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Description
FIELD OF THE INVENTION

[0001] The present invention relates to storage sys-
tems and, more specifically, to a technique for a storage
system to adaptively adjust its readahead operations for
multiple read streams.

BACKGROUND OF THE INVENTION

[0002] A storage system is a computer that provides
storage service relating to the organization of information
on storage devices, such as disks. The storage system
includes a storage operating system that logically organ-
izes the information as a set of data blocks stored on the
disks. In a block-based deployment, such as a conven-
tional storage area network (SAN), the data blocks may
be directly addressed in the storage system. However,
in a file-based deployment, such as a network attached
storage (NAS) environment, the operating system imple-
ments a file system to logically organize the data blocks
as a hierarchical structure of addressable files and direc-
tories on the disks. In this context, a directory may be
implemented as a specially formatted file that stores in-
formation about other files and directories.

[0003] The storage system may be configured to op-
erate according to a client/server model of information
delivery to thereby allow many client systems (clients) to
access shared resources, such as files, stored on the
storage system. The storage systemis typically deployed
over a computer network comprising a geographically
distributed collection of interconnected communication
links, such as Ethernetlinks, that allow clients to remotely
access the shared information (e.g., files) on the storage
system. The clients typically communicate with the stor-
age system by exchanging discrete frames or packets of
data formatted according to predefined network commu-
nication protocols, such as the Transmission Control Pro-
tocol/Internet Protocol (TCP/IP). In this context, a proto-
col consists of a set of rules defining how the intercon-
nected computer systems interact with one another.
[0004] In afile-based deployment, clients employ a se-
mantic level of access to files and file systems stored on
the storage system. For instance, a client may request
to retrieve ("read") or store ("write") information in a par-
ticular file stored on the storage system. Clients typically
request the services of the file-based storage system by
issuing file-system protocol messages (in the form of
packets) formatted according to conventional file-based
access protocols, such as the Common Internet File Sys-
tem (CIFS), the Network File System (NFS) and the Di-
rect Access File System (DAFS) protocols. The client
requests identify one or more files to be accessed without
regard to specific locations, e.g., data blocks, in which
the requested data are stored on disk. The storage sys-
tem converts the received client requests from file-sys-
tem semantics to corresponding ranges of data blocks

10

15

20

25

30

35

40

45

50

55

on the storage disks. Inthe case of aclient "read" request,
data blocks containing the client's requested data are
retrieved and the requested data is then returned to the
client.

[0005] In a block-based deployment, client requests
can directly address specific data blocks in the storage
system. Some block-based storage systems organize
their data blocks in the form of databases, while other
block-based systems may store their blocks internally in
a file-oriented structure. Where the data is organized as
files, a client requesting information maintains its own file
mappings and manages file semantics, while its requests
(and corresponding responses) to the storage system
address the requested information in terms of block ad-
dresses on disk. In this manner, the storage bus in the
block-based storage system may be viewed as being ex-
tended to the remote client systems. This "extended bus"
is typically embodied as Fibre Channel (FC) or Ethernet
media adapted to operate with block-based access pro-
tocols, such as the Small Computer Systems Interface
(SCSI) protocol encapsulated over FC (FCP) or encap-
sulated over TCP/IP/Ethernet (SCSI).

[0006] Each storage device in the block-based system
is typically assigned a unique logical unit number (lun)
by which it can be addressed, e.g., by remote clients.
Thus, an "initiator" client system may request a data
transfer for a particular range of data blocks stored on a
"target" lun. lllustratively, the client request may specify
a starting data block in the target storage device and a
number of successive blocks in which data may be stored
or retrieved in accordance with the client request. For
instance, in the case of a client "read" request, the re-
quested range of data blocks is retrieved and then re-
turned to the requesting client.

[0007] Ingeneral,afile systemdoes notdirectly access
"on-disk" data blocks, e.g., assigned respective disk
block numbers (dbn) in a dbn address space. Instead,
there is typically a one-to-one mapping between data
blocks stored on disk, e.g., in a dbn address space, and
the same data blocks organized by the file system, e.g.,
in a volume block number (vbn) space. For instance, N
on-disk data blocks may be managed within the file sys-
tem by assigning each data block to a unique vbn be-
tween zero and N-1. Furthermore, the file system may
associate a set of data blocks (i.e., vbns) with a file or
directory managed by the file system. In this case, the
file system may attribute each data block in the file or
directory with a corresponding "file offset" or file block
number (fbn). lllustratively, the file offsets in the file or
directory may be measured in units of fixed-sized data
blocks, e.g., 4 kilobyte (kB) blocks, and therefore can be
mapped one-to-one to fbn numbers in that file or direc-
tory. Accordingly, each file or directory is defined within
the file system as a sequence of data blocks assigned
to consecutively numbered fbns, e.g., where the first data
block in each file or directory is assigned to a predeter-
mined starting fbon number, such as zero. Here, itis noted
that the file system assigns sequences of fon numbers
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on a per-file basis, whereas the file system assigns vbn
numbers over a typically larger volume address space.
[0008] A read streamis defined as a set of one or more
client requests that instructs the storage system to re-
trieve data from a logically contiguous range of file offsets
within a requested file. In other words, after the read
stream’sfirstrequestisreceived, every subsequent client
request in the read stream logically "extends" a contigu-
ous sequence of file offsets in the file accessed by the
stream’s previous request. Accordingly, a read stream
may be construed by the file system as a sequence of
client requests that directs the storage system to retrieve
a sequence of data blocks assigned to consecutively
numbered fbns. For instance, the firstrequest in the read
stream may retrieve a first set of data blocks assigned
to the fbns 10 through 19, the stream’s second request
may retrieve data blocks whose fbns equal 20 through
25, the third request may retrieve the data blocks as-
signed to the fbns 26 through 42, and so on. It is noted
that client requests in the read stream may employ
file-based or block-based semantics, so long as they in-
struct the storage system to retrieve data from the
stream’s logically contiguous range of file offsets.
[0009] Operationally, the storage system typically
identifies a read stream based on an ordered sequence
of client accesses to the same file. As used hereinafter,
a file is broadly understood as any set of data in which
zero or more read streams can be established. Accord-
ingly, the file may be a traditional file or directory stored
on a file-based storage system. Conventionally, the stor-
age system can only monitor one file read stream at a
time. To that end, the storage system determines wheth-
eraclient’s currently requested file data requires the stor-
age system to retrieve a set of data blocks that logically
extends a read stream already established in the file. If
so, the client request may be associated with the read
stream, and the read stream may be extended by the
number of retrieved data blocks.

[0010] Uponidentifying aread stream, the storage sys-
tem may employ speculative readahead operations to
retrieve data blocks that are likely to be requested by
future client read requests. These "readahead" blocks
are typically retrieved from disk and stored in memory
(i.e., buffer cache) in the storage system, where each
readahead data block is associated with a different
file-system vbn. Conventional readahead algorithms are
often configured to "prefetch" a predetermined number
of data blocks that logically extend the read stream. For
instance, for a read stream whose client read requests
retrieve a sequence of data blocks assigned to consec-
utively numbered fbns, the file system may invoke read-
ahead operations to retrieve additional data blocks as-
signed to fbns that further extend the sequence, even
though the readahead blocks have not yet been request-
ed by client requests in the read stream.

[0011] Typically, the readahead operations are "trig-
gered" whenever a file’s read stream reaches one of a
predefined set of file offsets or memory addresses. For
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example, suppose the predefined set of file offsets con-
sist of every 32nd file offset in the file (i.e., file block num-
bers 0, 32, 64, etc.). Further suppose that an existing
read stream begins at fbn number 4 and extends to fbn
number 27. If a client read request is received that in-
structs the storage system to retrieve fon numbers 28
through 34, the request extends the read stream past the
predefined fbn number 32, thereby triggering readahead
operations. Accordingly, the conventional readahead al-
gorithmretrieves a predetermined number of data blocks,
e. g., 288 data blocks, beginning with fon number 35,
from disk for storage in cache in anticipation of future
read requests in that read stream.

[0012] U.S. Patent No. 6,567,894 discloses a system
and method for determining information that is to be
prefetched in a multi-stream environment which can de-
tect sequential streams from among the aggregate ref-
erence stream and yet requires relatively little memory
to operate, which is uniquely adapted for use in a multi-
stream environment, in which multiple data accessing
streams are performing sequential accesses to informa-
tion independently of each other. A reference address
referencing stored information is received. A matching
runis found. A count corresponding to the run is updated.
If the count exceeds a predetermined threshold, an
amount of information to prefetch is determined. If a pre-
determined fraction of the determined amount of infor-
mation to prefetch must still be retrieved, the determined
amount of information is retrieved.; A matching run may
be found by searching a stack comprising a plurality of
entries to find an entry corresponding to the reference
address. Each of the plurality of entries may be associ-
ated with a maximum accessed address, a forward
range, and a backward range, and the searching step
may comprise searching the plurality of stack entries in
one direction starting at an end of the stack and deter-
mining whether the reference address is between (max-
imum accessed address-backward range) and (maxi-
mum accessed address+forward range) for each stack
entry until a matching stack entry is found.

[0013] U.S. Patent No. 6,260,115 discloses a method
for detecting and remembering multiple sequential ac-
cess patterns made from a host to a memory system
having one or more logical storage devices. Once a se-
quential access pattern is detected, one or more tracks
are requested to be prestaged ahead of the current ac-
cess request. The number of tracks requested to be
prestaged ahead may be responsive to the amount of
storage available in the cache memory. One list is pro-
vided for each logical storage device. Each list has mul-
tiple entries and is logically divided into two parts. A se-
quential part contains entries for access streams which
the system has determined are sequential and for which
the system may have prestaged one or more tracks into
cache. A candidate part contains information about re-
cent host accesses which have not as yet been deter-
mined to be sequential. The entries within each of the
two parts of the list are logically ordered in a most-re-
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cently-used fashion. The division between the two parts
of the list is allowed to change so that although the total
number of entries may be held constant, the proportion
of the entire list allocated to each of the two parts can be
varied. Inactive entries inthe listare invalidated overtime.
[0014] U.S. Patent No. 5,146,578 discloses how dy-
namically prefetching data for a cache memory is con-
trolled by the past history of data requests. If the previous
fetch and current fetch request are not sequential, no
data is prefetched. If the previous fetch and current fetch
request are sequential and less than all of the current
fetch request is already in the cache, two blocks of data
sequentially beyond the current fetch request are
prefetched. If the previous two blocks fetched and current
fetch request are sequential and less than all of the cur-
rent fetch request is already in the cache, four blocks of
data sequentially beyond the current fetch request are
prefetched. If the previous three blocks fetched and the
current fetch request are sequential and less than all of
the current fetch request is already in the cache, eight
blocks of data sequentially beyond the current fetch re-
quest are preferred. The prefetch algorithm is limited at
eightblocks. Each additional sequential requestless than
all of which is already in the cache will cause eight blocks
to be prefetched.

[0015] U.S. Patent No. 4,489,378 discloses that when
transferring data to a cache memory from an attachment
data storage device, additional unrequested information
can be transferred at the same time if it is likely that this
additional data will soon be requested. The average
quantity of data transferred to the cache memory in each
operation can be automatically and continually varied in
order to maximize the performance advantage provided
by the cache memory. When arecord of data is requested
by the host processor, data is transferred to the cache
memory from an attachment data storage device in in-
crements of fixed-length data blocks each containing a
sequence of data records, with the number of transferred
blocks being determined by the position of a requested
data record in its respective data block, and the average
number of blocks transferred in any one operation being
varied by adjusting threshold position values at which
second or third data blocks are transferred.

[0016] While conventional readahead algorithms work
well in certain situations, they generally suffer various
disadvantages. For instance, the conventional algo-
rithms retrieve a fixed number of readahead data blocks,
e. g., 288 data blocks, which may be an inappropriate
number of data blocks to prefetch for some read streams.
That is, the fixed number of readahead data blocks may
be an excessive amount of data to retrieve for relatively
small file read streams. On the other hand, largerfile read
streams may benefit from more aggressive readahead
sizes. Further, the fixed number of readahead data
blocks may be inappropriate for other reasons as well.
For instance, if the read stream contains client read re-
quests that request relatively small amounts of data, then
retrieval of alarge fixed number of readahead data blocks
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may be disproportionate with respect to the relatively
small amounts of client-requested data.

[0017] Inaddition, conventional readahead algorithms
that employ a relatively large fixed number of readahead
data blocks may consume an excessive amount of buffer
memory in the storage system. This excessive memory
usage, or "cache pollution," may cause the storage sys-
tem to consume memory and resources that are needed
for other system operations, .and consequently may neg-
atively impact the system’s performance. For example,
such cache pollution may Increase the latency of data
retrieval from the buffer memory since the storage sys-
tem has to search a large number of "incore" buffers con-
taining readahead data.

[0018] It is therefore desirable for the storage system
to implement a readahead algorithm that can adjust the
amount of readahead data it retrieves for one or more
read streams. The readahead algorithm should be con-
figured to reduce cache pollution in the storage system.

SUMMARY OF THE INVENTION

[0019] The present invention provides a method for a
storage operating system with the features of claim 1, a
storage system with the features of claim 8 and a com-
puter readable medium with the features of claim 11.
[0020] A storage system is provided that implements
a file system configured to optimize the amount of read-
ahead data retrieved for each read stream managed by
the file system. The file system relies on various factors
to adaptively select an optimized readahead size for each
read stream. Such factors may include the number of
read requests processed in the read stream, an amount
of client-requested data requested in the read stream, a
read-access style associated with the read stream, and
so forth. The file system is also configured to minimize
cache pollution by adaptively selecting when readahead
operations are performed for each read stream and de-
termining how long each read stream’s retrieved data is
retained in memory.

[0021] According to an illustrative embodiment, the file
system manages a separate set of readahead metadata
for each read stream. Consequently, the file system can
individually adjust readahead operations for each read
stream by appropriately modifying configuration param-
eters stored in the read stream’s associated set of meta-
data. For instance, each read stream’s associated set of
readahead metadata may include, inter alia, an indication
of whenreadahead operations are performed, anamount
of readahead data to retrieve and an indication of how
long the retrieved readahead data should be retained in
buffer cache. Advantageously, the contents of the read
stream’s associated set of readahead metadata may be
dynamically adjusted as client requests are processed
so as to optimize the amount of readahead data that is
prefetched and minimize cache pollution in the storage
system.

[0022] Further to the illustrative embodiment, each set
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ofreadahead metadata is stored in a corresponding read-
set data structure. The file system allocates a different
set of zero or more readsets for each requested file in
the storage system. In this way, each requested file can
support a number of concurrent read streams equal to
its number of allocated readsets (i.e., one read stream
per readset). In the illustrative embodiment, a file’s read-
sets are dynamically allocated in response to receiving
an initial request to read data in the file. Preferably, the
number of allocated readsets increases as the file’s size
increases.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The above and further advantages of the inven-
tion may be better understood by referring to the following
description in conjunction with the accompanying draw-
ings in which like reference numerals indicate identically
or functionally similar elements:

Fig. 1 is a schematic block diagram of an illustrative
multiprotocol storage appliance environment that
may be employed in accordance with the present
invention;

Fig. 2 is a schematic block diagram of an exemplary
storage operating system of that may be advanta-
geously used with the present invention;

Fig. 3 is a schematic block diagram of an exemplary
buffer tree that may be associated with a file or di-
rectory in the illustrative multiprotocol storage appli-
ance;

Fig. 4 is a schematic block diagram of an inode and
an exemplary set of readset data structures that may
be used to store readahead metadata for read
streams established in the inode’s associated file or
directory;

Fig. 5 is a schematic block diagram of an illustrative
table that may be used to determine the number of
readsets that may be allocated for a file or directory
based on the size of the file or directory;

Fig. 6 is a schematic block diagram of an illustrative
readset that advantageously may be employed in
accordance with the present invention;

Fig. 7 is a schematic block diagram illustrating a disk
I/O "hint" that may be used to retrieve data blocks
from disk storage in accordance with the present in-
vention;

Fig. 8 is a schematic block diagram of an illustrative
table that may be used in accordance with the
present invention to adaptively select an amount of
readahead data to retrieve from disk storage;

Figs. 9A-B are flowcharts comprising a sequence of
steps for generating a disk 1/O hint in which the
number of readahead data blocks is adaptively se-
lected;

Fig. 10 is a schematic block diagram of an exemplary
file read stream whose next readahead value is de-
termined based on a predetermined percentage of
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a readahead size;

Fig. 11is aflowchart comprising a sequence of steps
for setting the value of a "buf_once" flag in a disk /O
hint; and

Fig. 12 is a schematic block diagram illustrating an
exemplary flush queue and normal queue that may
be employed for managing data buffers in accord-
ance with the present invention.

DETAILED DESCRIPTION OF ILLUSTRATIVE EM-
BODIMENTS

A. Storage System

[0024] Fig. 1is a schematic block diagram of the mul-
tiprotocol storage appliance 100 configured to provide
storage service relating to the organization of information
on storage devices, such as disks 160. The storage disks
may be arranged in various configurations, such as a
redundant array of independent disks (RAID). The stor-
age appliance 100 is illustratively embodied as a storage
system comprising a processor 110, a memory 150, a
plurality of network adapters 120, 140 and a storage
adapter 130 interconnected by a system bus 115.
[0025] In the illustrative embodiment, the memory 150
comprises storage locations that are addressable by the
processor 110 and adapters 120, 140 for storing software
program code and data structures associated with the
presentinvention. Portions of the memory may be organ-
ized as an inode "pool" 154 containing one or more inode
data structures and a readset pool 152 containing read-
set data structures. Another portion of the memory may
be further organized as a buffer cache 156 containing
data buffers 1200. The processor and adapters may com-
prise processing elements and/or logic circuitry config-
ured to execute the software code and manipulate the
data structures stored in the memory 150. A storage op-
erating system 200, portions of which are typically resi-
dent in memory and executed by the processing ele-
ments, functionally organizes the storage appliance by,
inter alia, invoking storage operations in support of the
storage service implemented by the appliance. It will be
apparent to those skilled in the art that other processing
and memory means, including various computer reada-
ble media, may be used for storing and executing pro-
gram instructions pertaining to the inventive system and
method described herein.

[0026] Tofacilitate accesstothe disks 160, the storage
operating system 200 implements a write-anywhere file
system that cooperates with virtualization modules to
"virtualize" the storage space provided by disks 160. The
file system logically organizes the information as a hier-
archical structure of named directories and files on the
disks. Each "on-disk" file may be implemented as set of
disk blocks configured to store information, such as data,
whereas the directory may be implemented as a specially
formatted file in which names and links to other files and
directories are stored. The virtualization modules allow
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the file system to further logically organize information
as a hierarchical structure of blocks on the disks that are
exported as named logical unit numbers (luns).

[0027] As used herein, the term "storage operating
system" generally refers to the computer-executable
code operable on a computer that manages data access
and may, in the case of a multiprotocol storage appliance,
implement data access semantics. The storage operat-
ing system can be implemented as a microkernel, like
the Data ONTAP™ operating system available from Net-
work Appliance, Inc., Sunnyvale, California. The storage
operating system can also be implemented as an appli-
cation program operating over a general-purpose oper-
ating system, such as UNIX® or Windows NT®, or as a
general-purpose operating system with configurable
functionality, which is configured for storage applications
as described herein. It is expressly contemplated that
any appropriate storage operating system may be en-
hanced for use in accordance with the inventive princi-
ples described herein.

[0028] The storage adapter 130 cooperates with the
storage operating system 200 executing on the storage
appliance to access information requested by the clients
190. The information may be stored on the disks 160 or
other similar media adapted to store information. The
storage adapter includes input/output (I/0O) interface cir-
cuitry that couples to the disks over an 1/O interconnect
arrangement, such as a conventional Fibre Channel (FC)
serial link topology. The information is retrieved by the
storage adapter and, if necessary, processed by the
processor 110 (or the adapter 130 itself) prior to being
forwarded over the system bus 115 to the network adapt-
ers 120, 140, where the information is formatted into
packets or messages and returned to the clients.
[0029] The network adapter 120 couples the storage
appliance 100 to a plurality of clients 190a,b over, e.g.,
point-to-point links, wide area networks (WANSs), virtual
private networks (VPNs) implemented over a public net-
work (e.g., the Internet) or shared local area networks
(LANSs), such as the illustrative Ethernet network 175.
Therefore, the network adapter 120 may comprise a net-
work interface card (NIC) having the mechanical, elec-
trical and signaling circuitry needed to connect the appli-
ance to a network switch, such as a conventional Ether-
net switch 170. For this NAS-based network environ-
ment, the clients are configured to access information
stored on the multiprotocol appliance as files. The clients
190 communicate with the storage appliance over the
network 175 by exchanging discrete frames or packets
of data according to predefined protocols, such as the

Transmission  Control  Protocol/Internet  Protocol
(TCP/IP).
[0030] The clients 190 may be general-purpose com-

puters configured to execute applications over a variety
of operating systems, including the UNIX® and Micro-
soft® Windows ™ operating systems. Client systems gen-
erally utilize file-based access protocols when accessing
information (in the form of files and directories) over a
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NAS-based network. Therefore, each client 190 may re-
questthe services of the storage appliance 100 by issuing
file access protocol messages (in the form of packets) to
the appliance over the network 175. For example, a client
190a running the Windows operating system may com-
municate with the storage appliance 100 using the Com-
mon Internet File System (CIFS) protocol over TCP/IP.
On the other hand, a client 190b running the UNIX oper-
ating system may communicate with the multiprotocol
appliance using either the Network File System (NFS)
protocol over TCP/IP or the Direct Access File System
(DAFS) protocol over a virtual interface (VI) transport in
accordance with aremote direct memory access (RDMA)
protocol over TCP/IP. It will be apparent to those skilled
in the art that clients running other types of operating
systems may also communicate with the integrated mul-
tiprotocol storage appliance using other file access pro-
tocols.

[0031] The storage network "target" adapter 140 cou-
ples the multiprotocol storage appliance 100 to clients
190 that may be configured to access the stored infor-
mation as blocks, disks or logical units. For this
SAN-based network environment, the storage appliance
is coupled to an illustrative FC network 185. FC is a net-
working standard describing a suite of protocols and me-
dia that is primarily found in SAN deployments. The net-
work target adapter 140 may comprise a FC host bus
adapter (HBA) having the mechanical, electrical and sig-
naling circuitry needed to connect the appliance 100 to
a SAN network switch, such as a conventional FC switch
180. In addition to providing FC access, the FC HBA may
offload Fibre Channel network processing operations for
the storage appliance.

[0032] The clients 190 generally utilize block-based
access protocols, such as the Small Computer Systems
Interface (SCSI) protocol, when accessing information,
e.g., in the form of blocks or disks, over a SAN-based
network. SCSI is a peripheral 1/O interface with a stand-
ard, device independent protocol that allows different pe-
ripheral devices, such as disks 160, to attach to the stor-
age appliance 100. In SCSI terminology, clients 190 op-
erating in a SAN environment are initiators that initiate
requests and commands for data. The multiprotocol stor-
age appliance is thus a farget configured to respond to
the requests issued by the initiators in accordance with
a request/response protocol. When clients send SAN-
based data access requests to the storage appliance,
clients typically utilize logical block addresses that cor-
respond to individual data blocks stored on the disks 160.
[0033] The multiprotocol storage appliance 100 sup-
ports various SCSI-based protocols used in SAN deploy-
ments, including SCSI encapsulated over TCP/IP (iSC-
Sl) and SCSI encapsulated over FC (FCP). The initiators
(hereinafter clients 190) may thus request the services
of the target (hereinafter storage appliance 100) by issu-
ing iSCSI and FCP messages over the network 175, 185
to access information stored on the disks. It will be ap-
parent to those skilled in the art that the clients may also
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request the services of the integrated multiprotocol stor-
age appliance using other block access protocols. By
supporting a plurality of block access protocols, the mul-
tiprotocol storage appliance provides a unified and co-
herent access solution to disks and logical units in a het-
erogeneous SAN environment.

B. Storage Operating System

[0034] Fig. 2 is a schematic block diagram of an ex-
emplary storage operating system 200 that may be ad-
vantageously used with the present invention. The stor-
age operating system comprises a series of software lay-
ers organized to form an integrated network protocol
stack or, more generally, a multiprotocol engine that pro-
vides data paths for clients to access information stored
on the multiprotocol storage appliance 100 using block
and file access protocols. The protocol stack includes a
media access layer 210 of network drivers (e.g., gigabit
Ethernet drivers) that interfaces to network protocol lay-
ers, such as the IP layer 212 and its supporting transport
mechanisms, the TCP layer 214 and the User Datagram
Protocol (UDP) layer 216. A file system protocol layer
provides multiprotocol file access and, to that end, in-
cludes support for the DAFS protocol 218, the NFS pro-
tocol 220, the CIFS protocol 222 and the Hypertext Trans-
fer Protocol (HTTP) protocol 224. A VI layer 226 imple-
ments the VI architecture to provide direct access trans-
port (DAT) capabilities, such as RDMA, as required by
the DAFS protocol 218.

[0035] AniSCSIdriverlayer 228 provides block-based
protocol access over the TCP/IP network protocol layers,
while a FC driver layer 230 operates with the FC HBA
140 to receive and transmit block access requests and
responses to and from the clients 190a,b. The FC and
iSCSI drivers provide FC-specific and iSCSI-specific ac-
cess control to the storage disks 160 and other logical
units. In addition, the storage operating system 200 in-
cludes a RAID subsystem 240 that may implement a disk
storage protocol, such as a RAID protocol, as well as a
disk driver subsystem 250 for retrieving data blocks from
the storage disks 160 in accordance with a disk access
protocol such as, e.g., a SCSI protocol.

[0036] Bridging the disk software layers 240 and 250
with the integrated network protocol stack layers 210-230
is avirtualization system thatis implemented by a storage
manager or file system 260 interacting with virtualization
modules illustratively embodied as, e.g., virtual disk
("vdisk") module 270 and SCSI target module 235. The
vdisk module 270 is layered on the file system 260 to
enable access by administrative interfaces, such as a
user interface (Ul) 275, in response to a user (system
administrator) issuing commands to the storage system.
The SCSI target module 235 is disposed between the
FC and iSCSI drivers 228, 230 and the file system 260
to provide a translation layer of the virtualization system
between the block (lun) space and the file-system space,
where luns are represented as virtual disks. The Ul 275
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is disposed over the storage operating system in a man-
ner that enables administrative or user access to various
layers and subsystems, such as the RAID subsystem
240.

[0037] The file system 260 is illustratively a mes-
sage-based system that provides volume management
capabilities used to access information stored on the stor-
age devices, such as the disks 160. That is, in addition
to providing file-system semantics, the file system 260
provides functions normally associated with a volume
manager. These functions include (i) aggregation of the
disks, (ii) aggregation of storage bandwidth of the disks,
and (iii) reliability guarantees, such as mirroring and/or
parity (RAID). The file system 260 illustratively imple-
ments the Write Anywhere File Layout (WAFLTM) file
system, which is available from Network Appliance, Inc.
and organizes its on-disk data using fixed-sized, e. g.,
4 kilobyte (kB) blocks. The illustrative file system 260
uses index nodes ("inodes") to identify files and store file
attributes (such as creation time, access permissions,
size, and block location). The use of inodes, including an
inode file, is described in more detail in U. S. Patent No.
5,819, 292, entitled Method for Maintaining Consistent
States of a File System and for Creating User-Accessible
Read-Only Copies of a File System by David Hitz, et al. ,
issued October 6,1998.

[0038] Fig. 3 is a schematic block diagram of a buffer
tree of file 330. The buffer tree is an internal representa-
tion of blocks of the file stored in memory. The buffer tree
comprises a top-level inode 300 that contains metadata
describing the file 330, and depending upon the size of
thefile, also contains pointers referencing the data blocks
320, e. g., 4 kB data blocks, that store the actual data
of thefile. In particular, for a large file (e. g., greater than
64 kB of data), each pointer in the inode 300 may refer-
ence an indirect (level 1) block 310 that contains up to
1024 pointers, each of which can reference a data block
320. By way of example, each pointer in the indirect
blocks 310 may store a value identifying a vbn that cor-
responds to a data block 320 in the file system 260.
[0039] Operationally, the file system 260 receives cli-
entrequests which have been processed by various soft-
ware layers of the integrated network protocol stack. For
example, a client request received at a network adapter
120 or 140 may be processed by a network driver (of
layer 210 or 230) which, when appropriate, forwards the
request to network protocol and file access layers
212-228 for additional processing. The client request is
then formatted as a file-system "message" that can be
passed to the file system 260. The message may specify,
among other things, a client-requested file or di- rectory
(e.g. , typically represented by an inode number), a start-
ing offset within the requested file or directory, and a
length of data to write or retrieve following the starting
offset.

[0040] Because the file system 260 manipulates
on-disk data in units of fixed-sized data blocks, e.g., 4
kB blocks, the file system may have to convert the (inode,
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offset, length) values received in the file-system message
into units of data blocks (e.g., fbns), if they are not already
so formatted. For example, suppose an 8 kB client-re-
quested file occupies two consecutive 4 kB on-disk data
blocks which are assigned fbns equal to 11 and 12, re-
spectively. Further assume that these two data blocks
are accessible through a set of pointers stored inan inode
whose inode number equals 17. Next, suppose that a
client requests to access the latter 6 kB of the file’s data,
i.e., the last 2 kB in fon number 11 and the entire 4 kB in
fon number 12. In this case, the file system 260 may
receive a file-system message that identifies the request-
ed data as: (inode=17, file offset=2 kB, length=6 kB).
Since the file system manipulates data in units of data
blocks, the file system converts the received file offset
and length values into units of data blocks so as to identify
which data blocks contain the client-requested data, e.g.,
(inode=17, starting data block=fbn 11, data blocks to
read=2 blocks).

[0041] Having identified which data blocks, e.g., fbns
11 and 12, store the client-requested data, the file system
260 determines whether the client-requested data blocks
are accessible in one or more of the "in-core" buffers. If
so, the file system retrieves the requested data from
memory 150 and processes the retrieved data in accord-
ance with the client request. However, if the requested
data is not resident in the in-core memory 150, the file
system 260 generates operations to load (retrieve) the
requested data from the storage disks 160. The file sys-
tem passes a message structure identifying the von num-
bers assigned to the client-requested data blocks (i.e.,
fbns 11 and 12) to the RAID subsystem 240, which maps
the vbns to corresponding disk block numbers (dbn) and
sends the latter to an appropriate driver (e.g., SCSI) of
the disk driver subsystem 250. The disk driver accesses
the requested dbns from the disks 160 and loads the
requested data block(s) in memory 150 for processing
by the file system 260.

[0042] In addition to retrieving data blocks containing
the client-requested data, the file system 260 also may
instruct the disk software layers 240 and 250 to retrieve
additional "readahead" data blocks from the disks 160.
These readahead data blocks may correspond to arange
of data blocks (e.g., fbns) that logically extend a read
stream containing the received client request, although
the readahead blocks themselves have not yet been re-
quested. Like the client-requested data blocks, the rea-
dahead data blocks are retrieved by the disk software
layers 240 and 250 and copied into appropriate memory
buffers accessible to the file system 260. Such memory
buffers may be obtained from the buffer cache 156. The
file system may access (i.e., read or write) the client-
requested datain the retrieved data blocks in accordance
with the client’s request, and, when appropriate, return
the requested data and/or an acknowledgement mes-
sage back to the requesting client 190.
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C. Readsets

[0043] As used herein, a "read stream" is defined as a
set of one or more client requests that instructs the stor-
age operating system 200 to retrieve data from a logically
contiguous range of file offsets (e.g., fbns) within a re-
quested file. The operating system may employ specu-
lative readahead operations for prefetching one or more
data blocks that are likely to be requested in the read
stream by future client read requests. In accordance with
an illustrative embodiment, the storage operating system
200 maintains a separate set of readahead metadata for
each of aplurality of concurrently managed read streams.
The operating system also stores each read stream’s
metadata in a separate "readset" data structure (i.e., one
read stream per readset). Accordingly, a file or directory
supporting multiple concurrent read streams may be as-
sociated with a plurality of different readsets, e.g., acces-
sible through an inode associated with the file or direc-
tory.

[0044] Fig. 4 illustrates an exemplary inode 400 and
its associated set ofreadsets 600a-c. The inode 400 com-
prises, inter alia, an inode number 402 (or other identifi-
er), a readset pointer 404, a read-access style 406, a
default readahead value 408, file metadata 410 and a
data section 412. The inode 400 may be dynamically
allocated or obtained from the inode pool 154 in response
to the storage operating system 200 receiving a client
request to access data in the inode’s associated file or
directory. The inode number 402, e.g., which equals 17
in this example, may be used to uniquely identify the file
or directory associated with the inode 400. For instance,
the client request may specify an inode number whose
associated file or directory contains a particular range of
data thatthe clientdesires to access. The client-specified
inode number may be coupled with an indication of a
starting offset in the file and a length of data to access
beginning at the starting offset.

[0045] The readset pointer 404 stores a value that in-
dicates the memory location of zero or more readset data
structures 600. In operation, the file system 260 may dy-
namically allocate the readsets or acquire previously al-
located readsets from a readset pool 152. Each readset
allocated for the inode 400 may be initialized to store a
predetermined set of values. lllustratively, the readsets
600a-c associated with the inode 400 are arranged as a
linked list, wherein each readset comprises a "next" point-
er 602 that stores a value indicating the memory location
of a next readset in the list. The next pointer in the list’s
last readset, e. g. , readset 600c, may store a predeter-
mined "null" value to indicate that it is at the end of the
list. While readsets in the illustrative embodiment are ar-
ranged as a linked list, those skilled in the art will appre-
ciate that the readsets may be arranged in other config-
urations, such as a search tree.

[0046] The read-access style 406 stores a value indi-
cating a read-access pattern that describes the manner
by which data is read from the file or directory associated
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with the inode 400. For instance, the read-access style
may indicate that data in the inode’s file or directory will
be read according to, e. g. , a normal, sequential or ran-
dom access pattern. The storage operating system 200
may dynamically identify and update the read- access
pattern value 406 as it processes client read requests.
Alternatively, the operating system may set the read-ac-
cess value based on a "cache hint" or the like included
in areceived clientread request. The cache hintindicates
aread access pattern that the requesting client will likely
employ to retrieve data from the file or directory. For ex-
ample, the operating system may obtain the cache hint
from a DAFS read request forwarded by a client. The
DAFS protocol, including the DAFS cache hint, are de-
scribed in more detail in DAFS : Direct Access File Sys-
tem Protocol, Version 1. 00, published September
1,2001.

[0047] The default readahead value 408 indicates a
predetermined number of data blocks that may be
prefetched (i. e. ,read in advance) in anticipation of future
client read requests for data stored in the inode 400’s
associated file or directory. For instance, the default rea-
dahead value 408 may indicate that after retrieving one
or more data blocks containing client-requested data, the
file system should retrieve an additional, e. g. , 288 data
blocks, in anticipation of future client read requests.
Those skilled inthe art will recognize thatthe "readahead"
data blocks need not be retrieved after every client read
request, and instead may be acquired based on a pre-
determined readahead algorithm. In accordance with the
illustrative embodiment, the defaultreadahead value 408
may depend on the read-access style 406. For example,
the default readahead value may equal zero for random
read access patterns and may equal a relatively larger
value for sequential read accesses than for normal read
accesses.

[0048] The file metadata 410 stores other metadata
information related to the file or directory associated with
the inode 400. Such metadata information may include,
inter alia, security credentials, such as user identifiers
and group identifiers, access control lists, flags, pointers
to other data structures, and so forth. The inode 400 also
includes a data section 412 including a set of pointers
that (directly or indirectly) reference the memory loca-
tions of the data blocks 320 containing the inode’s asso-
ciated file or directory. In this example, the pointers in
the data section 412 reference one or more indirect
blocks (not shown), which in turn contain pointers that
reference the memory locations of a set of contiguous
data blocks containing the file or directory. Hereinafter,
itis assumed that each of the data blocks accessible from
the inode 400 is assigned a corresponding fbn and the
file (or directory) associated with the inode 400 comprises
a set of data blocks which are assigned consecutive fbn
values. For example, some of the pointers in the data
section 412 may reference a portion of the file stored in
the data blocks assigned to the fons numbered 9 through
18.
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[0049] Advantageously, multiple read streams may be
concurrently established among the data blocks 320 con-
taining the inode 400’s file or directory. As shown, for
example, two concurrent read streams 430 and 435 are
identified in the set of data blocks 9 through 18. The read
stream 430 corresponds to a logically contiguous se-
quence of fbns retrieved by the file system 260 up to, but
not including, the file block number 9. Similarly, the read
stream 435 corresponds to a logically contiguous se-
quence of fbns retrieved up to, but not including, the file
block number 15. In accordance with the illustrative em-
bodiment, each of these read streams may be associated
with a respective set of readahead metadata stored in a
different one of the readsets 600a-c.

[0050] As noted, each readset is configured to store
metadata associated with a corresponding read stream.
Therefore, because the illustrative inode 400 is associ-
ated with three readsets 600a-c, the inode’s associated
file or directory can support up to three different read
streams. However, it is expressly contemplated that the
inode may be associated with an arbitrary number of zero
or more allocated readsets 600. Preferably, the number
of readsets allocated for the inode 400 is determined
based on the size of the inode’s associated file or direc-
tory. Forexample, as the file’s size increases, the number
of readsets allocated for the inode also may increase.
[0051] Fig. 5 illustrates an exemplary table 500 that
may be used to correlate file sizes stored in column 510
with corresponding numbers of allocated readsets stored
in column 520. In this example, a "tiny" file (e.g., < 64 kB)
may not contain enough data to establish any read
streams and is therefore associated with zero readsets.
On the other hand, a "small" file (e.g., 64 kB, - 512 kB)
may be large enough to support a single read steam and
is therefore associated with a single readset. Generally,
as the file size increases, the number of read streams
the file can support increases and thus the number of
readsets allocated to the file’s inode may also increase.
The file system 260 may dynamically allocate more read-
sets as a file’s size is dynamically increased, e.g., as a
result of processing one or more client "write" requests.
[0052] Fig. 6 illustrates an exemplary readset 600
which may be accessed via the readset pointer 404. The
readset contains metadata associated with a corre-
sponding read stream, such as the read stream 430 or
435. The readset 600 may comprise, inter alia, a next
pointer 602, a level value 604, a count value 606, a last
read offset value 608, a last read size 610, a next read-
ahead value 612, areadahead size 614 and various flags
616. Those skilled in the art will understand that the read-
set 600 also may be configured to store other information
as well, besides that explicitly shown. As previously dis-
cussed, the next pointer 602 stores a value thatindicates
the memory location of an adjacent readset in a list (or
other data structure) of readsets.

[0053] The level value 604 indicates the relative "age"
of the readset 600. Preferably, the level value is an inte-
ger value bounded between a predetermined up-
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per-bound value and a predetermined lower-bound val-
ue, inclusive. For example, the level value 604 may be
restricted to integer values between a predetermined
lower-bound value equal to zero and a predetermined
upper-bound value equal to 20. When the readset 600
is initially allocated, the level value 604 is set equal to a
special indicator value, such as negative one, to indicate
that the readset 600 is unused (i.e., empty). When the
readsetis associated with a newly identified read stream,
the level value 604 is set equal to a predetermined "initial"
value between the upper- and lower-bound values, in-
clusive. For example, when the predetermined lower-
and upper-bound values respectively equal zero and 20,
the initial level value may equal any value therebetween,
such as 10. Preferably, the initial level values used for
large files (or directories) associated with the readset 600
are greater than the initial level values used for smaller
files to help prevent the readset from aging prematurely.
For instance, the initial level value may be set equal to
15 for very large files (e.g., greater than 10 GB) and set
equal to 10 otherwise. It is expressly contemplated that
other upper-bound, lower-bound and initial level values
may be employed in the context of the present invention.
[0054] Every time a client read request is processed
by the file system 260, the file system increments the
level value 604 in the readset associated with the read
stream containing the client read request. lllustratively,
when the level value 604 is incremented, it is increased
by a first predetermined step size, e.g., equal to one.
Further, whenever a readset is "reused," e.g., as dis-
cussed below, the file system decrements the level val-
ues 604 stored in every readset not selected for reuse.
The level values 604 may be decremented by a second
predetermined step size, e.g., equal to one.

[0055] By way of example, suppose the readset 600
stores a level value 604 equal to 12 and the file system
260 receives a file-system message corresponding to a
client read request. If the file system determines that the
clientread request belongs to the read stream associated
with the readset 600, then the level value 604 is incre-
mented to equal 13. On the other hand, if the client read
request is determined to belong to a different read
stream, i.e., not associated with the readset 600, then
the level value 604 is left unchanged, i.e., equal to 12.
Further, if the received client read request results in the
file system having to reuse a different readset, the level
value 604 is decremented, e.g., to equal 11. The level
value 604 may be adjusted (i.e., "aged") in this manner
after every client read request is processed by the file
system 260, until the readset 600 is deallocated or re-
used, as described below. This aging process may be
subject to various conditions. For example, if the level
value 604 is decremented to a value that is less than the
predetermined initial value (e.g., equal to 10), then the
next time the level value is incremented, the level value
may be set equal to the predetermined initial level value.
Further, the file system 260 may ensure that the level
value 604 is not incremented past its predetermined up-
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per-bound value nor decremented below its predeter-
mined lower-bound value.

[0056] The countvalue 606 stores the number of client
read requests that have been processed in the read
stream associated with the readset 600. In the illustrative
embodiment, the count value is initially set equal to zero.
The count value is then incremented by one every time
the file system 260 processes a client read request in-
cluded in the readset’ s associated read stream. Like the
level value 604, the count value 606 may be bounded by
a predetermined upper-bound value, e.g., 216, so as to
conserve memory resources in the multiprotocol storage
appliance 100.

[0057] The last read offset 608 and last read size 610
collectively describe the last (i.e., most recent) client read
request processed in the read stream associated with
the readset 600. Preferably, the last read offset 608 and
last read size 610 store values in units of data blocks
(e.g., fbns). For instance, suppose the file system 260
retrieves three data blocks, beginning with the file block
number 6 (i.e., fon numbers 6, 7 and 8), in response to
processing the last client read request received in the
read stream associated with the readset 600. In this case,
the last read offset 608 is set equal to fon number 6 and
the last read size 610 is set equal to 3 data blocks. Ac-
cordingly, a future client read request may "extend" this
read stream if it requires the file system to retrieve an-
other sequence of logically contiguous data blocks be-
ginning with the file block number 9.

[0058] The next readahead value 612 stores an indi-
cation of a predefined file offset or memory address
where the file system 260 will perform its next set of rea-
dahead operations for the read stream associated with
the readset 600. Specifically, when a client read request
extends the read stream past the file offset or memory
address indicated by the next readahead value 612, the
file system may speculatively retrieve an additional set
of readahead data blocks that further extend the read
stream in anticipation of future client read requests. Hav-
ing retrieved the readahead data blocks, the file system
260 may update the nextreadahead value 612 to indicate
the next file offset or memory address where readahead
operations will be performed for the read stream. After
the readahead data blocks are retrieved, they are copied
into appropriate in-core memory buffers in the memory
150 and the file system finishes processing the client
read request.

[0059] The readahead size value 614 stores the
number of readahead data blocks that s prefetched when
the read stream is extended past the next readahead
value 612. The readahead size value 614 may equal the
default readahead value 408 or may be otherwise deter-
mined in accordance with a readahead algorithm. lllus-
tratively, the readahead size value 614 and the next rea-
dahead value 612 are initialized to equal respective pre-
determined starting values when the readsetis allocated.
Then, after readahead operations are first performed for
the readset, the file system may implement a "first time
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setup" procedure that selects appropriate readahead
size and nextreadahead values. The first time setup pro-
cedure may be responsive to various input parameters,
such as the value of a "read_full" flag or a "dump" flag.
The read_full flag may be used to notify the first time
setup procedure that the entire file or directory associated
with the readset 600 is requested, e.g., by a client 190.
The dump flag may indicate that a backup procedure is
being performed to copy the file or directory associated
with the readset 600 to a new location within the multi-
protocol storage appliance 100.

[0060] Each readset 600 may include one or more flag
values 616 that enable the file system 260 to specialize
readahead operations for the readset’s associated read
stream. For instance, one of the flag values 616 may
indicate in which "direction" the file system should re-
trieve data blocks for the read stream. That is, the file
system may be configured to retrieve data blocks in a
logical "forward" direction (i.e., in order of increasing file
block numbers) or in a logical "backward" direction (i.e.,
in order of decreasing file block numbers). The readset
600 alsomay include a"read_once" flag 616 whose value
indicates whether data retrieved in the readset’s associ-
ated read stream is only accessed once by the file sys-
tem, e.g., as part of abackup procedure or large file trans-
fer. The value of the read_once flag 616 may be used to
inform the file system 260 that the read stream’s retrieved
data does not have to be stored for a prolonged period
of time in the memory 150. Other readset flags 616 may
include, inter alia, a "large_volume" flag. The large_vol-
ume flag 616 may be set equal to a value that indicates
that the volume containing the file or directory associated
with the readset 600 comprises a relatively large number
of storage disks 160 (e.g., more than 12 disks).

[0061] Fig. 7 is a schematic block diagram illustrating
a disk /O "hint" 710 that may be generated by the file
system 260 for retrieving data blocks 320 containing cli-
ent-requested data and/or readahead data. In response
to receiving a client read request 700, the file system may
first attempt to locate the client-requested data blocks
and their associated readahead blocks in one or more
"in-core" memory buffers 1200. For those data blocks
that are not located in the in-core buffers, the file system
generates the disk I/0 hint 710 to instruct the disk sub-
system layers (e.g., RAID and SCSI layers 240 and 250)
which data blocks to retrieve from the storage disks 160.
The disk subsystems, in turn, retrieve the data blocks
specified by the disk 1/0 hint 710 and load the retrieved
data blocks into buffers 1200, e.g., acquired from the
buffer cache 156. The buffers 1200 containing the data
blocks 320 retrieved from the disks 160 or the memory
150 are accessible within the file system through an 1/0
vector 730 (or "iovec") which contains, inter alia, a set of
pointers (or vbns) referencing the retrieved data blocks
320. The iovec 730 may also contain other metadata (not
shown) associated with the client-requested data.
[0062] The file system 260 generates the disk 1/O hint
710 based on the contents of the received client read
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request 700 and the contents of areadset 600 associated
with the read stream containing the client read request
700. For purposes of explanation, assume the client read
request 700 specifies a starting data block 702, e.g., fbn
number 15, and a number of consecutive data blocks
704, e.g., 3 data blocks, requested by the client 190. Fur-
ther, assume the client read request 700 extends a read
stream past a next readahead value 612, e.g., equal to
fbn number 16, thereby triggering readahead operations
to retrieve a number of readahead blocks equal to a rea-
dahead size 614, e.g., 64 data blocks. Here, it is noted
that while the contents of the illustrative request 700 is
formatted in units of data blocks, other embodiments may
require the file system 260 to convert the received
file-system message into units of data blocks

[0063] lllustratively, the disk I/O hint 710 contains,
among other things, an indication of a starting data block
712, an indication of the total number of blocks to retrieve
714, an indication of how many of the data blocks to re-
trieve are "must-read" data blocks 716, an indication of
how many of the data blocks to retrieve are "speculative"
readahead data blocks 718 and zero or more 1/O flag
values 720. Those skilled in the art will appreciate that
the disk I/O hint 710 is merely exemplary and may contain
other information that is passed from the file system 260
to the disk subsystems 240 and 250.

[0064] The starting data block 712 in the disk 1/0 hint
710 corresponds to the starting data block 702 requested
by the client. In the example shown, the starting data
block number 712 is therefore set equal to the fon number
15. The total number of blocks to read 714 indicates the
number of logically contiguous data blocks (e.g., fbns)
requested by the file system 260. The total number of
blocks 714 includes not only the number of must-read
datablocks 716 requested by the client, but also includes
the number of speculative readahead data blocks 718
that are requested in anticipation of future client read
requests to the same read stream. As shown, the total
number of data blocks 714 indicates that the file system
requests 67 logically contiguous data blocks from disk
storage, beginning with the starting data block 712 (i.e.,
fons 15 through 81). The number of must-read data
blocks 716, e.g., 3 data blocks in this example, corre-
sponds to the number of data blocks 704 requested by
the client. The number of speculative data blocks 718,
e.g., 64 data blocks, corresponds to the readahead size
614 stored in the readset 600 whose associated read
stream contains the received client read request 700.
[0065] Inaccordance with the illustrative embodiment,
the number of speculative data blocks 718 equals zero
unless one or more "readahead" conditions are satisfied.
If each of the readahead conditions is satisfied, then the
file system 260 sets the number of readahead data blocks
718 in the disk I/O hint 710 equal to the readahead size
value 614. For instance, a first readahead condition may
require the count value 606 to be greater than a prede-
termined value, such as three, before readahead data
blocks may be retrieved from disk. A second readahead
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condition may prohibit retrieval of readahead data blocks
unless the range of data blocks (e.g., fbns) requested by
the client read request 700 "extends" a read stream past
an associated nextreadahead value 612. Yet a third rea-
dahead condition may require that the read-access style
406 associated with the client-requested file or directory
not correspond to a random read access style.

[0066] The I/O flags 720 are used to communicate in-
formation to the disk subsystems 240 and 250 concern-
ing how the file system’s requested data blocks should
be retrieved from the storage disks 160. Specifically, the
I/O flags may be used to notify the disk subsystems of
configuration settings that affect the manner in which the
requested data blocks are retrieved. lllustratively, atleast
some of the 1/O flags 720 coincide with flags 616 stored
in the readset 600 whose associated read stream con-
tains the client read request 700. For instance, the I/O
flags 720 may include a "buf_once" flag corresponding
to the value of a read_once flag 616. In this case, the
buf_once flag 720 is used to indicate that the retrieved
data blocks will only be read once, so the retrieved data
may be stored in buffers 1200 configured to retain their
data for a relatively shorter duration than conventional
buffers used to store data that may be read more than
once.

D. Adaptive Readahead

[0067] In accordance with an illustrative embodiment,
the file system 260 is configured to optimize the amount
of readahead data retrieved for each read stream man-
aged by the file system. To that end, the file system relies
on various factors to adaptively select an optimized rea-
dahead size 614 for each read stream. Such factors may
include an amount of client-requested data requested in
the read stream, a count value 606 indicating the number
of read requests processed in the read stream, a read-
access style 406 associated with the read stream’s file
or directory, and so forth.

[0068] Fig. 8 is a schematic block diagram of an illus-
trative table 800 that may be used by the file system 260
to adaptively select areadahead size 614 associated with
a read stream. Specifically, in response to receiving a
client read request in the read stream, the file system
can select a number of readahead data blocks 820 to
speculatively retrieve based on the amount of client-re-
quested data 810 requested in the received request. By
way of example, if the client requests less than 64 kB of
data, then the file system sets the readahead size 614
equal to two times a predetermined number N of data
blocks, e.g., where N equals 32 data blocks. If the client
requests more than 64 kB and less than 128 kB, then the
readahead size 614 is set equal to four times the prede-
termined number of data blocks. Similarly, if the client
requests between 128 kB and 256 kB of data, then the
readahead size 614 is set equal to six times the prede-
termined number of data blocks.

[0069] For larger client reads, the file system may set
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the readahead size 614 equal to a multiple of the amount
of client-requested data, rounded up (or down) to the
nearest data block. For instance, if the client requests
between 256 kB and 1024 kB, the file system sets the
readahead size 614 to a file block number (fbn) closest
to two times the amount of client-requested data. Like-
wise, in response to client requests for 1024 kB to 10
megabytes (Mb), the file system sets the readahead size
614 equal to the size of the read request, rounded to the
size of a data block, e.g., 4 kB. For extremely large read
sizes, such as greater than 10 Mb, the readahead size
614 may be set equal to a predetermined (i.e., fixed) up-
per limit on the number of data blocks that may be spec-
ulatively retrieved.

[0070] Here, itis further noted that the readahead size
614 may be selected based on other factors, as well. For
instance, the value of the read_full flag may indicate that
a client 190 will request the entire contents of the file or
directory containing the read stream. In this case, the
first time setup procedure may set the readahead size
value 614 equal to arelatively large, fixed number of data
blocks, such as 256 data blocks. Additionally, if the value
of the dump flag indicates that a backup operation is be-
ing performed for the file or directory, then the readahead
size 614 may be set to an even larger (i.e., more "ag-
gressive") fixed number of data blocks, e.g., equal to
1024 data blocks.

[0071] Although the table 800 illustrates a relatively
simple procedure for determining the number of read-
ahead data blocks 820 based on the size of a received
client read request 810, those skilled in the art will ap-
preciate that more sophisticated algorithms may be em-
ployed. For example, a "slow-start" algorithm may be im-
plemented for "semi-random" reads to a file or directory,
such that the client performs intermittent "bursts" of rel-
atively short sequences of relatively small reads, e.g.,
around three to six reads of less than 32 kB. For this
algorithm, when readahead operations are first per-
formed for the read stream, the first time setup procedure
may initially set the readahead size 614 equal to, e.g.,
three times the read size rounded to the nearest data
block or six data blocks, whichever is larger. When the
read stream is extended past its next readahead value
612, the readahead size value 614 may be increased by
a predetermined factor, e.g., such as 1.5, or alternatively
set equal to a fixed number of data blocks, such as 64
data blocks. In this manner, the slow-start algorithm re-
trieves fewer readahead data blocks for the first few reads
in the read stream, then increases the amount of read-
ahead data blocks retrieved for the read stream’s sub-
sequent readahead operations.

[0072] Figs. 9A-B are flowcharts illustrating a se-
quence of steps that the file system 260 may employ for
generating a disk 1/0O hint 710 in which the number of
readahead data blocks 718 is adaptively selected in re-
sponse to receiving a client read request 700. The se-
quence starts at step 900 and proceeds to step 905 where
the client read request is received at a network adapter
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120, 140 in the multiprotocol appliance 100. The received
request is processed by one or more network protocol
layersinthe storage operating system 200 and forwarded
to the file system 260. At step 910, the file system locates
a readset 600 whose read stream includes the request
700. Forinstance, the file system may identify the readset
that "matches" the received request based on whether
the readset’s associated read stream contains a logical
sequence of data blocks (e.g., fbns) that is extended by
data blocks containing the client’s requested data.
[0073] Next, at step 915, the file system 260 deter-
mines whether readahead operations may be performed
in response to the received client read request 700. Spe-
cifically, the file system determines whether the data
blocks (e.g., fbns) containing the client-requested data
extend the read stream past a next readahead value 612
stored in the matching readset 600. If so, the file system
determines that readahead operations can be per-
formed, as set forth by steps 920-955. On the other hand,
if the read stream is not extended pastits nextreadahead
value 612, then it is determined that readahead opera-
tions are not permitted to be performed. In this case, the
sequence advances to step 925 where no readahead
information is added to the disk 1/0 hint 710 and the se-
quence is directed to step 960.

[0074] When the received request 700 is determined
to extend its read stream past the next readahead value
612, the file system 260 considers various factors in steps
920 through 945 to determine the number of readahead
data blocks 718 to specify in the disk I/O hint 710. At step
920, the file system determines whether the client read
request 700 requests data in a file or directory whose
read-access style 406 prohibits readahead operations,
or whether the received request contains a DAFS cache
hint, or the like, corresponding to a read-access style for
which readahead operations should not be performed.
For example, the file system may determine no read-
ahead is performed if the read-access style 406 of the
client-requested data corresponds to a "random" read-
access style. In this case, the sequence advances to step
925 where the number of speculative readahead blocks
718 in the disk 1/0 hint 710 is set equal to zero and the
sequence advances to step 960.

[0075] If, at step 920, the read-access style does not
prohibit readahead operations, then at step 930 the file
system determines whether the count value 606 in the
located readset 600 is greater than or equal to a prede-
termined value, such as three. If the count value is less
than the predetermined value, the file system determines
that not enough client read requests have been received
in the read stream to justify speculative readahead op-
erations. Consequently, at step 925, the file system does
not specify any readahead data blocks to retrieve in the
disk 1/0 hint 710, i.e., the number of speculative read-
ahead blocks 718 is set equal to zero, and the sequence
proceeds to step 960. Here, it is noted that step 930 may
be by-passed ("skipped") if either the read_full flag or the
dump flag indicates that the entire file or directory con-

10

15

20

25

30

35

40

45

50

55

13

taining the read stream will be requested. In such a sce-
nario, speculative readahead operations may be per-
formed without having to wait for the predetermined
number of read requests to be processed.

[0076] Ifatstep 930 the countvalue 606 is greater than
or equal to the predetermined value (e.g., three), the file
system determines a number of readahead data blocks
718 to specify in the disk I/O hint 710, at step 935. To
that end, the file system may rely on, e.g., the table 800
to select a number of readahead data blocks 718 as a
function of the amount of data requested in the client
request 700. The file system may additionally rely on oth-
er factors, such as the value of the read_full and dump
flags, to determine the number of readahead data blocks
718. Further, the file system may employ a readahead
algorithm, such as the slow-start algorithm, to determined
the number of readahead data blocks. If the selected
number of readahead data blocks 718 is different than
the readahead size 614 previously associated with the
client-requested read stream, the read stream’s read-
ahead size 614 is updated to equal the selected number
of readahead data blocks 718.

[0077] At step 940, the file system 260 determines
whether the count value 606 in the located readset is
greater than a first threshold value, e.g., equal to 50. If it
is, the file system determines that the read stream has
been accessed often enough to justify increasing the
amount of readahead data blocks 718, e.g., by a factor
of two, at step 945. Further, if the large_volume flag 616
indicates that the read stream is established in a volume
having a large number of storage disks 160, then at step
945 the number of readahead data blocks 718 may be
further adjusted to optimize data retrieval from the mul-
tiple disks. In either case, the number of readahead data
blocks 718 is appropriately increased in the disk 1/O hint
710 and the readahead size 614 for the read stream is
also set equal to the increased number of readahead
data blocks 718.

[0078] Next, at step 950, the number of readahead da-
ta blocks 718 is incorporated into the disk 1/0 hint 710.
Specifically, the total number of blocks to read 714 is
adjusted to include both the client-requested must-read
data blocks 716 as well as the number of speculative
readahead data blocks 718 determined by the steps
920-945. Here, itis noted that the file system 260 search-
es the buffer cache 156 to determine whether any of the
requested data blocks are already stored in in-core buff-
ers 1200. If so, the file system appropriately adjusts the
disk 1/0O hint 710 to retrieve only those data blocks not
already accessible in the buffer cache. Moreover, the file
system may have to generate more than one disk 1/0
hint 710 if more than one non-contiguous sequence of
file data blocks (i.e., fbns) are requested from disk stor-
age.

[0079] At step 955, the file system 260 updates the
next readahead value 612. According to an aspect of the
illustrative embodiment, the next readahead value is up-
dated so as to minimize cache pollution in the buffer
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cache. By way of example, Fig. 10 illustrates a technique
for setting the next readahead value 612 based on a pre-
determined percentage of the readahead size 614. Fig.
10 illustrates a portion of a file 1000 comprising a se-
quence of data blocks 320 assigned to consecutive fbns.
As shown, file readahead is performed after the fon num-
bers 15 through 17 are retrieved by the file system 260,
where the file’s associated readahead size 614 is equal
to 64 data blocks. Accordingly, the data blocks assigned
to fon numbers 18 through 81 are prefetched.

[0080] Inaddition, the nextreadahead value 612 is ad-
justed by a number of data blocks equal to a predeter-
mined percentage (e.g., 50%) of the readahead size 614.
Advantageously, by setting the next readahead value
612 as a fraction of the readahead size, the file system
performs the next set of readahead operations prior to
reaching the last prefetched data block (e.g., fon number
81), thereby increasing the likelihood that some of the
prefetched data blocks will still reside in memory when
the next set of readahead operations is performed. As
such, the latency of retrieving readahead data blocks
from disk storage can be reduced during the next set of
readahead operations and cache pollution lessened.
[0081] For instance, if a first set of readahead opera-
tions retrieves the data blocks assigned to fon numbers
18 through 81 and sets the next readahead value 612
equal to fbn number 50 (i.e., 50% of the 64 readahead
data blocks), then the next set of readahead operations
will be performed when the read stream is extended past
the fbon number 50. lllustratively, the next set of read-
ahead operations may retrieve the 64 readahead data
blocks assigned to fon numbers 50 through 113. Because
the range of readahead data blocks (i.e., fon numbers
50 through 113) retrieved by the next set of readahead
operations overlaps the previous set of readahead data
blocks (i.e., fon numbers 18 through 81), the overlapping
range of data blocks (i.e., fon numbers 50 through 81)
may already reside in the buffer cache when the next set
of readahead operations is performed. Accordingly, few-
er readahead data blocks may have to be retrieved from
the disks 160, thereby reducing cache pollution in the
buffer cache.

[0082] At step 960, the file system 260 may set the
values of one or more /O flags 720 in the disk I/O hint
710, if appropriate. For instance, a direction flag 720 may
be set equal to a value that notifies the disk subsystems
240 and 250 in which logical direction the requested file
block numbers span. Fig. 11 illustrates a sequence of
steps that may be employed by the file system for setting
a buf_once flag 720. The value of the buf _once flag 720
informs the disk subsystems 240 and 250 whether the
requested data blocks contain "read once" data. The se-
quence starts at step 1100 and proceeds to step 1110
where thefile system determines whetherthe count value
606 associated with a client-requested read stream is
greater than a second threshold value, e.g., equal to 50.
If so, the file system determines that a sufficiently large
number of read requests have been processed in the
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read stream to conclude that the read stream corre-
sponds to a large, read-once data transfer, such as a
backup operation. In this case, the sequence advances
to step 1120 where the buf_once flag 720 is set equal to
a value that indicates the requested data is read-once
data, and the sequence ends at step 1140.

[0083] If, atstep 1110, the count value 606 is not great-
er than the second threshold value, then at step 1130
the file system 260 determines whether a read_once flag
616 in the readset 600 associated with the read stream
equals a value corresponding to a read-once data trans-
fer. For example, the value of the read_once flag 616
may have been set based on the value of a read-access
style 406 or DAFS cache hint associated with the client-
requested data. If the read_once flag 616 does not indi-
cate that read-once data is being retrieved, then the se-
quence ends at step 1140. Otherwise, at step 1120, the
buf_once flag 720 is set in the disk I/O hint 710, then the
sequence ends at step 1140.

[0084] After the I/O flags 720 have been appropriately
adjusted, at step 965 the disk I/O hint 710 is forwarded
to the disk subsystem layers 240 and 250 which, in turn,
retrieve the must-read data blocks 716 and the read-
ahead data blocks 718 from the storage disks 160. The
retrieved data blocks are copied into in-core data buffers
1200 which then may be referenced by pointers in an
iovec 730 corresponding to the received client read re-
quest 700. As described below, the data buffers 1200
may be stored in either a "flush" queue 1210 or a "normal"
queue 1220. The flush queue 1210 is used to reduce
cache pollution by storing read-once data and readahead
dataforarelatively shorter duration than client-requested
data stored in the normal queue 1220. Thus, the buffers
1200 are stored in the flush queue when they contain
readahead data or when the buf_once flag 720 is set in
the disk 1/0 hint 710. The sequence ends at step 970.
[0085] Fig. 12 is a schematic block diagram illustrating
the flush queue 1210 and the normal queue 1220 that
may be employed for managing buffers 1200 in the buffer
cache 156. lllustratively, buffers 1200 containing read-
ahead data are stored in the flush queue, which is a
first-in, first-out queue that "flushes" buffers from the
queue after a predetermined "flush_threshold" time pe-
riod, e.g., 2 seconds. Buffers containing the client-re-
quested data are typically stored in the normal queue
1220, unless the buf_once flag 720 is set in the disk /O
hint 710. In that case, the buffers are queued on the flush
queue 1210.

[0086] In operation, the flush queue 1210 is used to
acquire a buffer 1200 for storing a newly retrieved data
block when either (i) the normal queue is empty or (ii) the
buffer at the head of the flush queue is "older" than that
at the head of the normal queue or (iii) the buffer at the
head of the flush queue is older than the predetermined
flush_threshold time period. After a buffer has been ac-
cessed from the flush queue 1210, it is typically re-en-
queued on the normal queue 1220 until the buffer has
"aged" and thus become eligible for reuse (Step 1 in Fig.
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12). Similarly, buffers 1200 accessed inthe normal queue
1220 are re-enqueued on the normal queue until they
are aged.

[0087] Conventional buffer aging policies may be im-
plemented to keep track of each buffer’s relative age.
Accordingly, each buffer 1200 may include a "buf_age"
flag that indicates when the buffer is eligible for reuse. A
buffer's buf_age flag may equal a first value until data
stored in the buffer has been retained in the buffer cache
for a predetermined amount of time, after which time the
buf_age flag may be set equal to a second value. Ac-
cordingly, a buffer 1200 whose buf_age flag is set equal
to the second value is enqueued at the head (i.e., the
front) of the flush queue 1210 the next time it is accessed
and re-enqueued (Step 2 in Fig. 12).

[0088] According to the illustrative embodiment, each
buffer 1200 also includes a "buf_once" flag that is used
to indicate whether the buffer contains read-once data.
Thus, the buf_once flag in the buffer 1200 equals a first
value when it contains data that may be read many times.
On the other hand, the buf_once flag in the buffer 1200
equals a second value when the buffer stores read-once
data, e.g., which may be identified by the value of the
buf_once flag 720 in the disk I/O hint 710. When the buf_
once flag in the buffer 1200 equals its second value, the
buffer is enqueued in the flush queue 1210 where it re-
mains until its contents are read for the first time. After
being read for the first time, the buffer's buf_age flag is
set equal to its second value indicating that the buffer is
aged, and the buffer is then re-enqueued at the head of
the flush queue 1210 (Step 3 in Fig. 12).

E. Conclusion

[0089] The foregoing has been a detailed description
of an illustrative embodiment, of the invention. Various
modifications and additions can be made without depart-
ing from the scope of the invention. As noted, files and
directories in the illustrative embodiment are broadly de-
fined as any set of data in which zero or more read
streams can be established. Accordingly, a file in this
context may be embodied as a "virtual disk" (vdisk) that
corresponds to a predefined set of data blocks that can
be exported to block based clients 190b as a single logical
unit number (lun), even though the data blocks in the
virtual disk are accessed using file-based semantics with-
in the multiprotocol storage appliance 100. In this man-
ner, the block-based clients can format their requests in
accordance with a conventional block-based protocol,
such as the FCP oriSCSI protocol, whereas the requests
are processed by a virtualization system implemented
by the storage operating system 200 using file-based se-
mantics. In general, files and directories in the illustrative
embodiment may be any data container, such as a file,
directory, vdisk or lun, in which zero or more read streams
can be established.

[0090] Although the illustrative embodiments depict
read streams, e. g., read streams 430 and 435, that ex-
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tend in a "forward" direction (e. g., in order of increasing
file block numbers), those skilled in the art will appreciate
that the inventive concepts set forth herein are equally
applicable for read streams that extend in a "backward"
direction (e. g., in order of decreasing file block num-
bers). To thatend, a flag 616 in each readset may be set
equals to a first value to indicate that the readset’s asso-
ciated read stream extends in the forward direction and
may equal a second value to indicate that the read stream
extends in the backward direction. Accordingly, the file
system retrieves readahead data blocks for a read
stream in the direction in which the read stream extends,
e. g., as specified by the appropriate flag 616.

[0091] While this description has been written in refer-
ence to a multiprotocol storage appliance 100, the prin-
ciples are equally pertinent to all types of computers, in-
cluding those configured for block-based storage sys-
tems (such as storage area networks), file-based storage
systems (such as network attached storage systems),
combinations of both types of storage systems (such as
multiprotocol storage appliances), and other forms of
computer systems. ltis also expressly contemplated that
the teachings of this invention can be implemented as
software, including a computer-readable medium having
program instructions executing on a computer, hard-
ware, firmware, or a combination thereof. Moreover,
those skilled in the art will also understand that the teach-
ings set forth herein are not limited to any specific oper-
ating system (OS) implementation, and instead may be
executed by a wide variety of OS platforms. Accordingly
this description is meant to be taken only by way of ex-
ample and not to otherwise limit the scope of the inven-
tion.

Claims

1. A method for a storage operating system (200) im-
plemented in a storage system (100) to optimize the
amount of readahead data retrieved for a read
stream established in a data container stored in the
storage system (100), said read stream being de-
fined as a set of one or more client requests that
instructs the storage system to retrieve data from a
logically contiguous range of file offsets within a re-
quested file, said storage operating system (200)
comprising a file system (260) managing a separate
set ofreadahead metadata for each read stream and
individually adjusting read ahead operations for each
read stream by appropriately modifying configura-
tion parameters stored in the readstream’s associ-
ated set of metadata, wherein each set of readahead
metadata is stored in a corresponding readset, said
readset comprising at least:

- a next readahead value (612) storing an indi-
cation of a predefined file offset or memory ad-
dress where a next set of readahead operations
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for the read stream associated with the readset
will be performed and

- a readahead size (614) storing a number of
readahead data blocks that is prefetched when
the read stream is extended past the next rea-
dahead value (612); and

-acountvalue (606) storing the number of client
read requests (700) that have been processed
in the read stream associated with the readset

the file system (260) performing, the steps of:

(i) receiving (905) a client read request (700) at
the storage system (100), the client read request
(700) indicating client-requested data for the
storage operating system (100) to retrieve from
the data container containing the read stream;
(i) locating (910) a readset (600) whose read-
stream includes said client read request (700);
(iii) determining whether the storage operating
system (100) is permitted to retrieve readahead
data from the data container In response to the
received client read request (700) by

- checking (915) whether the client-request-
ed data extends the read stream past the
next readahead value (612) stored in said
readset (600);

- checking (920) whether the client read-ac-
cess style permits readahead operation;
and

- checking (930) whether the count value
(606) in said readset (600) is greater than
or equal to a predetermined value;

(iv) if it determined that the storage operating
system (100) is permitted to retrieve readahead
data from the data container, performing the
steps of:

(v) selecting an amount of readahead data to
retrieve from the data container by

- selecting a number of readahead data
blocks (718) as a function of an amount of
data requested in the client read request
(700),

- if the selected number of readahead data
blocks (718) is different than the readahead
size (614) stored in said readset (600) up-
dating (935) the read stream’s readahead
size (614) to equal the selected number of
readahead data blocks (718) as well as in-
creasing (945) the amount of readahead
size (614) by a predetermined factor if the
count value (606) stored in the readset is
greater than a first threshold value;

- adjusting (955) the next readahead value
(612) by a number of data blocks equal to
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a predetermined percentage of the read-
ahead size (614), so that the file system per-
forms the next set of readahead operations
prior to reaching the last prefetched data
block, thereby increasing the likelihood that
some of the prefetched data blocks will still
reside in memory when the next set of rea-
dahead operations is performed; and

(vi) retrieving the selected amount of readahead
data from the data container.

The method of claim 1, wherein the data container
is a file, directory, vdisk or lun.

The method of claim 1 or 2, wherein the selected
amount of readahead data is set equal to a prede-
termined upper limit for large amounts of client-re-
quested data.

The method of one of the preceding claims, wherein
the selected amount of readahead data is doubled
ifthe number of client read requests (700) processed
in the read stream is greater than a first threshold
value.

The method of one of the preceding claims, wherein
the client-requested data is identified as read-once
data when either (i) the number of client read re-
quests (700) processed in the read stream is greater
than asecond threshold value or (ii) a set of metadata
associated with the read stream indicates that the
client-requested data is read-once data.

The method of one of the preceding claims, wherein
the selected amount of readahead data is stored in
one or more buffers enqueued on a flush queue, the
flush queue being configured to reuse buffers after
a predetermined period of time.

The method of claim 6, wherein the predetermined
period of time equals two seconds.

A storage system (100) configured to optimize the
amount of readahead data retrieved for a read
stream established in a data container stored in the
storage system (100), said read stream being de-
fined as a set of one or more client requests that
instructs the storage system to retrieve data from a
logically contiguous range of file offsets within a re-
quested file, said storage system (100) comprising:

a network adapter (120) for receiving a client
read request (700), the client read request (700)
indicating client-requested data to receive from
the data container containing the read stream;
and

a memory (150) configured to store instructions
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for implementing a storage operating system
(200) said storage operating system (200) com-
prising a file system (260) managing a separate
set ofreadahead metadata for each read stream
and individually adjusting read ahead opera-
tions for each read stream by appropriately mod-
ifying configuration parameters stored in the
readstream’s associated set of metadata,
wherein each set of readahead metadata is
stored in a corresponding readset, said readset
comprising at least:

- a next readahead value (612) storing an
indication of a predefined file offset or mem-
ory address where a next set of readahead
operations for the read stream associated
with the readset will be performed and

- a readahead size (614) storing a number
of readahead data blocks that is prefetched
when the read stream is extended past the
next readahead value (612); and

- a count value (606) storing the number of
client read requests (700) that have been
processed in the read stream associated
with the readset;

the file system (260) performing the steps of:

(i) receiving (905) a clientread request (700)
at the storage system (100), the client read
request (700) indicating client-requested
data for the storage operating system (200)
to retrieve from the data container contain-
ing the read stream;

(i) locating (910) a readset (600) whose
readstream includes said client read re-
quest (700);

(iii) determining whether the storage oper-
ating system (100) is permitted to retrieve
readahead data from the data container in
response to the received clientread request
(700) by

- checking (915) whether the client-re-
quested data extends the read stream
past the next readahead value (612)
stored in said readset (600);

- checking (920) whether the client
read-access style permits readahead
operation;

- checking (930) whether the count val-
ue (606) in said readset (600) is greater
than or equal to a predetermined value;

(iv) if it is determined that the storage oper-
ating system (100) is permitted to retrieve
readahead data from the data container,
performing the steps of:
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10.

1.

(v) selecting an amount of readahead data
to retrieve from the data container by

- selecting anumber of readahead data
blocks (718) as a function of an amount
of data requested in the client read re-
quest (700),

- if the selected number of readahead
data blocks (718) is different than the
readahead size (614) stored in said
readset (600), updating (935) the read
stream’s readahead size (614) to equal
the selected number of readahead data
blocks (718) as well as increasing (945)
the amount of readahead size (614) by
a predetermined factor if the count val-
ue (606) stored in the readset is greater
than a first threshold value;

- adjusting (955) the next readahead
value (612) by a number of data blocks
equal to a predetermined percentage
of the readahead size (614), so that the
file system performs the next set of rea-
dahead operations prior to reaching the
last prefetched data block, thereby in-
creasing the likelihood that some of the
prefetched data blocks will still reside
in memory when the next set of read-
ahead operations is performed; and

(vi) retrieving the selected amount of read-
ahead data from the data container.

The storage system of claim 8, wherein the data con-
tainer is a file, directory, vdisk or lun.

The storage system of one of the claims 8 or 9,
wherein the selected amount of readahead data is
doubled if the number of client read requests (700)
processed in the read stream is greater than a first
threshold value.

A computer-readable media comprising instructions
for execution in a processor for the practice of a
method for a storage operating system (200) imple-
mented in a storage system (100) to optimize the
amount of readahead data retrieved for a read
stream established in a data container stored in the
storage system (100), said read stream being de-
fined as a set of one or more client requests that
instructs the storage system to retrieve data from a
logically contiguous range of file offsets within a re-
quested file said storage operating system (200)
comprising a file system (260) managing a separate
set ofreadahead metadata for each read stream and
individually adjusting read ahead operations for each
read stream by appropriately modifying configura-
tion parameters stored in the readstream’s associ-



33 EP 1702 271 B9 34

ated set of metadata, wherein each set of readahead
metadata is stored in a corresponding readset, said
readset comprising at least:

- a next readahead value (612) storing an Indi-
cation of a predefined file offset or memory ad-
dress where a next set of readahead operations
for the read stream associated with the readset
will be performed and

- a readahead size (614) storing a number of
readahead data blocks that is prefetched when
the read stream is extended past the next rea-
dahead value (612); and

-acountvalue (606) storing the number of client
read requests (700) that have been processed
in the read stream associated with the readset;

the file system (260) performing the steps of:

(i) receiving (905) a clientread request (700)
at the storage system (100), the client read
request (700) indicating client-requested
data for the storage operating system (200)
to retrieve from the data container contain-
ing the read stream;

(i) locating (910) a readset (600) whose
readstream includes said client read re-
quest (700):

(iii) determining whether the storage oper-
ating system (200) is permitted to retrieve
readahead data from the data container in
response to the received clientread request
(700) by

- checking (915) whether the client-re-
quested data extends the read stream
past the next readahead value (612)
stored in said readset (600).

- checking (920) whether the client
read-access style permits readahead
operation; and

- checking (930) whether the count val-
ue (606) in said readset (600) is greater
than or equal to a predetermined value;

(iv) If it is determined that the storage oper-
ating system (200) is permitted to retrieve
readahead data from the data container,
performing the steps of:

(v) selecting an amount of readahead data
to retrieve from the data container by

- selecting a number of readahead data
blocks (718) as a function of an amount
of data requested in the client read re-
quest (700);

- if the selected number of readahead
data blocks (718) is different than the
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readahead size (614) stored in said
readset (600), updating (935) the read
stream’s readahead size (614) to equal
the selected number of readahead data
blocks (718) as well as increasing (945)
the amount of readahead size (614) by
a predetermined factor if the count val-
ue (606) stored in the readset is greater
than a first threshold value; adjusting
(955) the next readahead value (612)
by a number of data blocks equal to a
predetermined percentage of the read-
ahead size (614), so that the file system
performs the next set of readahead op-
erations prior to reaching the last
prefetched data block, thereby increas-
ing the likelihood that some of the
prefetched data blocks will still reside
in memory when the next set of read-
ahead operations is performed; and

(vi) retrieving the selected amount of read-
ahead data from the data container.

12. The computer-readable media of claim 11 wherein

the data container is a file, directory, vdisk or lun.

Patentanspriiche

1.

Verfahren fir ein in einem Speichersystem (100) im-
plementierten Speicherbetriebssystem (200) zum
Optimieren der Menge von Vorauslese-Daten, die
fur einen Lesestrom abgerufen werden, der in einem
in dem Speichersystem (100) gespeicherten Daten-
container eingerichtet ist, wobei der Lesestrom als
Menge von einer oder mehreren Benutzeranforde-
rungen definiert ist, die das Speichersystem anwei-
sen, Daten von einem logisch zusammenhangen-
den Bereich von Fileabweichungen innerhalb eines
angeforderten Files abzurufen, das Speicherbe-
triebssystem (200) ein Filesystem (260) aufweist,
das eine getrennte Menge von Vorauslese-Metada-
ten fur jeden Lesestrom verwaltet und Vorauslese-
Operationenfir jeden Lesestrom individuell einstellt,
indem Konfigurationsparameter geeignet modifiziert
werden, die in der mit dem Lesestrom verkntipften
Menge von Metadaten gespeichert sind, wobei jede
Menge von Vorauslese-Metadaten in einem ent-
sprechenden Readset gespeichert ist, das Readset
zumindest aufweist:

einen nachsten Vorauslesewert (612), der eine
Anzeige einer vorbestimmten

Fileabweichung oder Speicheradresse spei-
chert, wo eine ndchste Menge von Vorauslese-
Operationen fiir den mit dem Readset verkniipf-
ten Lesestrom durchgefiihrt werden wird; und
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eine VorauslesegrofRe (614), die eine Anzahl
von Vorauslese-Datenblécke speichert, die vor-
her abgerufen werden, wenn der Lesestrom
nach dem néchsten Vorauslesewert (612) er-
weitert ist; und

einen Zahlwert (606), der die Anzahl von Benut-
zerleseanforderungen (700) speichert, die in
dem mit dem Readset verknlpften Lesestrom
verarbeitet wurden,

wobei das Filesystem (260) die Schritte durch-
fuhrt von:

(i) Empfangen (905) einer Benutzerlesean-
forderung (700) an dem Speichersystem
(100), wobei die Benutzerleseanforderung
(700) benutzerangeforderte Daten fir das
Speicherbetriebssystem (100) zum Abru-
fen aus dem den Lesestrom enthaltenden
Datencontainer anzeigt;

(ii) Lokalisieren (910) eines Readset (600),
dessen Lesestrom die Benutzerleseanfor-
derung (700) umfasst;

(iii) Bestimmen, ob das Speicherbetriebs-
system (100) Vorauslesedaten aus dem
Datencontainer als Reaktion auf die emp-
fangene Benutzerleseanforderung (700)
abrufen darf durch

- Prifen (915), ob sich die benutzeran-
geforderten Daten auf den Lesestrom
nach dem in dem Readset (600) ge-
speicherten, nachsten Vorauslesewert
(612) erweitern;

- Prufen (920), ob die Benutzerlesezu-
griffs-Ausfiihrung eine Vorausleseope-
ration erlaubt; und

- Priifen (930), ob der Zahlwert (606) in
dem Readset (600) gréRer oder gleich
einem vorbestimmten Wert ist;

(iv) wenn bestimmt wird, dass das Spei-
cherbetriebssystem (100) Vorausleseda-
ten aus dem Datencontainer abrufen darf,
dann Ausflihren der Schritte:

(v) Auswahlen einer Menge von Vorausle-
sedaten zum Abrufen aus dem Datencon-
tainer durch

- Auswahlen einer Anzahl von Voraus-
lesedatenblécken (718) als Funktion
einer Menge von in der Benutzerlese-
anforderung (700) angeforderten Da-
ten,

- wenn die ausgewahlte Anzahl von
Vorauslesedatenbldcken (718) anders
ist als die VorauslesegroRe (614), die
in diesem Readset (600) gespeichert
ist, sowohl Aktualisieren (935) der Vor-
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auslesegrolRe (614) des Lesestromes,
um der ausgewahlten Anzahl von Vor-
auslesedatenblécken (718) gleichzu-
kommen, als auch Erhdéhen (945) des
Betrages der VorauslesegroRe (614)
durch einen vorgegebenen Faktor,
wenn derin dem Readset gespeicherte
Zahlwert (606) groRer ist als ein erster
Schwellenwert;

- Einstellen (955) des nachsten Voraus-
lesewertes (612) durch eine Anzahl von
Datenblécken entsprechend eines vor-
bestimmten prozentualen Anteils der
VorauslesegroRRe (614), so dass das Fi-
lesystem die néchste Menge von Vor-
ausleseoperationen vor Erreichen des
letzten vorher abgerufenen Daten-
blocks durchfiihrt, wodurch sich die
Wahrscheinlichkeit erhéht, dass einige
der vorher abgerufenen Datenblécke
sich noch im Speicher befinden wer-
den, wenn die nachste Menge von Vor-
ausleseoperationen durchgefiihrt wird;
und

(vi) Abrufen der ausgewahlten Menge von
Vorauslesedaten aus dem Datencontainer.

Verfahren nach Anspruch 1, bei dem der Datencon-
tainer ein File, Datenverzeichnis, vDisk oder LUN ist.

Verfahren nach Anspruch 1 oder 2, bei dem die aus-
gewahlte Menge von Vorauslesedaten entspre-
chend einer vorbestimmten oberen Grenze flir grof3e
Mengen von benutzerangeforderten Daten gesetzt
wird.

Verfahren nach einem der vorhergehenden Anspri-
che, bei dem die ausgewahlte Menge von Voraus-
lesedaten verdoppeltist, wenn die Anzahlvonindem
Lesestrom verarbeiteten Benutzerleseanforderun-
gen (700) groRer ist als ein erster Schwellenwert.

Verfahren nach einem der vorhergehenden Anspri-
che, bei dem die benutzerangeforderten Daten als
Einmal-Lese-Daten zugeordnet werden, wenn die
Anzahl von in dem Lesestrom verarbeiteten Benut-
zerleseanforderungen (700) entweder (1) gréRer als
ein zweiter Schwellenwert ist oder (ii) eine Menge
von mit dem Lesestrom verknipften Metadaten an-
zeigt, dass die benutzerangeforderten Daten Ein-
mal-Lese-Daten sind.

Verfahren nach einem der vorhergehenden Anspri-
che, bei dem die ausgewahlte Menge von Voraus-
lesedaten in einem oder mehreren Pufferspeichern
gespeichertwird, diein einer biindigen Warteschlan-
ge eingereiht sind, wobei die biindige Warteschlan-
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ge so konfiguriert ist, um Pufferspeicher nach einer
vorbestimmten Frist erneut zu verwenden.

Verfahren nach Anspruch 6, bei dem die vorbe-
stimmte Frist zwei Sekunden entspricht.

Speichersystem (100), das ausgelegt ist zum Opti-
mieren der Menge von Vorauslesedaten, die fur ei-
nen Lesestrom abgerufen werden, der in einem in
dem Speichersystem (100) gespeicherten Daten-
container eingerichtet ist, der Lesestrom als eine
Menge von einer oder mehreren Benutzeranforde-
rungen definiert ist, die das Speichersystem anwei-
sen, Daten aus einem logisch zusammenhangen-
den Bereich von Fileabweichungen innerhalb eines
angeforderten Files abzurufen, wobei das Speicher-
system (100) umfasst:

einen Netzwerkadapter (120) zum Empfangen
einer Benutzerleseanforderung (700), die Be-
nutzerleseanforderung (700) benutzerangefor-
derte Daten zum Empfangen aus dem den Le-
sestrom enthaltenden Datencontainer anzeigt;
und

einen Speicher (150), der konfiguriertist, um An-
weisungen zum Implementieren eines Spei-
cherbetriebssystems (200) zu speichern, das
Speicherbetriebssystem (200) ein Filesystem
(260) umfasst, das eine getrennte Menge von
Vorauslese-Metadaten fiir jeden Lesestrom ver-
waltet und Vorausleseoperationen fir jeden Le-
sestrom individuell einstellt, indem Konfigurati-
onsparameter, die in der Menge von mit dem
Lesestrom verknilipften Metadaten gespeichert
sind, geeignet modifiziert werden,

wobei jede Menge von Vorausiese-Metadaten
in einem entsprechenden Readset gespeichert
wird, das Readset zumindest aufweist:

- einen ndchsten Vorauslesewert (612), der
eine Anzeige einer vorbestimmten Fileab-
weichung oder Speicheradresse speichert,
wo eine ndchste Menge von Vorauslese-
operationen fiir den mit dem Readset ver-
knlpften Lesestrom durchgefiihrt werden
wird, und

- eine Vorauslesegrafie (614), die eine An-
zahl von Vorauslesedatenbldcken spei-
chert, die vorher abgerufen werden, wenn
der Lesestrom nach dem nachsten Voraus-
lesewert (612) erweitert ist; und

- einen Zahlwert (606), der die Anzahl von
Benutzerleseanforderungen (700) spei-
chert, diein dem mitdem Readset verkniipf-
ten Lesestrom verarbeitet wurden,

wobei das Filesystem (260) die Schritte durch-
fuhrt von:
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(i) Empfangen (905) einer Benutzerlesean-
forderung (700) an dem Speichersystem
(100), wobei die Benutzerleseanforderung
(700) benutzerangeforderte Daten fiir das
Speicherbetriebssystem (200) zum Abru-
fen aus dem den Lesestrom enthaltenden
Datencontainer anzeigt;

(i) Lokalisieren (910) eines Readset (600),
dessen Lesestrom die Benutzerleseanfor-
derung (700) umfasst;

(iii) Bestimmen, ob das Speicherbetriebs-
system (100) Vorauslesedaten aus dem
Datencontainer als Reaktion auf die emp-
fangene Benutzerleseanforderung (700)
abrufen darf durch

- Prifen (915), ob sich die benutzeran-
geforderten Daten auf den Lesestrom
nach dem in dem Readset (600) ge-
speicherten, nachsten Vorauslesewert
(612) erweitern;

- Priifen (920), ob die Benutzerlesezu-
griffs-Ausfiihrung eine Vorausleseope-
ration erlaubt;

- Priifen (930), ob der Zahlwert (606) in
dem Readset (600) gréRer oder gleich
einem vorbestimmten Wert ist;

(iv) wenn bestimmt wird, dass das Spei-
cherbetriebssystem (100) Vorausleseda-
ten aus dem Datencontainer abrufen darf,
dann Ausfiihren der Schritte:

(v) Auswahlen einer Menge von Vorausle-
sedaten zum Abrufen aus dem Datencon-
tainer durch

- Auswahlen einer Anzahl von Voraus-
lesedatenblécken (718) als Funktion
einer Menge von in der Benutzerlese-
anforderung (700) angeforderten Da-
ten,

- wenn die ausgewahlte Anzahl von
Vorauslesedatenbldcken (718) anders
ist als die VorauslesegroRe (614), die
in dem Readset (600) gespeichert ist,
sowohl Aktualisieren (935) der Voraus-
lesegréRRe (614) des Lesestromes, um
der ausgewahlten Anzahl von Voraus-
lesedatenblécken (718) gleichzukom-
men, als auch Erhéhen (945) der Men-
gederVorauslesegrofRe (614) durch ei-
nen vorgegebenen Faktor, wenn der in
dem Readset gespeicherte Zahlwert
(606) groRer ist als ein erster Schwel-
lenwert;

- Einstellen (955) des nachsten Voraus-
lesewertes (612) durch eine Anzahl von
Datenblécken entsprechend eines vor-
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bestimmten prozentualen Anteils der
VorauslesegroRe (614), so dass das Fi-
lesystem die ndchste Menge von Vor-
ausleseoperationen vor Erreichen des
letzten vorher abgerufenen Daten-
blocks durchfiihrt, wodurch sich die
Wahrscheinlichkeit erhéht, dass einige
der vorher abgerufenen Datenblécke
sich noch im Speicher befinden wer-
den, wenn die ndchste Menge von Vor-
ausleseoperationen durchgefiihrt wird;
und

(vi) Abrufen der ausgewahlten Menge von
Vorauslesedaten aus dem Datencontainer.

Speichersystem nach Anspruch 8, bei dem der Dat-
encontainer ein File, Datenverzeichnis, vDisk oder
LUN ist.

Speichersystem nach einem der Anspriiche 8 oder
9, bei dem die ausgewahlte Menge von Vorauslese-
daten verdoppelt wird, wenn die Anzahl von in dem
Lesestrom verarbeiteten Benutzerleseanforderun-
gen (700) groRer ist als ein erster Schwellenwert.

Computerlesbare Speichermedien mit Anweisun-
gen zur Ausfiihrung in einem Prozessor fir die An-
wendung eines Verfahrens fir ein Speicherbetriebs-
system (200), das in einem Speichersystem (100)
implementiert ist, um die Menge von Vorausleseda-
ten zu optimieren, die fiir einen Lesestrom abgerufen
werden, der in einem im Speichersystem (100) ge-
speicherten Datencontainer eingerichtet ist, wobei
der Lesestrom als Menge von einer oder mehreren
Benutzeranforderungen definiert ist, die das Spei-
chersystem anweisen, Daten von einem logisch zu-
sammenhangendem Bereich von Fileabweichun-
gen innerhalb eines angeforderten Files abzurufen,
das Speicherbetriebssystem (200) ein Filesystem
(260) aufweist, das eine getrennte Menge von Vor-
auslese-Metadaten fiir jeden Lesestrom verwaltet
und Vorauslese-Operationen flr jeden Lesestrom
individuell einstellt, indem Konfigurationsparameter,
die in einer mit dem Lesestrom verknlipften Menge
von Metadaten gespeichert sind, geeignet modifi-
ziertwerden, wobei jede Menge von Vorauslese-Me-
tadaten in einem entsprechenden Readset gespei-
chert ist, das Readset zumindest aufweist:

- einen nachsten Vorauslesewert (612), der eine
Anzeige einer vorbestimmten Fileabweichung
oder Speicheradresse speichert, wo eine nach-
ste Menge von Vorausleseoperationen fiir den
mit dem Readset verknlipften Lesestrom durch-
geflihrt werden wird, und

- eine VorauslesegrofRe (614), die eine Anzahl
von Vorauslesedatenblécken speichert, die vor-
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her abgerufen werden, wenn der Lesestrom
nach dem nachsten Vorauslesewert (612) er-
weitert ist; und

- einen Zahlwert (606), der die Anzahl von Be-
nutzerleseanforderungen (700) speichert, die in
dem mit dem Readset verknlpften Lesestrom
verarbeitet wurden;

wobei das Filesystem (260) die Schritte durch-
fuhrt:

(i) Empfangen (905) einer Benutzerlesean-
forderung (700) an dem Speichersystem
(100), wobei die Benutzerleseanforderung
(700) benutzerangeforderte Daten fiir das
Speicherbetriebssystem (200) zum Abru-
fen aus dem den Lesestrom enthaltenden
Datencontainer anzeigt;

(ii) Lokalisieren (910) eines Readset (600),
dessen Lesestrom die Benutzerleseanfor-
derung (700) enthalt;

(iii) Bestimmen, ob das Speicherbetriebs-
system (200) Vorauslesedaten aus dem
Datencontainer als Reaktion auf die emp-
fangene Benutzerleseanforderung (700)
abrufen darf durch

- Prifen (915), ob sich die benutzeran-
geforderten Daten auf den Lesestrom
nach dem in dem Readset (600) ge-
speicherten, nachsten Vorauslesewert
(612) erweitern;

- Priifen (920), ob die Benutzerlesezu-
griffs-Ausfiihrung eine Vorausleseope-
ration erlaubt; und

- Priifen (930), ob der Zahlwert (606) in
dem Readset (600) gréRer oder gleich
einem vorbestimmten Wert ist;

(iv) wenn bestimmt wird, dass das Spei-
cherbetriebssystem (200) Vorausleseda-
ten aus dem Datencontainer abrufen darf,
Ausfliihren der Schritte:

(v) Auswahlen einer Menge von Vorausle-
sedaten zum Abrufen aus dem Datencon-
tainer durch

- Auswahlen einer Anzahl von Voraus-
lesedatenblécken (718) als Funktion
einer Menge von in der Benutzerlese-
anforderung (700) angeforderten Da-
ten,

- wenn die ausgewahlte Anzahl von
Vorauslesedatenbldcken (718) anders
ist als die VorauslesegroRe (614), die
in dem Readset (600) gespeichert ist,
sowohl Aktualisieren (935) der Voraus-
lesegréRRe (614) des Lesestromes, um
der ausgewahlten Anzahl von Voraus-
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lesedatenblécken (718) gleichzukom-
men, als auch Erhéhen (945) der Men-
ge der VorauslesegroéRRe (614) durch ei-
nen vorgegebenen Faktor, wenn der in
dem Readset gespeicherte Zahlwert
(606) groRer ist als ein erster Schwel-
lenwert;

-Einstellen (955) des nachsten Voraus-
lesewertes (612) durch eine Anzahl von
Datenblécken entsprechend eines vor-
bestimmten prozentualen Anteils der
VorauslesegroRe (614), so dass das Fi-
lesystem die ndchste Menge von Vor-
ausleseoperationen vor Erreichen des
letzten vorher abgerufenen Daten-
blocks durchfiihrt, wodurch sich die
Wahrscheinlichkeit erhéht, dass einige
der vorher abgerufenen Datenblécke
sich noch im Speicher befinden wer-
den, wenn die ndchste Menge von Vor-
ausleseoperationen durchgefiihrt wird;
und

(vi) Abrufen der ausgewahlten Menge von
Vorauslesedaten aus dem Datencontainer.

12. Computerlesbare Speichermedien nach Anspruch

11, wobei der Datencontainer ein File, Datenver-
zeichnis, vDisk oder LUN ist.

Revendications

Procédé pour un systéme d’exploitation de stockage
(200) mis en oeuvre dans un systéme de stockage
(100) pour optimiser la quantité de données de lec-
ture anticipée récupérée pourun fluxde lecture établi
dans un conteneur de données mémorisé dans le
systeme de stockage (100), le flux de lecture étant
défini comme un ensemble constitué d’'une ou plu-
sieurs requétes de client qui donnent pour instruction
au systeme de stockage de récupérer des données
a partir d’'une plage logiquement continue de déca-
lages de fichier dans un fichier requis, le systéme
d’exploitation de stockage (200) comprenant un sys-
téme de fichier (260) gérant un ensemble séparé de
métadonnées de lecture anticipée pour chaque flux
de lecture et ajustant individuellement des opéra-
tions de lecture anticipée pour chaque flux de lecture
en modifiant de maniéere appropriée des parameétres
de configuration mémorisés dans I'ensemble de mé-
tadonnées associées au flux de lecture, dans lequel
chaque ensemble de métadonnées de lecture anti-
cipée est mémorisé dans un ensemble de lecture,
'ensemble de lecture comprenant au moins :

- une valeur de lecture anticipée suivante (612)
mémorisant une indication d’un décalage de fi-
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chier prédéfini ou d’'une adresse mémoire ou un
ensemble suivant d’'opérations de lecture anti-
cipée pour le flux de lecture associé a I'ensem-
ble de lecture sera effectué et

- une taille de lecture anticipée (614) mémori-
sant un nombre de blocs de données de lecture
anticipée qui est pré-lu lorsque le flux de lecture
est étendu au-dela de la valeur de lecture anti-
cipée suivante (612) ; et

- une valeur de compte (606) mémorisant le
nombre de requétes de lecture client (700) qui
ont été traitées dans le flux de lecture associé
a 'ensemble de lecture,

le systéme de fichier (260) effectuant les étapes
consistant a :

(i) recevoir (905) une requéte de lecture
client (700) au niveau du systeme de stoc-
kage (100), larequéte de lecture client (700)
indiquant des données requises par un
client pour que le systéme d’exploitation de
stockage (100) récupére a partir du conte-
neur de données contenant le flux de
lecture ;

(ii) situer (910) un ensemble de lecture (600)
dont le flux de lecture comprend ladite re-
quéte de lecture client (700) ;

(iii) déterminer si le systéme d’exploitation
de stockage (100) peut récupérer des don-
nées de lecture anticipée a partir du conte-
neur de données en réponse a la requéte
de lecture client regue (700), en :

- contrélant (915) si les données requi-
ses par un client étendent le flux de lec-
ture au-dela de la valeur de lecture an-
ticipée suivante (612) mémorisée dans
'ensemble de lecture (600) ;

- contrélant (920) si le style d’acces de
lecture client permet une opération de
lecture anticipée ; et

- contrélant (930) si la valeur de compte
(606) de 'ensemble de lecture (600) est
plus grande ou égale a une valeur
prédéterminée ;

(iv) s’il est déterminé que le systeme d’ex-
ploitation de stockage (100) a I'autorisation
de récupérer des données de lecture anti-
cipée a partir du conteneur de données, ef-
fectuer les étapes consistant a :

(v) sélectionner une quantité de données
de lecture anticipée a récupérer du conte-
neur de données en :

- sélectionnant un nombre de blocs de
données de lecture anticipée (718) en
fonction d’'une quantité de données re-
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quise dans la requéte de lecture du
client (700),

- si le nombre sélectionné de blocs de
données de lecture anticipée (718) est
différent de la taille de lecture anticipée
(614) mémorisée dans I'ensemble de
lecture (600), mettre a jour (935) lataille
de lecture anticipée du flux de lecture
(614) pour égaliser le nombre sélec-
tionné de blocs de données de lecture
anticipée (718) ainsi qu’augmenter
(945) la quantité de taille de lecture an-
ticipée (614) par un facteur prédétermi-
né sila valeur de compte (606) mémo-
risée dans I'ensemble de lecture est
plus grande qu’une premiére valeur de
seuil;

- ajustant (955) la valeur de lecture an-
ticipée suivante (612) par un nombre
de blocs de données égal a un pour-
centage prédéterminé de la taille de
lecture anticipée (614), de sorte que le
systéme de fichier effectue 'ensemble
suivant d’opérations de lecture antici-
pée avant d’atteindre le dernier bloc de
données pré-lu, augmentant ainsi la
probabilité pour que certains des blocs
de données pré-lus résident toujours
dans la mémoire lorsque I'ensemble
suivant d’opérations de lecture antici-
pée est effectué ; et

(vi) récupérer la quantité sélectionnée de
données de lecture anticipée a partir du
conteneur de données.

Procédé selon larevendication 1, dans lequel le con-
teneur de données est un fichier, un répertoire, un
disque virtuel ou un numéro d’unité logique.

Procédé selon les revendications 1 ou 2, dans lequel
la quantité sélectionnée de données de lecture an-
ticipée est fixée pour étre égale a une limite supé-
rieure prédéterminée pour de grandes quantités de
données requises par un client.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel la quantité sélectionnée
de données de lecture anticipée est doublée si le
nombre de requétes de lecture client (700) traité
danslefluxde lecture est plus grand qu’une premiére
valeur de seuil.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel les données requises d’'un
client sont identifi€es comme des données a lecture
unique lorsque soit (i) le nombre de requétes de lec-
ture client (700) traité dans le flux de lecture est plus
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grand qu’une seconde valeur de seuil soit (ii) un en-
semble de métadonnées associé au flux de lecture
indique que les données requises par un client sont
des données a lecture unique.

Procédé selon 'une quelconque des revendications
précédentes, dans lequel la quantité sélectionnée
de données de lecture anticipée est mémorisé dans
un ou plusieurs tampons mis en file sur une file d’at-
tente, la file d’attente étant configurée pour réutiliser
des tampons aprés une durée prédéterminée.

Procédé selon la revendication 6, dans lequel la du-
rée prédéterminée est égale a deux secondes.

Systeme de stockage (100) configuré pour optimiser
la quantité de données de lecture anticipée récupé-
rée pour un flux de lecture établi dans un conteneur
de données mémorisé dans le systéme de stockage
(100), le flux de lecture étant défini comme un en-
semble constitué d’'une ou plusieurs requétes de
client qui donnent pour instruction au systeme de
stockage de récupérer des données a partir d’'une
plage logiquement continue de décalages de fichier
dans un fichier requis, le systéme de stockage (100)
comprenant :

un adaptateur de réseau (120) pour recevoirune
requéte de lecture client (700), la requéte de lec-
ture client (700) indiquant des donnéesrequises
par le client a recevoir a partir du conteneur de
données contenant le flux de lecture ; et

une mémoire (150) configurée pour mémoriser
des instructions destinées a mettre en oeuvre
un systéeme d’exploitation de stockage (200), le
systeme d’exploitation de stockage (200) com-
prenant un systéme de fichier (260) gérant un
ensemble séparé de métadonnées de lecture
anticipée pour chaque flux de lecture et ajustant
individuellement les opérations de lecture anti-
cipée pour chaque flux de lecture en modifiant
de maniére appropriée des parameétres de con-
figuration mémorisés dans I'ensemble de méta-
données associé au flux de lecture, dans lequel
chaque ensemble de métadonnées de lecture
anticipée est mémorisé dans un ensemble de
lecture correspondant, 'ensemble de lecture
comprenant au moins :

- une valeur de lecture anticipée suivante
(612) mémorisant une indication d’'un déca-
lage de fichier prédéfini ou d’'une adresse
mémoire ou sera effectué un ensemble sui-
vant d’opérations de lecture anticipée pour
le flux de lecture associé a I'ensemble de
lecture et

- une taille de lecture anticipée (614) mé-
morisant un nombre de blocs de données
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de lecture anticipée qui sont pré-lus lorsque
le flux de lecture est étendu au-dela de la
valeur de lecture anticipée suivante (612) ;
et

- une valeur de compte (606) mémorisant
le nombre de requétes de lecture client
(700) qui ont été traitées dans le flux de lec-
ture associé a 'ensemble de lecture ;

le systéme de fichier (260) effectuant les
étapes consistant a :

(i) recevoir (905) une requéte de lecture
client (700) au niveau du systéme de
stockage (100), la requéte de lecture
client (700) indiquant des données re-
quises par un client que le systeme
d’exploitation de stockage (200) doit ré-
cupérer a partir du conteneur de don-
nées contenant le flux de lecture ;

(ii) situer (910) un ensemble de lecture
(600) dont le flux de lecture comprend
la requéte de lecture client (700) ;

(iii) déterminer sile systeme d’exploita-
tion de stockage (200) a l'autorisation
de récupérer des données de lecture
anticipée a partir du conteneur de don-
nées enréponse alarequéte de lecture
client recue (700), en :

- contrélant (915) siles donnéesre-
quises par un client étendent le flux
de lecture au-dela de la valeur de
lecture anticipée suivante (612)
mémorisée dans I'ensemble de
lecture (600) ;

- contrélant (920) sile style d’acces
a une lecture d’'un client permet
une opération de lecture
anticipée ;

- contréler (930) si la valeur de
compte (606) de'ensemble de lec-
ture (600) est supérieure ou égale
a une valeur prédéterminée ;

(iv) s’il est déterminé que le systéme
d’exploitation de stockage (100) a
l'autorisation de récupérer des don-
nées de lecture anticipée a partir du
conteneur de données, effectuer les
étapes consistant a :

(v) sélectionner une quantité de don-
nées de lecture anticipée a récupérer
a partir du conteneur de données en :

- sélectionnant un nombre de blocs
de données de lecture anticipée
(718) fonction de la quantité de
données requises dans la requéte
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10.

1.

de lecture client (700),

- sile nombre sélectionné de blocs
de données de lecture anticipée
(718) est différentde lataille de lec-
ture anticipée (614) mémorisée
dans I'ensemble de lecture (600),
mettre a jour (935) la taille de lec-
ture anticipée du flux de lecture
(614) pour larendre égale au nom-
bre sélectionné de blocs de don-
nées de lecture anticipée (718) ain-
si qu’augmenter (945) le chiffre de
taille de lecture anticipée (614) par
un facteur prédéterminé silavaleur
de compte (606) mémorisée dans
'ensemble de lecture est plus
grande qu’une premiére valeur de
seuil ;

- ajuster (955) la valeur de lecture
anticipée suivante (612) d’'un nom-
bre de blocs de données égal a un
pourcentage prédéterminé de la
taille de lecture anticipée (614), de
sorte que le systeme de fichier ef-
fectue 'ensemble suivant d’opéra-
tions de lecture anticipée avant
d’atteindre le dernier bloc de don-
nées pré-lu, augmentant ainsi la
probabilité pour que certains des
blocs de données pré-lus restent
en mémoire lorsque I'ensemble
d’opérations de lecture anticipée
suivant est effectué ; et

(vi) récupérer la quantité sélectionnée
de données de lecture anticipée a partir
du conteneur de données.

Systeme de stockage selon la revendication 8, dans
lequel le conteneur de données est un fichier, un
répertoire, un disque virtuel ou un numéro d’'unité
logique.

Systeme de stockage selon I'une quelconque des
revendications 8 ou 9, dans lequel la quantité sélec-
tionnée de données de lecture anticipée est doublée
sile nombre de requétes de lecture client (700) trai-
tées dans le flux de lecture est plus grand qu’une
premiére valeur de seuil.

Support pouvant étre lu par ordinateur comprenant
des instructions pour exécution dans un processeur
pour la mise en pratique d’un procédé pour systéme
d’exploitation de stockage (200) mis en oeuvre dans
un systéme de stockage (100) pour optimiser la
quantité de données de lecture anticipée récupérée
pour un flux de lecture établi dans un conteneur de
données mémorisé dans le systéme de stockage
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(100), le flux de lecture étant défini comme un en-
semble constitué d’une ou plusieurs requétes de
client qui donnent pour instruction au systeme de
stockage de récupérer des données a partir d’'une
plage logiquement contigué de décalages de fichier
dans un fichier requis, le systéme d’exploitation de
stockage (200) comprenant un systeme de fichier
(260) gérant un ensemble séparé de métadonnées
de lecture anticipée pour chaque flux de lecture et
ajustant individuellement des opérations de lecture
anticipée pour chaque flux de lecture en modifiant
de maniéere appropriée des parameétres de configu-
ration mémorisés dans I'ensemble de métadonnées
associé au flux de lecture, dans lequel chaque en-
semble de métadonnées de lecture anticipée est mé-
morisé dans un ensemble de lecture correspondant,
'ensemble de lecture comprenant au moins :

- une valeur de lecture anticipée suivante (612)
mémorisant une indication de décalage de fi-
chier prédéfini ou d’adresse mémoire ou sera
effectué un ensemble suivant d’opérations de
lecture anticipée pour le flux de lecture associé
a l'ensemble de lecture et

- une taille de lecture anticipée (614) mémori-
sant un nombre de blocs de données de lecture
anticipée qui sont pré-lus lorsque le flux de lec-
ture est étendu au-dela de la valeur de lecture
anticipée suivante (612) ; et

- une valeur de compte (606) mémorisant le
nombre de requétes de lecture client (700) qui
ont éteé traitées dans le flux de lecture associé
al'ensemble de lecture ;

le systéme de fichiers (260) effectuant les éta-
pes consistant a :

(i) recevoir (905) une requéte de lecture
client (700) au niveau du systéme de stoc-
kage (100), larequéte de lecture client (700)
indiquant des données requises par un
client que le systéme d’exploitation de stoc-
kage (200) doit récupérer a partir du conte-
neur de données contenant le flux de
lecture ;

(ii) situer (910) un ensemble de lecture (600)
dont le flux de lecture comprend la requéte
de lecture client (700) ;

(iii) déterminer si le systeme d’exploitation
de stockage (200) a I'autorisation de récu-
pérer des données de lecture anticipée a
partir du conteneur de données en réponse
a la requéte de lecture client regue (700)
en:

- contrélant (915) si les données requi-
ses par un client étendent le flux de lec-
ture au-dela de la valeur de lecture an-
ticipée suivante (612) mémorisée dans
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'ensemble de lecture (600) ;

- contrélant (920) si le style d’acces a
une lecture d’un client permet une opé-
ration de lecture anticipée ; et

- contréler (930) si la valeur de compte
(606) de 'ensemble de lecture (600) est
supérieure ou égale a une valeur
prédéterminée ;

(iv) s’il est déterminé que le systeme d’ex-
ploitation de stockage (100) a I'autorisation
de récupérer des données de lecture anti-
cipée a partir du conteneur de données, ef-
fectuer les étapes consistant a :

(v) sélectionner une quantité de données
de lecture anticipée a récupérer a partir du
conteneur de données en :

- sélectionnant un nombre de blocs de
données de lecture anticipée (718)
fonction de la quantité de données re-
quises dans la requéte de lecture client
(700),

- si le nombre sélectionné de blocs de
données de lecture anticipée (718) est
différent de la taille de lecture anticipée
(614) mémorisée dans I'ensemble de
lecture (600), mettre ajour (935) lataille
de lecture anticipée du flux de lecture
(614) pour la rendre égale au nombre
sélectionné de blocs de données de
lecture anticipée (718) ainsi qu’aug-
menter (945) le chiffre de taille de lec-
ture anticipée (614) par un facteur pré-
déterminé si la valeur de compte (606)
mémorisée dans I'ensemble de lecture
est plus grande qu’une premiére valeur
de seuil ;

- ajuster (955) la valeur de lecture an-
ticipée suivante (612) d’'un nombre de
blocs de données égal a un pourcenta-
ge prédéterminé de la taille de lecture
anticipée (614), de sorte que le syste-
me de fichier effectue I'ensemble sui-
vant d’opérations de lecture anticipée
avantd’atteindre le dernier bloc de don-
nées pré-lu, augmentant ainsi la proba-
bilité pour que certains des blocs de
données pré-lus restent en mémoire
lorsque I'ensemble d’opérations de lec-
ture anticipée suivant est effectué ; et

(vi) récupérer la quantité sélectionnée de
données de lecture anticipée a partir du
conteneur de données.

12. Support pouvant étre lu par ordinateur selon la re-

vendication 11, dans lequel le conteneur de données
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est un fichier, un répertoire, un disque virtuel ou un
numéro d’'unité logique.
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