different underlying
mediums. For example, separate ranges from medium ID 35
map to separate underlying mediums. For example, range
0-299 of medium ID 35 maps to underlying medium ID 18
with an offset of 400. This indicates that blocks 0-299 of
medium ID 35 map to blocks 400-699 of medium ID 18.
Additionally, range 300-499 of medium ID 35 maps to under-
lying medium ID 33 with an offset of =300 and range 500-899
of medium ID 35 maps to underlying medium ID 5 with an
offset of —400. These entries indicate that blocks 300-499 of
medium ID 35 map to blocks 0-199 of medium ID 33 while
blocks 500-899 of medium ID 35 map to blocks 100-499 of
medium ID 5. It is noted that in other embodiments, mediums
may be broken up into more than three ranges.

[0048] The state column of table 300 records information
that allows lookups for blocks to be performed more effi-
ciently. A state of “Q” indicates the medium is quiescent, “R”
indicates the medium is registered, and “U” indicates the
medium is unmasked. In the quiescent state, a lookup is
performed on exactly one or two mediums specified in table
300. In the registered state, a lookup is performed recursively.
If an entry in table 300 is unmasked, then this indicates that a
lookup should be performed in the basis medium. If an entry
is masked, then the lookup should only be performed in the
underlying medium. Although not shown in table 300 for any
of the entries, another state “X”” may be used to specify that
the source medium is unmapped. The unmapped state indi-
cates that the source medium contains no reachable data and
can be discarded. This unmapped state may apply to a range
of a source medium. If an entire medium is unmapped, then
the medium ID may be entered into a sequence invalidation
table and eventually discarded.

[0049] In one embodiment, when a medium is created, the
medium is in the registered state if it has an underlying
medium, or the medium is in the quiescent state if it is a
brand-new volume with no pre-existing state. As the medium
is written to, parts of it can become unmasked, with mappings
existing both in the medium itself and the underlying
medium. This may be done by splitting a single range into
multiple range entries, some of which retain the original
masked status, and others of which are marked as unmasked.
[0050] In addition, each entry in table 300 may include a
basis attribute, which indicates the basis of the medium,
which in this case points to the source medium itself. Each
entry may also include an offset field, which specifies the
offset that should be applied to the block address when map-
ping the source medium to an underlying medium. This
allows mediums to map to other locations within an underly-
ing medium rather than only being built on top of an under-
lying medium from the beginning block of the underlying
medium. As shown in table 300, medium 8 has an offset of
500, which indicates that block 0 of medium 8 will map to
block 500 of its underlying medium (medium 1). Therefore, a
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lookup of medium 1 via medium 8 will add an offset of 500 to
the original block number of the request. The offset column
allows a medium to be composed of multiple mediums. For
example, in one embodiment, a medium may be composed of
a “gold master” operating system image and per-VM (virtual
machine) scratch space. Other flexible mappings are also
possible and contemplated.

[0051] Each entry also includes an underlying medium
attribute, which indicates the underlying medium of the
source medium. If the underlying medium points to the
source medium (as with medium 1), then this indicates that
the source medium does not have an underlying medium, and
all lookups will only be performed in the source medium.
Each entry may also include a stable attribute, with “Y” (yes)
indicating the medium is stable (or read-only), and with “N”
(no) indicating the medium is read-write. In a stable medium,
the data corresponding to a given block in the medium never
changes, though the mapping that produces this data may
change. For example, medium 2 is stable, but block 50 in
medium 2 might be recorded in medium 2 or in medium 1,
which may be searched logically in that order, though the
searches may be done in parallel if desired. In one embodi-
ment, a medium will be stable if the medium is used as an
underlying medium by any medium other than itself.

[0052] Turning now to FIG. 4, a block diagram of one
embodiment of an address translation table 400 is shown. In
one embodiment, a given received read/write request received
by a storage controller may identify a particular volume,
sector (or block number), and length. The volume may be
translated into a medium 1D using the volume-to-medium
mapping table. The medium ID and block number may then
be used to access index 410 of address translation table 400 to
locate an index entry corresponding to the specific medium
1D and block number. The index entry may store a level ID
and page ID ofa corresponding entry in translation table 420.
Using the level ID, page ID, and a key value generated from
the medium ID and block number, the corresponding trans-
lation table entry may be located and a pointer to the storage
location may be returned from this entry. The pointer may be
used to identify or locate data stored in the storage devices of
the storage system. It is noted that in various embodiments,
the storage system may include storage devices (e.g., SSDs)
which have internal mapping mechanisms. In such embodi-
ments, the pointer in the mapping table entry may not be an
actual physical address per se. Rather, the pointer may be a
logical address which the storage device maps to a physical
location within the device.

[0053] For the purposes of this discussion, the key value
used to access entries inindex 410 is the medium ID and block
number corresponding to the data request. However, in other
embodiments, other types of key values may be utilized. In
these embodiments, a key generator may generate a key from
the medium ID, block number, and/or one or more other
requester data inputs, and the key may be used to access index
410 and locate a corresponding entry.

[0054] When index 410 is accessed with a query key value,
index 410 may be searched for one or more entries which
match, or otherwise correspond to, the key value. Attributes
from the matching entry may then be used to locate and
retrieve a mapping in translation table 420. In one embodi-
ment, a hit in the index provides a corresponding level ID and
page 1D identitying a level and page within translation table
420 storing both the key value and a corresponding physical
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pointer value. The page identified by the corresponding page
ID may be searched with the key value so as to retrieve the
corresponding pointer.

[0055] Translation table 420 may comprise one or more
levels. For example, in various embodiments, table 420 may
comprise 16 to 64 levels, although another number of levels
supported within a mapping table is possible and contem-
plated. Three levels labeled Level “N”, Level “N-1" and
Level “N-2" are shown for ease of illustration. Each level
within table 420 may include one or more partitions. In one
embodiment, each partition is a 4 kilo-byte (KB) page. In one
embodiment, a corresponding index 410 may be included in
each level of translation table 420. In this embodiment, each
level and each corresponding index 410 may be physically
stored in a random-access manner within the storage devices.
[0056] Inone embodiment, index 410 may be divided into
partitions, such as partitions 412a-4125. In one embodiment,
the size of the partitions may range from a 4 kilobyte (KB)
page to 256 KB, though other sizes are possible and are
contemplated. Each entry of index 410 may store a key value,
and the key value may be based on the medium ID, block
number, and other values. For the purposes of this discussion,
the key value in each entry is represented by the medium 1D
and block number. This is shown merely to aid in the discus-
sion of mapping between mediums and entries in index 410.
In other embodiments, the key values of entries in index 410
may vary in how they are generated.

[0057] Invarious embodiments, portions of index 410 may
be cached, or otherwise stored in a relatively fast access
memory. In various embodiments, the entire index 410 may
be cached. In some embodiments, where the primary index
has become too large to cache in its entirety, or is otherwise
larger than desired, secondary, tertiary, or other index por-
tions may be used in the cache to reduce its size. In addition
to the above, in various embodiments mapping pages corre-
sponding to recent hits may be cached for at least some period
of'time. In this manner, processes which exhibit accesses with
temporal locality can be serviced more rapidly (i.e., recently
accessed locations will have their mappings cached and
readily available).

[0058] Insome embodiments, index 410 may be a second-
ary index which may be used to find a key value for accessing
a primary index. The primary index may then be used for
locating corresponding entries in address translation table
400. Itis to be understood that any number of levels of indexes
may be utilized in various embodiments. In addition, any
number of levels of redirection may be utilized for perform-
ing the address translation of received data requests, depend-
ing on the embodiment. In another embodiment, index 410
may be a separate entity or entities from address translation
table 400. It is noted that in other embodiments, other types of
indexes and translation tables may be utilized to map medium
IDs and block numbers to physical storage locations.

[0059] Referring now to FIG. 5, one embodiment of a
search optimization operation is shown. The search optimi-
zation operation may be performed to collapse medium 54
into a medium that points to itself (i.e., has no underlying
medium). This will ensure that future lookups to medium 54
are more efficient by only having to perform lookups to a
single medium. As part of the search optimization operation,
address translation table entries may be consolidated for
medium 54, resulting in all of the blocks of medium 54 being
mapped directly from medium 54 rather than from a lower
level medium as was previously the case.
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[0060] The left-side of FIG. 5 shows the status of medium
54 prior to the search optimization operation being per-
formed. As shown in medium mapping table 505A, medium
54 has a range 0f 0-299 and an underlying medium of38, and
an offset of 200 is applied to blocks when going down to
medium 38 from medium 54. It is noted that only the entries
of the medium mapping table relevant to medium 54 are
shown in table 505A, and the entries show only pertinent
attributes to avoid cluttering the figure. Medium graph 510A
illustrates the relationships between the mediums prior to the
search optimization operation taking place. As can be seen
from medium graph 510A, medium 54 points to medium 38,
which in turn points to medium 37.

[0061] Also on the left-side of FIG. 5 is address translation
table 500A. Table S00A shows only index entries associated
with medium 54. These entries may actually be scattered
throughout the overall address translation table but are shown
as being adjacent entries in table 500A merely for ease of
illustration. It is also noted that there may be other levels of
indirection in the overall address translation table that convert
a medium and block number to a corresponding storage loca-
tion, but these other levels are not shown to avoid cluttering
the figure. The index entries shown in table 500 A represent all
ofthe index entries in the address translation table associated
with medium 54. While each entry in table 500 A corresponds
to a range size of 100 blocks, it is noted that in other embodi-
ments, entries may correspond to other range sizes. In other
embodiments, each entry in an address translation table may
correspond to a smaller number of blocks. For example, in
another embodiment, each entry in an address translation
table may correspond to eight blocks.

[0062] It may be assumed for the purposes of this discus-
sion that the storage controller performed a search to locate all
index entries associated with medium 54, and the index
entries shown in table 500 A represent the result of this search.
For block 0 of medium 54, there is not an index entry assigned
to medium 54. Therefore, the storage controller would search
for index entries corresponding to the underlying medium of
medium 54, which in this case is medium 38. Since medium
54 maps to medium 38 with an offset of 200, block 0 of
medium 54 translates to block 200 of medium 38, and so the
storage controller would perform a search for block 200 of
medium 38. It is assumed that this lookup also resulted in a
miss, in which case the storage controller would search the
underlying medium of 38, which in this case is medium 37.
Since medium 38 maps to medium 37 with an offset of 500,
block 200 of medium 38 translates to block 700 of medium
37. In this case, a lookup for block 700 of medium 37 results
in a hit, and the entry corresponding to block 700 of medium
37 is shown in table 500A.

[0063] A search for block 100 of medium 54 would even-
tually locate the entry for block 300 of medium 38, and
accordingly, an entry corresponding to block 300 of medium
38 is shown in table 500 A. A search for block 200 of medium
54 would locate an entry assigned to medium 54, and there-
fore, an entry corresponding to block 200 of medium 54 is
shown in table 500A. It will be assumed for the purposes of
this discussion that the three entries shown in table 500A
cover the entire address space of medium 54.

[0064] A storage controller may perform a search optimi-
zation operation for medium 54, and the results of this opera-
tion are shown on the right-side of FIG. 5. The first three
entries of address translation table 500B are the same as the
entries of table 500A. The entries assigned to medium 38 and
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medium 37 may be reclaimed by the storage controller if
these blocks of medium 38 and medium 37 are no longer
reachable (by upper-level mediums or by user volumes).
However, these entries may remain in table 500B for a period
of time prior to being reclaimed.

[0065] Two new entries have been added to table 500B as
part of the search optimization operation, and these two
entries are assigned to medium 54. These two new entries
correspond to blocks 0 and 100 of medium 54, and attributes
(e.g., page, level) may be copied from the corresponding
existing entries and stored in the new entries. After the search
optimization operation for medium 54 is performed, a lookup
of'table 500B for any block of medium 54 will result in a hit
for this lookup. Therefore, future lookups of medium 54 will
become more efficient. It is noted that other levels of address
translation table 500B may also be updated as part of the
search optimization operation for medium 54, but these
updates are not shown in FIG. 5 to avoid cluttering the figure.
[0066] Medium mapping table 505B shows an updated
entry for medium 54, which now points to itself as its own
underlying medium. This is the case because a lookup of
address translation table 500B for medium 54 will always
result in a hit for any blocks of medium 54. Medium graph
510B also illustrates the new relationships between mediums
after the search optimization operation, with medium 54
being its own underlying medium, and with medium 38 still
pointing to medium 37.

[0067] Although not shown in FIG. 5, medium 54 may be
the underlying medium of one or more other mediums. Any
upper-level mediums that have medium 54 as their underlying
medium may benefit from more efficient lookups after the
search optimization operation is performed since they will
have fewer underlying mediums to traverse now that medium
54 has been consolidated. In addition, mediums which have
medium 54 as their underlying medium may be converted
into quiesced mediums since lookups for these mediums will
only have to search at most two mediums.

[0068] Itisnoted that in some embodiments, address trans-
lation tables 500A and 500B may have multiple levels of
indirection and in these embodiments, each level of indirec-
tion which is accessed using a key generated from the
medium ID and block number may be updated as part of the
search optimization operation.

[0069] Although the example shown in FIG. 5 includes a
small number of table entries and only two levels of underly-
ing mediums beneath medium 54, in actual scenarios encoun-
tered by operational storage systems, the number of table
entries and levels of underlying mediums may be substan-
tially larger. In these embodiments, higher performance and
efficiency gains can be attained by performing search optimi-
zation operations.

[0070] Turning now to FIG. 6, one embodiment ofa portion
of a medium mapping table 600 is shown. The entries for
medium 5 shown in medium mapping table 600 illustrate
another technique for medium graph collapsing by shortcut-
ting the medium mapping table. Table 600 includes the same
entries for medium 2 and medium 1 as shown in table 300 of
FIG. 3. However, the entries for medium 5 have been updated
to shortcut the table and reduce the number of lookups that are
needed for medium 5.

[0071] Whereas medium 5 has a single entry in table 300 of
FIG. 3, medium 5 now has two entries in table 600 after the
shortcut has been created. Referring back to the single entry
for medium 5 in table 300, the storage controller may detect
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that blocks 100-999 of medium 5 are only found in medium 2
(at the same offset), while these blocks in medium 2 are only
found in medium 1. This condition may be detected by deter-
mining that blocks 100-999 of medium 2 are masked, which
indicates that all blocks in this range are in the underlying
medium (medium 1). Therefore, the storage controller may
split up the single entry for medium 5 in table 300 into two
range entries in table 600. The first new entry is for blocks
0-99 of medium 5, and this entry is still in the registered,
unmasked (RU) state with underlying medium 2. The second
new entry is for blocks 100-999 of medium 5, and this entry
is in the quiescent, unmasked (QU) state with underlying
medium 1. Lookups for blocks 100-999 of medium 5 may
now be performed in a single underlying medium search
(medium 1) rather than requiring the storage controller to
traverse two underlying mediums (medium 2 and medium 1).
[0072] Another technique for collapsing the medium graph
is to merge one or more mediums that cannot be referenced
externally. These one or more mediums may be merged to the
medium directly above them in the medium graph. For
example, referring back to table 300 of FIG. 3, if medium 10
were no longer externally visible, the storage controller could
merge medium 10 with medium 14 by coalescing entries in
medium 10 into medium 14 and renumbering these entries.
While the storage controller could merge the mappings in
medium 14 into medium 25, the storage controller could not
then delete medium 14 because medium 18 still uses medium
14 as its underlying medium, even though medium 14 might
not be externally visible.

[0073] The combination of all of these techniques can dra-
matically shrink the number of mediums in use by a storage
system. For storage systems that take frequent checkpoints
and then forget them or lack external mappings to a portion of
these checkpoints, these techniques can be especially benefi-
cial for reducing the total number of mediums. In addition, for
storage systems with long chains of mediums, these tech-
niques can help ensure that lookups can be performed effi-
ciently

[0074] Referring now to FIG. 7, one embodiment of a
method 700 for shortcutting a medium mapping table is
shown. The components embodied in system 100 described
above (e.g., storage controller 110) may generally operate in
accordance with method 700. In addition, the steps in this
embodiment are shown in sequential order. However, some
steps may occur in a different order than shown, some steps
may be performed concurrently, some steps may be combined
with other steps, and some steps may be absent in another
embodiment.

[0075] The storage controller may initiate a process for
shortcutting the medium mapping table (block 705). In one
embodiment, this process for shortcutting the medium map-
ping table may only be one of multiple techniques for col-
lapsing the medium graph and optimizing lookups that may
be implemented. For example, this process for shortcutting
may be combined with a process for consolidating entries in
the medium mapping table (as described below in FIG. 8).
Other techniques may also be combined with these methods
to optimize lookups and reduce the number of mediums in the
storage system.

[0076] Next, the storage controller may search for mediums
to be read optimized (block 710). Next, the storage controller
may select a medium range that has a status of registered
(block 715). If a medium range has a registered status, this
indicates that there are two or more levels of underlying
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medium ranges below this medium range. A status of regis-
tered also indicates that a search for blocks in that medium
range may proceed recursively through multiple medium
ranges. The medium range selected in block 715 may also be
referred to as the original medium range for the purposes of
this discussion. It is noted that in some cases, the selected
medium may only have a single entry in the medium mapping
table corresponding to a single range.

[0077] After selecting a medium range, the storage control-
ler may go down a level in the medium mapping table (block
720). The operation of going down a level refers to finding the
entry that corresponds to the medium range which underlies
the selected medium range. It is noted that this underlying
medium range may be broken up into multiple ranges and
may have multiple entries in the medium mapping table cor-
responding to the selected medium range. For these cases,
each range of the underlying medium range may be processed
separately and the following steps of method 700 may con-
tinue in parallel for each of these ranges. Alternatively, the
steps of method 700 may continue for a first entry correspond-
ing to a first range, and when the steps of method 700 have
been completed for the first entry, the second entry for the
underlying medium range may be processed, then the third
entry, and so on. Also, in some cases, an offset may be applied
to the original block numbers when going down a level from
the original medium range to the underlying medium range.
After going down a level in the medium mapping table in
block 720, the underlying medium range may now be referred
to as the current medium range for the discussion pertaining
to blocks 725-730 of method 700.

[0078] After block 720, the storage controller may deter-
mine if the current medium range is unmasked (conditional
block 725). In one embodiment, this may be determined by
checking the status of the current medium range in the
medium mapping table. If the current medium range is
unmasked (conditional block 725, “yes” leg), then method
700 may return to block 715 and the storage controller may
select another medium range that has a registered status.

[0079] If the current medium is unmasked, this indicates
that this medium has its own mappings for at least a portion of
its associated data. Therefore, it is not possible to create a
shortcut around this medium. Accordingly, the storage con-
troller may select another medium range with a registered
status. If the current medium range is masked (conditional
block 725, “no” leg), then the storage controller may go down
a level in the medium mapping table by going to the medium
range which underlies the current medium range (block 730).
If the current medium range is masked, this indicates that the
current medium range does not have any mappings assigned
to itself and that all mappings are assigned to lower-level
medium ranges. Accordingly, a shortcutting of the medium
mapping table can be implemented since all data blocks of the
current medium range will end up being mapped throughto a
lower-level medium range. Method 700 continues after block
730 by determining how many levels can be shortcut from the
table, since in some cases, more than one level may be short-
cut from the medium mapping table. It is noted that when
going down a level in the medium mapping table, this lower-
level medium range may be split up into multiple ranges
which correspond to the current medium range. In these
cases, the remaining steps of method 700 may be performed
separately for each range of this lower-level medium range.
Each range may be handled in a parallel or in a serial fashion.
After block 730, after going down a level in the medium
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mapping table, this underlying medium range (of the current
medium range) may now be referred to as the current medium
range for the remaining steps of method 700.

[0080] After block 730, the storage controller may deter-
mine if the current medium range has an underlying medium
range (conditional block 735). If the current medium range
has an underlying medium range (conditional block 735,
“yes” leg), then the storage controller may determine if the
current medium range is unmasked (conditional block 740).
If the current medium range does not have an underlying
medium range (conditional block 735, “no” leg), then the
storage controller may create a new entry in the medium
mapping table for the original medium range which points to
the current medium range as its underlying medium range
(block 745). This entry may be for a portion of the original
medium range or for the entirety of the original medium
range, depending on the circumstances detected when per-
forming blocks 720 and 730. This new entry effectively short-
cuts the medium mapping table and will make future lookups
of the original medium range more efficient. The storage
controller may use any of various techniques for determining
when to reclaim the old entry which is being replaced by this
new entry. After block 745, method 700 may return to block
715 to select a medium range with a registered status.
[0081] If the current medium range is unmasked (condi-
tional block 740, “yes” leg), then the storage controller may
create a new entry in the medium mapping table for the
original medium range which points to the current medium
range as its underlying medium range (block 745). If the
current medium range is masked (conditional block 740, “no”
leg), then method 700 may return to block 730 to go down to
a lower level in the medium mapping table. In this case, a
shortcut of the table may span more than one level if each of
the two or more intermediate levels (between the original
medium range and the current medium range) have an under-
lying medium range and are masked.

[0082] Turning now to FIG. 8, one embodiment of a method
800 for collapsing the medium mapping table is shown. The
components embodied in system 100 described above (e.g.,
storage controller 110) may generally operate in accordance
with method 800. In addition, the steps in this embodiment
are shown in sequential order. However, some steps may
occur in a different order than shown, some steps may be
performed concurrently, some steps may be combined with
other steps, and some steps may be absent in another embodi-
ment.

[0083] The storage controller may initiate a medium map-
ping table collapsing process (block 805). The conditions
which trigger the initiation of the medium mapping table
collapsing process may vary from embodiment to embodi-
ment. For example, in one embodiment, if the storage con-
troller determines that the number of mediums exceeds a
programmable threshold, then the medium mapping table
collapsing may be initiated. Alternatively, if the storage con-
troller has idle processing resources, then the storage control-
ler may utilize these processing resources to run the medium
mapping table collapsing process. In other embodiments, the
storage controller may initiate the medium mapping table
collapsing process on a periodic basis (e.g., daily, twice a
week).

[0084] The medium mapping table collapsing process may
select amedium for consolidating entries in the address trans-
lation table (block 810). In one embodiment, a medium with
a long chain of underlying mediums may be selected for
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consolidating entries. For example, the storage controller
may select a given medium for consolidation if the given
medium has a chain of underlying mediums that is greater
than a programmable threshold. Other techniques for select-
ing a medium for consolidation are possible and are contem-
plated.

[0085] Next, the storage controller may select a given range
of'blocks of the selected medium (block 815). The size of the
range may vary depending on the characteristics of the
selected medium. In one embodiment, the storage controller
may begin with a first range of blocks starting with the small-
est number and proceeding to higher numbers. Alternatively,
the storage controller may begin with the highest range of
blocks based on block number and proceed to lower numbers
on successive searches. Alternatively, the storage controller
may process the different ranges of blocks in any order.
[0086] If the selected medium is unmasked for the current
range of blocks and if an address translation table lookup for
the current range of blocks of the selected medium results in
a hit (conditional block 820, “yes” leg), then the storage
controller may determine if the last range of blocks for the
selected medium has already been reached (conditional block
825). If the given range of blocks has an entry assigned to the
selected medium in the index of the address translation table,
then the storage controller does not need to consolidate this
entry since the entry is already assigned to the selected
medium and can be found using a key generated from the
selected medium.

[0087] Ifthe storage controller has already reached the last
range of blocks for the selected medium (conditional block
825, “yes” leg), then method 800 may return to block 810 and
select a new medium to consolidate. If the storage controller
has not yet reached the last range of blocks for the selected
medium (conditional block 825, “no” leg), then the storage
controller may move to the next range of blocks of the
selected medium for searching (block 830), and then method
800 may return to conditional block 820.

[0088] If the selected medium is masked for the current
range of blocks or if the address translation table lookup for
the current range of blocks using the selected medium results
in a miss (conditional block 820, “no” leg), then the storage
controller may determine the underlying medium of the
selected medium (block 835). In one embodiment, the storage
controller may query the medium mapping table to determine
the underlying medium of the selected medium. The storage
controller may also determine if an offset should be applied to
the block number in the underlying medium from the original
block number of the selected medium. Next, the storage con-
troller may determine if the underlying medium is unmasked
for the current range of blocks and if an address translation
table lookup for the current range of blocks using the under-
lying medium results in a hit (conditional block 840). The
storage controller may use a key generated from the underly-
ing medium and current range of blocks for the address trans-
lation table lookup (with an offset applied to the block num-
bers, if applicable).

[0089] If the underlying medium is masked for the current
range of blocks or if the address translation table lookup for
the current range of blocks using the selected medium results
in a miss (conditional block 840, “no” leg), then the storage
controller may determine if the selected medium is quiescent
(conditional block 845). If the selected medium is quiescent
(conditional block 845, “yes” leg), then this indicates that
there are no more underlying mediums to search, and method
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800 may return to block 810 to select a new medium for
consolidating entries. If the selected medium is not quiescent
(conditional block 845, “no” leg), then the storage controller
may return to block 835 to determine the underlying medium
of the current medium.

[0090] If the underlying medium is unmasked for the cur-
rent range of blocks and if an address translation table lookup
for the current range of blocks using the underlying medium
results in a hit (conditional block 840, “yes” leg), then the
storage controller may create one or more new entries in the
address translation table for the current range of blocks and
assign the new entries to the selected medium (block 850).
Each new entry may include a key generated from the selected
medium ID and the range of blocks as mapped from the
selected medium. This range of blocks may be different from
the current range if an offset was applied to the underlying
medium by the medium above it in the medium graph. Next,
the storage controller may update the medium mapping table
entry status to quiescent for the current range of blocks of the
selected medium (block 855).

[0091] Next, the storage controller may copy mappings
from the existing entries (assigned to the underlying medium)
ofthe address translation table to the new entries while retain-
ing the existing entries (block 860). However, in some
embodiments, the storage controller may reclaim the existing
entries for the underlying medium if the region of the under-
lying medium corresponding to the existing entries is not
reachable by any other mediums. After block 860, method
800 may return to block 825 to determine if the last range of
blocks has been reached for the selected medium.

[0092] In some embodiments, method 700 (of FIG. 7) and
method 800 may be performed concurrently in various com-
binations to merge mappings and consolidate mediums. For
example, method 700 may be performed on a first medium to
shortcut the medium mapping table while method 800 is
being performed in parallel on a second medium to collapse
the medium mapping table for the second medium. Addition-
ally, method 700 may be performed on multiple different
mediums in parallel while method 800 is also performed on
multiple different mediums in parallel. By combining method
700 and method 800 (and one or more other techniques), the
number of mediums in the storage system may be reduced and
future lookups to mediums may be optimized.

[0093] Itis also noted that as part of the process of merging
mappings and consolidating mediums, adjacent mappings
may be merged if these adjacent mappings are compatible so
as to further reduce the size of the medium mapping table.
Adjacent mappings may be considered compatible if they
have the same attributes and can be combined into a single
entry in the medium mapping table. For example, a given
medium 900 may have two adjacent entries. The first of these
entries may be for a range of 0-99, with the underlying
medium set to 905, and with a status of quiescent. The second
entry may be for a range of 100-399 with the underlying
medium set to 905, and with a status of quiescent. These two
entries can be merged into a single with a range 0f 0-399, with
the underlying medium set to 905, and with a status of qui-
escent. After a storage controller has promoted mappings to
higher-level mediums while performing medium collapsing
operations, it is customary to find many adjacent entries with
the same attributes scattered throughout the medium mapping
table. Accordingly, these adjacent entries may be merged to
further reduce the size of the medium mapping table.
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[0094] It is noted that the above-described embodiments
may comprise software. In such an embodiment, the program
instructions that implement the methods and/or mechanisms
may be conveyed or stored on a computer readable medium.
Numerous types of media which are configured to store pro-
gram instructions are available and include hard disks, floppy
disks, CD-ROM, DVD, flash memory, Programmable ROMs
(PROM), random access memory (RAM), and various other
forms of volatile or non-volatile storage.

[0095] Invarious embodiments, one or more portions of the
methods and mechanisms described herein may form part of
a cloud-computing environment. In such embodiments,
resources may be provided over the Internet as services
according to one or more various models. Such models may
include Infrastructure as a Service (IaaS), Platform as a Ser-
vice (PaaS), and Software as a Service (SaaS). In IaaS, com-
puter infrastructure is delivered as a service. In such a case,
the computing equipment is generally owned and operated by
the service provider. In the PaaS model, software tools and
underlying equipment used by developers to develop soft-
ware solutions may be provided as a service and hosted by the
service provider. SaaS typically includes a service provider
licensing software as a service on demand. The service pro-
vider may host the software, or may deploy the software to a
customer for a given period of time. Numerous combinations
of'the above models are possible and are contemplated.
[0096] Although the embodiments above have been
described in considerable detail, numerous variations and
modifications will become apparent to those skilled in the art
once the above disclosure is fully appreciated. It is intended
that the following claims be interpreted to embrace all such
variations and modifications.

What is claimed is:
1. A computer system comprising:
one or more storage devices; and
a storage controller coupled to the one or more storage
devices, wherein the storage controller is configured to:
maintain a medium mapping table to map underlying
mediums to active mediums, wherein each underlying
medium represents a snapshot; and
maintain an address translation table to map mediums to
locations within the one or more storage devices;
wherein the storage controller is further configured to:

initiate a search optimization operation for a first range
of a first medium, wherein the search optimization
operation comprises collapsing the medium mapping
table for the first range of the first medium, and
wherein the first range of the first medium has at least
one underlying medium;

create one or more first entries in the address translation
table;

assign the one or more first entries to the first range of the
first medium; and

copy attributes from one or more second entries in the
address translation table to the first entries, wherein
the second entries are assigned to a second medium,
and wherein the second medium underlies the first
range of the first medium.

2. The computer system as recited in claim 1, wherein
responsive to determining a third medium underlies a second
range of the first medium and a fourth medium underlies the
third medium, the storage controller is configured to:
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create a new entry for the second range of the first medium
in the medium mapping table, wherein the new entry
indicates the fourth medium underlies the second range
of the first medium; and

discard an existing entry for the second range of the first

medium in the medium mapping table, wherein the
existing entry indicates the third medium underlies the
second range of the first medium.

3. The computer system as recited in claim 2, wherein the
storage controller is configured to create the new entry for the
second range of the first medium in the medium mapping
table responsive to detecting that there are no existing entries
assigned to the third medium in the address translation table
which correspond to an address space of the second range of
the first medium.

4. The computer system as recited in claim 1, wherein the
storage controller is further configured to copy attributes from
one or more third entries of the address translation table to the
first entries, wherein the third entries are assigned to a third
medium, and wherein the third medium underlies the second
medium.

5. The computer system as recited in claim 1, wherein the
storage controller is further configured to apply an offset to
block numbers copied to the first entries responsive to deter-
mining the first range of the first medium maps to the second
medium using the offset.

6. The computer system as recited in claim 1, wherein the
storage controller is configured to update the medium map-
ping table to indicate the first range of the first medium has no
underlying medium responsive to determining mappings
assigned to the first range of the first medium in the address
translation table cover an entire address space of the first
range of the first medium.

7. The computer system as recited in claim 1, wherein
responsive to determining the entries in the second medium
are no longer externally visible to any user volumes, the
storage controller is configured to reclaim the second
medium.

8. A method for use in a storage system, the method com-
prising:

maintaining a medium mapping table to map underlying

mediums to active mediums, wherein each underlying
medium represents a snapshot;
maintaining an address translation table to map mediums
to locations within the one or more storage devices;

initiating a search optimization operation for a first range
of a first medium, wherein the search optimization
operation comprises collapsing the medium mapping
table for the first range of the first medium, and wherein
the first range of the first medium has at least one under-
lying medium;

creating one or more first entries in the address translation

table;

assigning the one or more first entries to the first range of

the first medium; and

copying attributes from one or more second entries in the

address translation table to the first entries, wherein the
second entries are assigned to a second medium, and
wherein the second medium underlies the first range of
the first medium

9. The method as recited in claim 8, wherein responsive to
determining a third medium underlies a second range of the
first medium and a fourth medium underlies the third
medium, the method further comprising:
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creating a new entry for the second range of the first
medium in the medium mapping table, wherein the new
entry indicates the fourth medium underlies the second
range of the first medium; and

discarding an existing entry for the second range of the first
medium in the medium mapping table, wherein the
existing entry indicates the third medium underlies the
second range of the first medium.

10. The method as recited in claim 9, further comprising
creating the new entry for the second range of the first
medium in the medium mapping table responsive to detecting
that there are no existing entries assigned to the third medium
in the address translation table which correspond to an
address space of the second range of the first medium.

11. The method as recited in claim 8, further comprising
copying attributes from one or more third entries of the
address translation table to the first entries, wherein the third
entries are assigned to a third medium, and wherein the third
medium underlies the second medium.

12. The method as recited in claim 8, further comprising
applying an offset to block numbers copied to the first entries
responsive to determining the first range of the first medium
maps to the second medium using the offset.

13. The method as recited in claim 8, further comprising
updating the medium mapping table to indicate the first range
of the first medium has no underlying medium responsive to
determining mappings assigned to the first range of the first
medium in the address translation table cover an entire
address space of the first range of the first medium.

14. The method as recited in claim 8, further comprising
reclaiming the second medium responsive to determining the
entries in the second medium are no longer externally visible
to any user volumes.

15. A non-transitory computer readable storage medium
storing program instructions, wherein the program instruc-
tions are executable by a processor to

maintain a medium mapping table to map underlying
mediums to active mediums, wherein each underlying
medium represents a snapshot;

maintain an address translation table to map mediums to
locations within the one or more storage devices;

initiate a search optimization operation for a first range of
a first medium, wherein the search optimization opera-
tion comprises collapsing the medium mapping table for
the first range of the first medium, and wherein the first
range of the first medium has at least one underlying
medium,;

create one or more first entries in the address translation
table;

assign the one or more first entries to the first range of the
first medium; and

copy attributes from one or more second entries in the
address translation table to the first entries, wherein the
second entries are assigned to a second medium, and
wherein the second medium underlies the first range of
the first medium.

16. The computer readable storage medium as recited in
claim 15, wherein responsive to determining a third medium
underlies a second range of the first medium and a fourth
medium underlies the third medium, the program instructions
are executable by a processor to:
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create a new entry for the second range of the first medium
in the medium mapping table, wherein the new entry
indicates the fourth medium underlies the second range
of the first medium; and

discard an existing entry for the second range of the first

medium in the medium mapping table, wherein the
existing entry indicates the third medium underlies the
second range of the first medium.

17. The computer readable storage medium as recited in
claim 16, wherein the program instructions are further
executable by a processor create the new entry for the second
range of the first medium in the medium mapping table
responsive to detecting that there are no existing entries
assigned to the third medium in the address translation table
which correspond to an address space of the second range of
the first medium.

18. The computer readable storage medium as recited in
claim 15, wherein the program instructions are further
executable by a processor to copy attributes from one or more
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third entries of the address translation table to the first entries,
wherein the third entries are assigned to a third medium, and
wherein the third medium underlies the second medium.

19. The computer readable storage medium as recited in
claim 15, wherein the program instructions are further
executable by a processor to apply an offset to block numbers
copied to the first entries responsive to determining the first
range of the first medium maps to the second medium using
the offset.

20. The computer readable storage medium as recited in
claim 15, wherein the program instructions are further
executable by a processor to update the medium mapping
table to indicate the first range of the first medium has no
underlying medium responsive to determining mappings
assigned to the first range of the first medium in the address
translation table cover an entire address space of the first
range of the first medium.
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