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EXTENT-BASED STORAGE ARCHITECTURE 

FIELD OF THE INVENTION 

At least one embodiment of the present invention pertains 
to data storage systems, and more particularly, to performing 
read and Write operations according to an extent-based stor 
age architecture. 

COPYRIGHT NOTICE/ PERMISSION 

A portion of the disclosure of this patent document con 
tains material Which is subject to copyright protection. The 
copyright oWner has no objection to the facsimile reproduc 
tion by anyone of the patent document or the patent disclosure 
as it appears in the Patent and Trademark Of?ce patent ?le or 
records, but otherWise reserves all copyright rights Whatso 
ever. The folloWing notice applies to the softWare and data as 
described beloW and in the draWings hereto: Copyright © 
2011, NetApp, Inc., All Rights Reserved. 

BACKGROUND 

Various forms of netWork-based storage systems exist 
today. These forms include netWork attached storage (NAS), 
storage area netWorks (SAN’s), and others. NetWork-based 
storage systems are commonly used for a variety of purposes, 
such as providing multiple users With access to shared data, 
backing up critical data (e.g., by data mirroring), etc. 
A netWork-based storage system typically includes at least 

one storage server, Which is a processing system con?gured to 
store and retrieve data on behalf of one or more client pro 

cessing systems (clients). The data is stored and retrieved as 
storage objects, such as blocks and/or ?les. A block is a 
sequence of bytes or bits of data having a predetermined 
length. A ?le is a collection of related bytes or bits having an 
arbitrary length. In the context of NAS, a storage server 
operates on behalf of one or more clients to store and manage 
?le-level access to data. The ?les may be stored in a storage 
system that includes one or more arrays of mass storage 
devices, such as magnetic or optical disks or tapes, by using a 
data storage scheme such as Redundant Array of Inexpensive 
Disks (RAID). In a SAN context, a storage server provides 
clients With block-level access to stored data, rather than 
?le-level access. Some storage servers are capable of provid 
ing clients With both ?le-level access and block-level access, 
such as certain storage servers made by NetApp, Inc. (Net 
App®) of Sunnyvale, Calif. 

FIG. 1 is a prior art illustrative embodiment of a Write 
AnyWhere File Layout (WAFL) ?le system. Referring to FIG. 
1, WAFL aggregate 100 is an instance of the WAFL ?le 
system. WAFL aggregate 100 includes one or more ?exible 
volumes 110, one or more volume containers 120, and physi 
cal storage 130. 
WAFL aggregate 100 is a physical storage container that 

can store data in the WAFL ?le system. Flexible volume 110 
is a logical volume that alloWs the virtualiZation of the allo 
cation of volumes on physical storage 130. Thereby multiple, 
independently managed ?exible volumes 110 can share the 
same physical storage (e.g., physical storage 130). The virtu 
aliZation requires mapping betWeen virtual volume block 
numbers (VVBNs) used by ?exible volume 110 and physical 
volume block numbers (PVBNs) used by WAFL aggregate 
100 to access data stored in physical storage 130. A PVBN, as 
used herein, refers disk blocks that have been abstracted into 
a single linear sequence in the aggregate. Each volume con 
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2 
tainer 120 corresponds to a ?exible volume 110. Volume 
container 120 contains all the data blocks for a corresponding 
?exible volume 110. 
As used herein, a block offset or an offset refers to a 

distance in blocks from the beginning of a storage object such 
as a volume, ?le, extent, etc. Block addresses used Within 
?exible volume 110 refer to block offsets Within volume 
container 120. Since volume container 120 contains every 
block Within ?exible volume 110, there are tWo Ways to refer 
to the location of a particular block. The PVBN speci?es the 
location of a block Within WAFL aggregate 100. The VVBN 
speci?es the offset of the block Within the container ?le. 
When a block in a ?le is requested, ?exible volume 110 
translates the ?le offset into a VVBN. The VVBN is passed 
from ?exible volume 110 to volume container 120. Volume 
container 120 translates the VVBN to a PBVN. The PVBN is 
then used to access the requested block in physical storage 
130. Additionally, When a PVBN is initially Written, the block 
pointer for the PVBN in ?exible volume 110 is Written to 
include (e.g., in a cache) the PVBN for the VVBN. Thereby, 
When the requested block is required, the ?exible volume 110 
can use the stored PVBN to access physical storage 130. 

Current implementations of WAFL de?ne a ?le as a tree of 
indirect blocks. Each indirect block in the tree has a ?xed 
span: a ?xed number of entries, each pointing to another 
block in the tree. Extents are represented using an entry for 
each block Within the extent. An extent, as used herein, refers 
a contiguous group of one or more blocks. As a result, the 
amount of indirect block metadata is linear With respect to the 
siZe of the ?le. Additionally, disk gardening techniques, such 
as segment cleaning, ?le reallocation, etc., are complicated 
by caching PVBN pointers in VVBN blocks. 

Storage systems often use a predetermined block siZe for 
all internal operations. For example, WAFL uses 4 KB (e.g., 
4096 bytes) blocks for both VVBN and PVBN, as do client 
side ?le systems for ?le block numbers (FBN). Block bound 
aries are expected to occur every 4 KB from an initial offset 
(e.g., FBN 0). Since ?le systems usually offset individual ?les 
based on these block boundaries, application Writers take 
advantage of a ?le system’s block siZe and alignment to 
increase the performance of their input/output (“I/O”) opera 
tionsifor example, alWays performing I/O operations that 
are a multiple of 4 KB, and alWays aligning these operations 
to the beginning of a ?le. Other ?le systems or applications, 
such as a virtual machine, may use a block boundary of a 
different siZe (e. g., a virtual machine environment in Which an 
initial master boot record block of 512 bytes is folloWed by 
the expected 4 KB blocks), resulting in misalignment 
betWeen FBN’s and PVBN’s. Additionally, multiple virtual 
machines may share a single volume container 120 and each 
virtual machine may misaligned by a different amount. 

SUMMARY 

An embodiment of an extent-based storage architecture is 
implemented by a storage server receiving a read request for 
an extent from a client, Wherein the extent includes a group of 
contiguous blocks and the read request includes a ?le block 
number. The storage server retrieves an extent identi?er from 
a ?rst sorted data structure in the volume layer, Wherein the 
storage server uses the received ?le block number to traverse 
the ?rst sorted data structure to the extent identi?er. The 
storage server retrieves a reference to the extent from a second 
sorted data structure in the aggregate layer, Wherein the stor 
age server uses the retrieved extent identi?er to traverse the 
second sorted data structure to the reference. The storage 
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server retrieves the extent from a storage device using the 
reference and returns the extent to the client. 

Another embodiment of an extent-based storage architec 
ture is implemented by a storage server receiving a Write 
request from a client for an extent including a group of con 
tiguous blocks and a ?le block number. The storage server 
Writes an entry in a ?rst sorted data structure in the aggregate 
layer, the entry including an extent identi?er and a reference 
to the extent in the storage device, Wherein the extent identi 
?er is used to determine a location the entry in the ?rst sorted 
data structure. The storage server further Writes an entry in a 
second sorted data structure in the volume layer, the entry 
including the ?le block number and the extent identi?er, 
Wherein the ?le block number is used to determine a location 
the entry in the second sorted data structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

One or more embodiments of the present invention are 
illustrated by Way of example and not limitation in the ?gures 
of the accompanying draWings, in Which like references indi 
cate similar elements and in Which: 

FIG. 1 illustrates a prior art exemplary implementation of 
an embodiment of a Write AnyWhere File Layout; 

FIG. 2A illustrates a netWork storage system in Which an 
extent-based storage architecture may be implemented; 

FIG. 2B illustrates a distributed or clustered architecture 
for a netWork storage system in Which an extent-based storage 
architecture may be implemented in an alternative embodi 
ment; 

FIG. 3 is a block diagram of an illustrative embodiment of 
the hardWare architecture of a storage server in Which an 
extent-based storage architecture may be implemented; 

FIG. 4 illustrates an embodiment of the storage operating 
system of FIG. 3 in Which an extent-based storage architec 
ture may be implemented; 

FIG. 5 illustrates an exemplary block diagram of an extent 
based storage architecture; 

FIG. 6 illustrates an exemplary extent-based sorted data 
structure Within an extent-based storage architecture; 

FIG. 7 illustrates an exemplary volume layer indirect entry 
for a leaf node of the extent-based data structure of FIG. 6 
When used to implement an indirect volume; 

FIG. 8 illustrates an exemplary extent map entry for a leaf 
node of the extent-based data structure of FIG. 6 When used to 
implement an extent-to-physical block map; 

FIG. 9 illustrates an exemplary sequence of look ups in the 
volume layer and aggregate layer of an extent-based storage 
architecture to map an FBN to a PVBN; 

FIG. 10 illustrates another exemplary sequence of look ups 
in the volume layer and aggregate layer of an extent-based 
storage architecture to map an FBN to a PVBN; 

FIG. 11 is an exemplary method of processing a read 
request in an extent-based architecture; 

FIG. 12 is an exemplary method of processing a Write 
request in an extent-based architecture; 

FIG. 13 is an exemplary method of processing an overWrite 
request in an extent-based architecture; and 

FIG. 14 shoWs an exemplary partial overWrite of an extent 
in an extent-based architecture. 

DETAILED DESCRIPTION 

In the folloWing detailed description of embodiments of the 
invention, reference is made to the accompanying draWings in 
Which like references indicate similar elements, and in Which 
is shoWn by Way of illustration speci?c embodiments in 
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4 
Which the invention may be practiced. These embodiments 
are described in sul?cient detail to enable those skilled in the 
art to practice the invention, and it is to be understood that 
other embodiments may be utiliZed and that logical, mechani 
cal, electrical, functional, and other changes may be made 
Without departing from the scope of the present invention. 
The folloWing detailed description is, therefore, not to be 
taken in a limiting sense, and the scope of the present inven 
tion is de?ned only by the appended claims. References in 
this speci?cation to “an embodiment,” “one embodiment,” or 
the like, mean that the particular feature, structure or charac 
teristic being described is included in at least one embodi 
ment of the present invention. HoWever, occurrences of such 
phrases in this speci?cation do not necessarily all refer to the 
same embodiment. 

As set forth in further detail beloW, embodiments of the 
extent-based architecture include a storage server receiving 
an I/O request including an FBN for an extent. The storage 
server uses the received FBN as a key to traverse a sorted data 
structure in the volume layer to an extent identi?er. The 
storage server uses the extent identi?er as a key to traverse a 

second sorted data structure in the aggregate layer to a refer 
ence or pointer. The second sorted data structure maps extent 
identi?ers, either directly or indirectly, to PVBN’s. For one 
embodiment, the reference or pointer in the second sorted 
data structure identi?es or refers directly to a PVBN for the 
extent. Alternatively, the reference or pointer identi?es 
another extent identi?er that, in turn, refers directly to a 
PVBN for the extent. Given that entries in the volume layer 
are per extent, rather than per data block as in previous imple 
mentations of WAFL, the implementation of an extent-based 
architecture results in a signi?cant decrease in volume layer 
metadata and, in turn, performance improvements due to the 
decrease in metadata involved in common operations. By 
separating the data stored in the volume layer from the data 
stored in the aggregate layer, the extent-based architecture 
provides the storage server With the ability to Write and rear 
range data blocks on disk Without changing the correspond 
ing extent identi?er(s). This implies that the sorted data struc 
ture in the volume layer does not need to be updated for some 
manipulation of data blocks on disk. Block/extent compres 
sion, block/extent decompression, block/extent sharing, disk 
gardening, etc. can be performed Without communicating 
With the volume layer. Additionally, because the sorted data 
structure in the volume layer is traversed using an FBN, 
Which is mapped to an extent identi?er, the extent-based 
architecture can avoid the misalignment problem of previous 
implementations of WAFL When the initial offset of data 
blocks occurs at a different granularity than the data block 
siZe (e.g., a 512 byte offset for 4 KB blocks). 

For one embodiment, a PVBN may be referenced directly 
by only one extent identi?er and an extent identi?er may not 
reference a second extent identi?er if that second extent iden 
ti?er references a third extent identi?er. This embodiment 
prevents the level of indirect references in extent map entries 
from becoming arbitrarily deep and taking an arbitrary 
amount of time (as measured in terms of disk I/ O operations, 
assuming that each extent entry is likely to be stored Within a 
different disk block and require a separate I/O operation). 

For one embodiment, an extent identi?er may include mul 
tiple references or pointers. Partial ranges of data blocks 
Within an extent can be overwritten, deduplicated, com 
pressed, etc. Additionally, the indirection provided by the 
extent-based architecture alloWs partial ranges of data blocks 
Within an extent to be overwritten Without ?rst reading the 
extent. In contrast, an extent overWrite operation in previous 
implementations of ?le systems included reading the data 
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blocks of data from a storage device into a buffer, overwriting 
a portion of the data blocks Within the buffer, and Writing the 
updated blocks of data back to the storage device. 

For one embodiment, the extent-to-PVBN mapping in the 
aggregate layer is global across volumes. As used herein, 
reference to the extent-to-PVBN mapglobal across volumes 
refers to a storage server 210 being able to share (or end the 
sharing of) data blocks Within extents (e.g., via the extent to 
physical block map 520) across volume boundaries as de?ned 
in the volume layer 515. This is very dif?cult in previous 
implementations of ?le systems because ?le systems typi 
cally do not support a layer of indirection that spans a space 
larger than a single volume. 

FIG. 2A shoWs a netWork storage system 200 in Which an 
extent-based storage architecture 495 can be implemented. 
Storage servers 210 (storage servers 210A, 210B) each man 
age multiple storage units 270 (storage 270A, 270B) that 
include mass storage devices. These storage servers 210 pro 
vide data storage services to one or more clients 202 through 
a netWork 230. Network 230 may be, for example, a local area 
netWork (LAN), Wide area netWork (WAN), metropolitan 
area netWork (MAN), global area netWork (GAN) such as the 
Internet, a Fiber Channel fabric, or any combination of such 
interconnects. Each of clients 202 may be, for example, a 
conventional personal computer (PC), server-class computer, 
Workstation, handheld computing or communication device, 
a virtual machine, or other special or general purpose com 
puter. 

Storage of data in storage units 270 is managed by storage 
servers 210 Which receive and respond to various I/O requests 
from clients 202, directed to data stored in or to be stored in 
storage units 270. Data is accessed (e. g., in response to the I/O 
requests) in units of blocks, Which in the present embodiment 
are 4 KB in siZe, although other block siZes (e.g., 512 bytes, 
2 KB, 8 KB, etc.) may also be used. For one embodiment, 4 
KB as used herein refers to 4,096 bytes. For an alternate 
embodiment, 4 KB refers to 4,000 bytes. Storage units 270 
constitute mass storage devices Which can include, for 
example, ?ash memory, magnetic or optical disks, or tape 
drives, illustrated as disks 271 (271A, 271B). The storage 
devices 271 can further be organiZed into arrays (not illus 
trated) implementing a Redundant Array of Inexpensive 
Disks/ Devices (RAID) scheme, Whereby storage servers 210 
access storage units 270 using one or more RAID protocols. 
RAID is a data storage scheme that divides and replicates data 
among multiple hard disk drivesie.g., in stripes of data. Data 
striping is the technique of segmenting logically sequential 
data, such as a single ?le, so that segments can be assigned to 
multiple physical devices/hard drives. Redundant (parity) 
data is stored to alloW problems to be detected and possibly 
?xed. For example, if one Were to con?gure a hardWare-based 
RAID-5 volume using three 250 GB hard drives (tWo drives 
for data, and one for parity), the operating system Would be 
presented With a single 500 GB volume and the exemplary 
single ?le may be stored across the tWo data drives. Although 
illustrated as separate components, for one embodiment, a 
storage server 210 and storage unit 270 may be a part 
of/housed Within a single device. 

Storage servers 210 can provide ?le-level service such as 
used in a netWork-attached storage (NAS) environment, 
block-level service such as used in a storage area netWork 
(SAN) environment, a service Which is capable of providing 
both ?le-level and block-level service, or any other service 
capable of providing other data access services. Although 
storage servers 210 are each illustrated as single units in FIG. 
2A, a storage server can, in other embodiments, constitute a 
separate netWork element or module (an “N-module”) and 
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6 
disk element or module (a “D-module”). In one embodiment, 
the D-module includes storage access components for servic 
ing client requests. In contrast, the N-module includes func 
tionality that enables client access to storage access compo 
nents (e.g., the D-module) and may include protocol 
components, such as Common Internet File System (CIFS), 
NetWork File System (NFS), or an Internet Protocol (IP) 
module, for facilitating such connectivity. Details of a distrib 
uted architecture environment involving D-modules and 
N-modules are described further beloW With respect to FIG. 
2B and embodiments of a D-module and a N-module are 
described further beloW With respect to FIG. 4. 

In yet other embodiments, storage servers 210 are referred 
to as netWork storage subsystems. A netWork storage sub 
system provides netWorked storage services for a speci?c 
application or purpose. Examples of such applications 
include database applications, Web applications, Enterprise 
Resource Planning (ERP) applications, etc., e.g., imple 
mented in a client. Examples of such purposes include ?le 
archiving, backup, mirroring, etc., provided, for example, on 
archive, backup, or secondary storage server connected to a 
primary storage server. A netWork storage subsystem can also 
be implemented With a collection of netWorked resources 
provided across multiple storage servers and/or storage units. 

In the embodiment of FIG. 2A, one of the storage servers 
(e.g., storage server 210A) functions as a primary provider of 
data storage services to client 202. Data storage requests from 
client 202 are serviced using disks 271A organiZed as one or 
more storage objects. A secondary storage server (e.g., stor 
age server 210B) takes a standby role in a mirror relationship 
With the primary storage server, replicating storage objects 
from the primary storage server to storage objects organized 
on disks of the secondary storage server (e. g., disks 270B). In 
operation, the secondary storage server does not service 
requests from client 202 until data in the primary storage 
object becomes inaccessible such as in a disaster With the 
primary storage server, such event considered a failure at the 
primary storage server. Upon a failure at the primary storage 
server, requests from client 202 intended for the primary 
storage object are serviced using replicated data (ie the 
secondary storage object) at the secondary storage server. 

It Will be appreciated that in other embodiments, netWork 
storage system 200 may include more than tWo storage serv 
ers. In these cases, protection relationships may be operative 
betWeen various storage servers in system 200 such that one 
or more primary storage objects from storage server 210A 
may be replicated to a storage server other than storage server 
210B (not shoWn in this ?gure). Secondary storage objects 
may further implement protection relationships With other 
storage objects such that the secondary storage objects are 
replicated, e.g., to tertiary storage objects, to protect against 
failures With secondary storage objects. Accordingly, the 
description of a single-tier protection relationship betWeen 
primary and secondary storage objects of storage servers 210 
should be taken as illustrative only. 

FIG. 2B illustrates a block diagram of a distributed or 
clustered netWork storage system 220 Which may implement 
rapid cloning in one embodiment. System 220 may include 
storage servers implemented as nodes 210 (nodes 210A, 
210B) Which are each con?gured to provide access to storage 
devices 271. In FIG. 2B, nodes 210 are interconnected by a 
cluster sWitching fabric 225, Which may be embodied as an 
Ethernet sWitch. 
Nodes 210 may be operative as multiple functional com 

ponents that cooperate to provide a distributed architecture of 
system 220. To that end, each node 210 may be organiZed as 
a netWork element or module (N-module 221A, 221B), a disk 
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element or module (D-module 222A, 222B), and a manage 
ment element or module (M-host 223A, 223B). In one 
embodiment, each module includes a processor and memory 
for carrying out respective module operations. For example, 
N-module 221 may include functionality that enables node 
210 to connect to client 202 via netWork 230 and may include 
protocol components such as a media access layer, Internet 
Protocol (IP) layer, Transport Control Protocol (TCP) layer, 
User Datagram Protocol (UDP) layer, and other protocols 
knoWn in the art. 

In contrast, D-module 222 may connect to one or more 
storage devices 271 via cluster switching fabric 225 and may 
be operative to service access requests on devices 270. In one 
embodiment, the D-module 222 implements an extent-based 
storage architecture 495, as Will be described in greater detail 
beloW. In one embodiment, the D-module 222 includes stor 
age access components such as a storage abstraction layer 
supporting multi-protocol data access (e.g., Common Inter 
net File System protocol, the Network File System protocol, 
and the Hypertext Transfer Protocol), a storage layer imple 
menting storage protocols (e.g., RAID protocol), and a driver 
layer implementing storage device protocols (e.g., Small 
Computer Systems Interface protocol) for carrying out opera 
tions in support of storage access operations. In the embodi 
ment shoWn in FIG. 2B, a storage abstraction layer (e.g., ?le 
system) of the D-module divides the physical storage of 
devices 270 into storage objects. Requests received by node 
210 (e. g., via N-module 221) may thus include storage object 
identi?ers to indicate a storage object on Which to carry out 
the request. 

Also operative in node 210 is M-host 223 Which provides 
cluster services for node 210 by performing operations in 
support of a distributed storage system image, for instance, 
across system 220. M-host 223 provides cluster services by 
managing a data structure such as a RDB 224 (RDB 224A, 
RDB 224B) Which contains information used by N-module 
221 to determine Which D-module 222 “oWns” (services) 
each storage object. The various instances of RDB 224 across 
respective nodes 210 may be updated regularly by M-host 
223 using conventional protocols operative betWeen each of 
the M-hosts (e.g., across netWork 230) to bring them into 
synchronization With each other. A client request received by 
N-module 221 may then be routed to the appropriate D-mod 
ule 222 for servicing to provide a distributed storage system 
image. 

It should be noted that While FIG. 2B shoWs an equal 
number of N- and D-modules constituting a node in the illus 
trative system, there may be different number of N- and 
D-modules constituting a node in accordance With various 
embodiments of rapid cloning. For example, there may be a 
number of N-modules and D-modules of node 210A that does 
not re?ect a one-to-one correspondence betWeen the N- and 
D-modules of node 210B. As such, the description of a node 
comprising one N-module and one D-module for each node 
should be taken as illustrative only. 

FIG. 3 is a block diagram of an embodiment of a storage 
server 300, such as storage servers 210A and 210B of FIG. 
2A, embodied as a general or special purpose computer 
including a processor 302, a memory 310, a netWork adapter 
320, a user console 312 and a storage adapter 340 intercon 
nected by a system bus 350, such as a convention Peripheral 
Component Interconnect (PCI) bus. Certain standard and 
Well-knoWn components, Which are not germane to the 
understanding of embodiments of the present invention, are 
not shoWn. 

The processor 302 is the central processing unit (CPU) of 
the storage server 210 and, thus, control its overall operation. 
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8 
The processor 302 accomplishes this by executing softWare 
stored in memory 310. For one embodiment, multiple pro 
cessors 302 or one or more processors 302 With multiple cores 

are included in the storage server 210. For one embodiment, 
individual adapters (e.g., netWork adapter 320 and storage 
adapter 340) each include a processor and memory for carry 
ing out respective module operations. 
Memory 310 includes storage locations addressable by 

processor 302, netWork adapter 320 and storage adapter 340 
for storing processor-executable instructions and data struc 
tures associated With implementation of an extent-based stor 
age architecture. Storage operating system 314, portions of 
Which are typically resident in memory 310 and executed by 
processor 302, functionally organiZes the storage server 210 
by invoking operations in support of the storage services 
provided by the storage server 210. It Will be apparent to those 
skilled in the art that other processing means may be used for 
executing instructions and other memory means, including 
various computer readable media, may be used for storing 
program instructions pertaining to the inventive techniques 
described herein. It Will also be apparent that some or all of 
the functionality of the processor 302 and executable soft 
Ware can be implemented by hardWare, such as integrated 
currents con?gured as programmable logic arrays, ASICs, 
and the like. 
NetWork adapter 320 comprises one or more ports to 

couple the storage server to one or more clients over point 
to-point links or a netWork. Thus, netWork adapter 320 
includes the mechanical, electrical and signaling circuitry 
needed to couple the storage server to one or more client over 
a netWork. The netWork adapter 320 may include protocol 
components such as a Media Access Control (MAC) layer, 
Common Internet File System (CIFS), NetWork File System 
(N FS), Internet Protocol (IP) layer, Transport Control Proto 
col (TCP) layer, User Datagram Protocol (UDP) layer, and 
other protocols knoWn in the art for facilitating such connec 
tivity. Each client may communicate With the storage server 
over the netWork by exchanging discrete frames or packets of 
data according to pre-de?ned protocols, such as TCP/IP. 

Storage adapter 340 includes a plurality of ports having 
input/output (I/O) interface circuitry to couple the storage 
devices (e.g., disks) to bus 321 over an I/O interconnect 
arrangement, such as a conventional high-performance, PC or 
SAS link topology. Storage adapter 340 typically includes a 
device controller (not illustrated) comprising a processor and 
a memory for controlling the overall operation of the storage 
units in accordance With read and Write commands received 
from storage operating system 314. In one embodiment, the 
storage operating system 314 implements an extent-based 
storage architecture 495, as Will be described in greater detail 
beloW. As used herein, data Written by a device controller in 
response to a Write command is referred to as “Write data,” 
Whereas data read by device controller responsive to a read 
command is referred to as “read data.” 

User console 312 enables an administrator to interface With 
the storage server to invoke operations and provide inputs to 
the storage server using a command line interface (CLI) or a 
graphical user interface (GUI). In one embodiment, user con 
sole 312 is implemented using a monitor and keyboard. 
When implemented as a node of a cluster, such as cluster 

220 of FIG. 2B, the storage server further includes a cluster 
access adapter 330 (shoWn in phantom/broken lines) having 
one or more ports to couple the node to other nodes in a 
cluster. In one embodiment, Ethernet is used as the clustering 
protocol and interconnect media, although it Will be apparent 
to one of skill in the art that other types of protocols and 
interconnects can by utiliZed Within the cluster architecture. 
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FIG. 4 is a block diagram of a storage operating system, 
such as storage operating system 314 of FIG. 3, that imple 
ments an embodiment of an extent-based architecture. The 
storage operating system comprises a series of software lay 
ers executed by a processor, such as processor 302 of FIG. 3, 
and organized to form an integrated netWork protocol stack 
or, more generally, a multi-protocol engine 425 that provides 
data paths for clients to access information stored on the 
storage server using block and ?le access protocols. 

Multi-protocol engine 425 includes a media access layer 
412 of netWork drivers (e.g., gigabit Ethernet drivers) that 
interface With netWork protocol layers, such as the IP layer 
414 and its supporting transport mechanisms, the TCP layer 
416 and the User Datagram Protocol (U DP) layer 415. A ?le 
system protocol layer provides multi-protocol ?le access and, 
to that end, includes support for one or more of the Direct 
Access File System (DAFS) protocol 418, the NFS protocol 
420, the CIFS protocol 422 and the Hypertext Transfer Pro 
tocol (HTTP) protocol 424. AVI layer 426 implements the VI 
architecture to provide direct access transport (DAT) capa 
bilities, such as RDMA, as required by the DAFS protocol 
418. An iSCSI driver layer 428 provides block protocol 
access over the TCP/IP netWork protocol layers, While a FC 
driver layer 430 receives and transmits block access requests 
and responses to and from the storage server. In certain cases, 
a Fiber Channel over Ethernet (FCoE) layer (not shoWn) may 
also be operative in multi-protocol engine 425 to receive and 
transmit requests and responses to and from the storage 
server. The FC and iSCSI drivers provide respective FC- and 
iSCSI-speci?c access control to the blocks and, thus, manage 
exports of luns to either iSCSI or FCP or, alternatively, to both 
iSCSI and PCP When accessing data blocks on the storage 
server. 

The storage operating system also includes a series of 
softWare layers organiZed to form a storage server 465 that 
provides data paths for accessing information stored on stor 
age devices. Information may include data received from a 
client, in addition to data accessed by the storage operating 
system in support of storage server operations such as pro 
gram application data or other system data. Preferably, client 
data may be organiZed as one or more logical storage objects 
(e.g., volumes) that comprise a collection of storage devices 
cooperating to de?ne an overall logical arrangement. In one 
embodiment, the logical arrangement may involve logical 
volume block number (V BN) spaces, Wherein each volume is 
associated With a unique VBN. 

The ?le system 460 implements a virtualiZation system of 
the storage operating system through the interaction With one 
or more virtualiZation modules (illustrated as a SCSI target 
module 435). The SCSI target module 435 is generally dis 
posed betWeen drivers 428, 430 and the ?le system 460 to 
provide a translation layer betWeen the data block (lun) space 
and the ?le system space, Where luns are represented as data 
blocks. In one embodiment, the ?le system 460 implements a 
WAFL ?le system having an on-disk format representation 
that is block-based using, e.g., 4 KB blocks and using a data 
structure such as index nodes (“inodes”) to identify ?les and 
?le attributes (such as creation time, access permissions, siZe 
and block location). File system 460 uses ?les to store meta 
data describing the layout of its ?le system, including an 
inode ?le, Which directly or indirectly references (points to) 
the underlying data blocks of a ?le. 

For one embodiment, the ?le system 460 includes an 
extent-based architecture 495 as an extension to WAFL. 
Operationally, a request from a client is forWarded as a packet 
over the netWork and onto the storage server Where it is 
received at a netWork adapter. A netWork driver such as layer 
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412 or layer 430 processes the packet and, if appropriate, 
passes it on to a netWork protocol and ?le access layer for 
additional processing prior to forWarding to ?le system 460. 
There, ?le system 460 generates operations to load (retrieve) 
the requested data from the disks if it is not resident “in core”, 
i.e., in memory 310. If the information is not in memory, ?le 
system 460, in cooperation With the extent-based architecture 
495, accesses an indirect volume to retrieve an extent identi 
?er, accesses an extent-to-physical block map to retrieve a 
PVBN as described in greater detail With reference to FIGS. 
5-14. For one embodiment, the ?le system 460 passes the 
PVBN to the RAID system 480. There, the PVBN is mapped 
to a disk identi?er and device block number (disk, DBN) and 
sent to an appropriate driver of disk driver system 490. The 
disk driver accesses the DBN from the speci?ed disk and 
loads the requested data block(s) in memory for processing 
by the storage server. Upon completion of the request, the 
node (and operating system 400) returns a reply to the client 
over the netWork. 

It should be noted that the softWare “pat ” through the 
storage operating system layers described above needed to 
perform data storage access for the client request received at 
the storage server adaptable to the teachings of the invention 
may alternatively be implemented in hardWare. That is, in an 
alternate embodiment of the invention, a storage access 
request data path may be implemented as logic circuitry 
embodied Within a ?eld programmable gate array (FPGA) or 
an application speci?c integrated circuit (ASIC). This type of 
hardWare implementation increases the performance of the 
storage service provided by the storage server in response to 
a request issued by a client. Moreover, in another alternate 
embodiment of the invention, the processing elements of 
adapters 320, 340 may be con?gured to of?oad some or all of 
the packet processing and storage access operations, respec 
tively, from processor 302, to thereby increase the perfor 
mance of the storage service provided by the storage server. It 
is expressly contemplated that the various processes, archi 
tectures and procedures described herein can be implemented 
in hardWare, ?rmware or softWare. 
When implemented in a cluster, data access components of 

the storage operating system may be embodied as D-module 
450 for accessing data stored on disk. In contrast, multi 
protocol engine 425 may be embodied as N-module 410 to 
perform protocol termination With respect to a client issuing 
incoming access over the netWork, as Well as to redirect the 
access requests to any other N-module in the cluster. A cluster 
services system 436 may further implement an M-host (e. g., 
M-host 401) to provide cluster services for generating infor 
mation sharing operations to present a distributed ?le system 
image for the cluster. For instance, media access layer 412 
may send and receive information packets betWeen the vari 
ous cluster services systems of the nodes to synchroniZe the 
replicated databases in each of the nodes. 

In addition, a cluster fabric (CF) interface module 440 (CF 
interface modules 440A, 440B) may facilitate intra-cluster 
communication betWeen N-module 410 and D-module 450 
using a CF protocol 470. For instance, D-module 450 may 
expose a CF application programming interface (API) to 
Which N-module 41 0 (or another D-module not shoWn) issues 
calls. To that end, CF interface module 440 can be organiZed 
as a CF encoder/decoder using local procedure calls (LPCs) 
and remote procedure calls (RPCs) to communicate a ?le 
system command to betWeen D-modules residing on the same 
node and remote nodes, respectively. 

Although embodiments of the present invention are shoWn 
herein to implement an extent-based architecture Within the 
illustrated components and layers of a storage server, it Will 














